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ABSTRACT

The aim of this study is to investigate various fracture
properties of gray cast iron and thus to gain an insight of
it’s behaviocur and reliability under conditions where there

is a risk of brittle fracture or fatiqgue failure.Various ch

1sce and tension tests are performed using

fatigue,bending,K

the appropriate compéct ténsion,three point bend and tensile

specimens.0Obtained résults are resumed and interpreted beéides

pin pointing the consequences of the thesis.



OZET

Bu calismanin gayesi gri dékme demirin (kair dokiim) geﬁel
kirilma Szelliklerini Séptamak;bﬁylece bu malzemenin gevrek
kirilma yahut yorulma tehlikesi olabilecek durumlardaki dav-
ranis bigimi ve glivenelirligi hakkinda fikir sahibi olmaktir.

Uygun,ufak gekme,lig noktada e‘g]me,Klgkk ve gekme deneyleri
yapllmlgtlf .Elde edilen sonuglar 6zetlenmi§,y0rumlanmi§ ve bu
konuda yapilabilecek baska galigmalar igin bazi digiincelere yer

verilmigtir.
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CHAPTER I

INTRODUCTION

It is a well known fact that brittle materials afe always
geasily accesibie énd more abundant thén ductile materials.
However.the unreliable behaviour posed by these kind of materi-
als,under various kinds of static or dymamic tensile loadings,
restricted their use,mainly into situations where there are only

compressive loadings.Two or there decades ago engineers were

simply avoiding the use of brittle materials under conditions
where there is a tensile loading,but later getting more acquin-
~ted with the recent.developments in fracture mechanics proyided
for them a means of designiﬁg against fracture in engineering
structures,in a more quantitative manner than is possible using
traditional toughness testing techniques.As a matter of fact
this suggested a reconsideration of trustworthiness of brittle
materials.

Among all metallic brittle materials cast iron is of special

interest.The general term "cast iron"includes gray iron,pig iron
white iron,chilled malleable and nodular iron.This article only

deals with gray cast irons that are alloys of carbon and silicon

in which more carbon is present than can be retained in solid

solution in austenite at the eutectic temperatufe.The carbon

in excess of austenite solubility in iron,precipitates as grap-

hite flakes in the metal matrix.This material offers some unique
properties such as extremely low costs,high damping capacity,
wear resistance,good castability and machinability.

In spite of these refined qualities gray iron is not



considered as an alternative in applications where there is a

possibility of brittle fracture and consequently no serious per-
severance has been spent for determining the fracture properties
of it.This study has been devoted for invéstigating various -

fracture properties of éray cast iron and the motivation behind

it,was not only academic concern but also it was hoped to reveal
out it’s behaviour,under tensile loading,thus obtaining some

tangible results which may encourage the engineers to approach

it in a less prejudiced manner.
Macroscopic fracture mechanics is a broad subject and both
linear and ductile fracture mechanics offers various tests such

as K J ,Fatigue,drop weight,dynamic‘tear,Kl and so on..

ic’1c sce

For this study K K and various Fatigué tests were performed

1c’ "1sce

besides tensile,bending and hardness tests.Also some microscopic
study has been made within the bounds of the possibilities offere
by the mettalurgical laboratory and some specimens are polished

etched and their photographs are taken.

This article contains all the obtained results as well as

their interpretations.



CHAPTER II

LINEAR ELASTIC FRACTURE MECHANICS

1- Stress analysis of cracks
The stress fields surrounding a crack tip can be divided
into three major modes of loading that involve different crack

surface displacements as shown in figure 2.1.1.

FIGURE 2.1.1-Basic modes of crack surface displacements

Mode I loading is encountered in the overwhelming majority of

actual engineering situations involving cracked components.The

crack tip stressexpréssions developed by Westergaard (see Appen-
dix A-1) have an important feature éuch that the stress distri-

bution around any crack depends only on the parameters r and e.
The difference between the individual cracked components lies

in the magnitude of a parameter K defined as the "stress inten-



. " . . , .
81t¥ factor".Stress intensity factors (Kl,Kll'or Klll depending

on the loading mode) are a function of load,geometry and crack
size.Evidently actual structural materials have some certain
limiting characteristics such as Sy (yield strength) and as

a matter of fact there is also é‘limitiqg value of stress inten-
sity factor named "fracture toughness" (Kc) at which unstable
crack growth occufs.Fracture toughness is essentially the first
move iﬁ every fracture test and considerable effort has been
spent for developing a standardized proceddre for it’s experi-

mental determination.(8,9,6)

2- K test method
ic

Early in the development of the ch test methods it was estab-
lished that,elastic fracture mechanics was the best analysis by
which the resistance of materials to unstablecrackgroﬁth could
be described.Thus the éarly work of the ASTM comitee was directed
toward work on the elastic fracture problem.A rather interesting
fact discovered by the comitee was that,ch was dépehdent to
specimen thickness ﬁp to a certain level above which it assumes

a rather constant value (sée figure 2.2.1).
That is,if conditions of plane strain can be fulfillid for a
given specimen then it is possible to find the minimum value

of Kicwhich is a material constant.Taking this fact into account

ASTM published a testing procedufe‘(E—399—74) which then became

a standard.First of all rather strict specimen dimensions were
imposed in order to achieve plane strain behaviocur (see figure

20:2. 2)
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- FIGURE 2.2.1-Effect of thickness an ch behaviour
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FIGURE 2.2.2-ASTM compact tension specimen (CTS)



The criteria for plane Strain behaviour which are the results

of some experimental study are as below:

aEZ.S(ch/Sy)

Bez.s(ch/sy) . o (1)
wes.o(ch/sy)

Since K_ increases with notch root radius (4) a real sharpcrack

‘with zero root radius is essential and this can be obtained

by fatigue pre-cracking the specimen before the test.
Experimental procedure:

a-Fatique pre-crack the specimen to obtain sharpcrack.

" b-Load fhe specimen monotonically until fracture and simultane-

ously record load vs. front face displacement.

c-Draw 5%‘secant line corresponding to 2% change in crack length.

d-Obtain Pq from the graph (see figure 2.2.3).Check whether

(Pmax/Pq)<l'l .If this criteria is not satisfied then the test

is not valid.

Load 4

than the tangent
P

line with 5% less slope /

n —
_ Displacement
FIGURE 2.2.3-0btaining qurom load vs.displacement plot(8)



e-Use the appropriate K1 expression (see Appendix A-2) to cal-

culate K
q

f- Check for validity of plane straiﬁ assumption by using equati-

on (1).If the obtained Kq satisfies the three criteria then.

K'q:K:Lc,iF not,choose a thicker specimen and repeat the test (4,6,8



CHAPTER III

STRESS CORROSION CRAéKING

Although one can usually be confident about his design based
upon ch,a frequently observed fact is that some engineering
structures fail even at low stressﬁintensity values,when they
are exposed to some corrosive environment.Various investigations

proved that in such cases crack propagation -is stimulated by the

simultaneous action of corrodent and stress.Numerous microscopic

‘explanations were proposed in order to clarify the real mechanism

of stress corrosion crack growth but there are still points that

are debatable.Some specimens tend to last indefinitely in a cor-

rodent at a sufficiently low value of Klwhich is termed Klscc

and under these circumstances resistance to stress corrosion

failure can be guaranteed by working with Kl values lower than

Kisee (see figure 3.1)
initial K

Km

1SCd -
-no Kisec

N

. . /
failure time

FIGURE 3.l1-Behaviour in pre-cracked stress corrosion test (8)
'Klsccvalue is essentially both stress and environment dependen

and an alloy may have a definite K or not depending on the

lscCc

kind of environment it is exposed to (1).



Classical stress corrosion tests are performed by stressing
the specimens with static weights thafeproduce‘bending moments
and simultaneously exensing to the corrosive environment.Testing
variables are usually the type of environment (chemical nature
PH, temperature) and applied K level.Generally some creep is ob-
served before final failure and thie creep behaviour besides
failure time,form the usual recorded data of the test.Usually
there is no appreciable crack growth before the incubation
period after which crack propagation becomes significant causing
the applied K value to increase with time until final failure
when K:Kc.

It is a well acquinted fact that as the crack tip radius increa-

ses, the load required for final failure also increases accordingly
!

(6).5imilarly for stress corrosion tests crack tip radius plays
an important role because,for a given loading amount,the magnitu--
de of initial K generated at the crack tip is significantly smal-’
ler than that of a crack with a sharp notch thus,testing times
tend ihcrease drastically.Consequently it is usual practise fo
notch the specimens before the test by means qf maehining or
fatigue pre-cracking (excluding the experiments which are perfor-
med without a notch on purpose).-

Environmental assisted cracking is a rela%ively'new subject

and it still requires some further study for the clarification

of the debatable points.
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CHAPTER IV

FATIGUE CRACK PROPAGATION

Even if the working stress of a specimen has been assesed
at a safe value there can still be catastrophic failures,owing

to small defects that grow to critiéal lengths during operation

by a "subcritical crack growth mechanism"such as fatigue.To

provide a basis for fracture mechanics approach to fatigue crack

propagation numerous experimental observations were made.A simple

relationship of the form
da/dn=c o K" (2)

Qas introduced by Paris (4).He observed that,at low valués of
crack extension crack propagat@on rate with respect to number

of cycles (da/dn) increases rather rapidly which then settles
down until a specific‘créck length after which the sldpe steepens’
again (see figure 4.1)

N

da 4
g 4N

log AK”

FIGURE &4.1-Crack growth rate dependence on &K (4,8)
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Usually region II can be well represented by m values around

3-4 and it is this region that is thought to be worth considering

generally,because in regions I and III crack propagation rates
rare somewhat inconsistent and a considerable portion of the to-
tal specimen life is spent in region II.An important thing to

mention here is that,below a certain K value (depending on the

kind of material)'fatigue cracks do not bpopagate at all and

the structure will Eave infinite life in terms of fatigue failure
this value of K is termed "threshold value" and ideally it is
best to work below this value.

Many factors affect crack propagation rate,namely,mean value
of stress,specimen thickness,specimen ductility, frequency of
loading, inclusions in the material matrix and previous loading
history of the specimen (3,9).A case in which previous loading
history’affects crack propagation rate to a considerable ‘extent’
'is the case of a single overload applied to a constant amplitude

cycle which decreases the propagation rate over subsequent cycles

This affect may form as a consequence of several factors such
as residual compressive stress that forms after overload,crack"
tip blunting during overload or from the crack closure mechanism
(the closing of the cfack'Faces even under tensile stress beca-
use of the residual stresses formed by the plastically deformed
regions behind the crack tip). (4)

~Fatigue crack propagation is a broad subject and there are
-still some debatable points including the micromechanisms of

crack. initiation and propagation.
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CHAPTER V

YIELDING FRACTURE MECHANICS

1- J Integral

It was mentioned earlier that to obtain valid results for
ch tests,plane strain conditions mu st be ﬁet which imposes
the use of extremelyqlarge test Specimensrthat may not represent
the béhaviour of actual sections used in service.Consequently
some new parameters have been proposed to obtain tangible results
with small specimens even under conditions of yield.Strain energy
release rate called "J Integral" was proposéd by Rice in 1968
and from then on it has been under focus of attention.J integral
is defined as follows:

ou, .
J= f(Wdy-t.__L ds) (3) /
r 1 dx

Where t:traction vector

u:displacement vector
W:strain energy density

r:arbitrary contour around crack tip
J is a path independent line integral which means the shape and
size of the boundary is arbitrary (see figure 5.1.1)
An appealing feature of J integrél is that if ' is taken as a
circle of radius r,in an infinite body r can be allowed to tend

to infinity so that the below relation holds:

3=k%/E(1-v2) o (4)
From a physical viewpoint .J may be interpreted as the potential

energy difference between two identicélly loaded bodies having



neighbouring crack sizes or

J:-é 3U/3a ~ (5)

Above definition is shown schematically in figure 5.1.2

Ya

t=traction vector
u=displacement vector

FIGURE 5.1.1-Arbitrary contour around crack tip (4)

D
P A N
AR

F— Fdak

FIGURE 5.1.2-Interpretation of Jintegral (8)
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J integral has some interesting advantages such as:

‘a-J can be used to characterize the onset of crack extension
in ductile materiais.i.e. by determining ch in a small specimen
lafge scale yielding test,the fracture toughness caﬁ be compu-
ted using equation (4).As a matter of fact large specimen sizes
dictated by K o Procedure can be eliminetad (4,8,14).
b-Under restricted circumstances toughness and stability of the
extending crack can be analysed by using Jr resistance curve (14)°
c-Creep crack growth at elevated temperatdres can be interpret-
ed to some extent (14).

Concisely,J integral is a method that can be used to character-

ize the stress strain field at the tip of the crack.

2- Evaluation of J
ic

Various methods have been pfoposed to determine ch'many of
them still being tentative.Usually éhange of compliance with :
changing crack lehgth is used for determining the crack adVaﬁce
which later is related to JlC.In the recent years single sﬁécimen
techniques became more popdlar due to their simplicity of applicé—
tion.A tentative test procedure using single specimen is placed

‘in Appendix A-4.
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CHAPTER VI ) i

EXPERIMENTAL WORK

1- TENSION TESTS

a- Experimental setup and specimen preparation

For the simple tension tests MTS fatigue testing machine is used.
It is suggested that as cast tension specimens must be casted

as thick as the governing dimension of the aétual structure to
get rid of the differences due to thickness variation (such as
cooling rate) (12).Unfortunately for the case in hand this appli-.
cation leads to 40 mm thick specimens which is quite impractical
(too much machining work is required to obtain proper specimens).
Therefore,for this study_speciméns are machined odt from compact
tension specimens that are used for the fracture tests.Specimen

dimensions are chosen according to TS-138 J (see figure 6.1.1).

M 12x1.757‘ '

— — ro—

— — — —

A
_____._j____
——38

— ——— w— pet  ——— ———

+—18 18

a“——ﬂ?"*+

FIGURE 6.1.1- TS-138 J-8b type tensile specimen (in mm)

Orientation of the tensile specimens in CT specimens are as shown
in figure 6.1.2 .It is assumed that changing this orientation

will not affect the results significantly.
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it il
O

s A,
[ 5559

- FIGURE 6.1.2-Machining orientation of various specimens

in the compact tension specimen.

b- EXPERIMENTAL RESULTS

All together six tests were performed by monotonically loading
the specimens until failure while recording the actuator piston
displacement vs.load with a X-Y recorder.Below are the results

of the tests:

SPECINEN No [P, 1y (k)| P (ko) S;lekg/mm?) 5. (kg/mm?)
101 353 420 7.5 9.0
010 405 440 8.0 9.0
133 705 830 14.0 16.0
313 660 690 13.0 13.5
144 435 520 9.0 10.0
114 525 600 10.5 12.0

(1):Yield load is found by 0.2 % strain offset technique

Apart from the tensile tests one single compression test is
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performed with specimen 141 and a compressive’strength of

37 kg/mm2 is obtained,however due to the ecceﬁtricity of loading
during compression this value is most probably lower than the |
true compressive strength.During the tests loading rate are

kept constant (approximately 500 kg/minute).
c- ANALYSIS and DISCUSSION OF RESULTS

Obtained Sy and Sut values are obviously scattered so it may
be wise to calculate the mean of these two properties:

5,211 kg/mm?2 5,512 kg/mmz.

Above values are slightly lower ‘than that of ASTM class 20 iron
but one must bear in mind that in a tension test,even a slight
eccentricity of loading may decrease the obtained values con-
siderably.Neverthless it is evident that the gray iron used for

this study is of quite low strength.Load'vs.displacement diag-

rams indicate a general nonlinear behaviour and as a matter of

fact failures occdred abruptiy giving no signsof necking above
the yield strength (see figure 6.1.3).

The compact tension specimens used for obtainiqg tensile
specimens were of different thickﬁesses (i.e:specimens 101 and’
010 are from 20mm thick specimens while specimens 144 and 114
are from 40mm specimens) and this wés done on purpose to measure
the thickness effect on strength,however the results indicated
that thickness variations does not affect the strength values
appreciably (5,12).

It is difficult to obtain E (elastic modulus) by simply
drawing a tangent and using hook’s law because of the highly

nonlinear load displacement plot (see figure 6.1.3).
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load a

(kg)

800+

6001

200
; , —————>dctuator piston
3 06 09 12 displacement

: (mm)

FIGURE 6.1.3- Load vs. displacement behaviour of Specimen 133

Therefore it may be wise to determine E value by using unlqading

compliance method- (i.e: unload the CT specimen at an early stage

where no change in crack length is present,then measure the comp-

liance and using elastic bending compliance formula given in

Appendix A-4 determine E).
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2- BENDING TESTS
a- Experimental setup and specimén preparation

Bending tests were performed by using TPB (three point bend)

(see figure 6.2.1) that were machined out from CT specimens 18

and 15.

955
4L .
5 s

3

—£ 955~

ﬂr@ﬁ‘#

FIGURE 6.2.1-TPB specimen used for bending tests (in mm)

The orientation of bending specimens in CT specimens are as
shown in figure 6.1.2
Again the MTS fatigue testing machine is used with the appro-

priate loading apparatus.
b- Experimental Results

Specimens.were loaded monotonically until final failure and
meanwhile load vs.actuator piston displacement are recorded.

The results are as follows:

, (2) 2

SPECIMEN No | P__  (kg) |S;¢ " (kg/mm®)
115 236 25.7
511 242 - 26.3
118 224 | 243
181 242 © 26.3

(2): See Appendix D for calculations
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Each of the tests required approximately one minute from
zero load to final failure which similar to that of the tensile

tests.
c- Analysis and discussion of results

For brittle materials bending tests are of high popularity but
one must be awafe of thefcomplexities inherent in the test.
Compressive strength of gray iron is four fimes more than the
tensile strength consequently,as the moment is increased the
neutral axis shifts towards the compression side tending to st-
renghten the beam (bending stresses do not vary linearly across
the section above proportional limit).

Since the behaviour of gray cast iron is highly brittle
(see figure 6.2.2) Sutvalues are calculated by using the simple
flexure formula (d=Mc/I) and a mean value of 25.6 kg/mm2 were
obtained.This.:rather high value is not something astonishing

because,due to the effect mentioned above the ratio of Sut

values obtained from bending and tension tests is usually
about 1.8 for cast irons.So it can be deduced that the value
of 12-14 kg/mm2 obtained from the tensile tests is also con-

firmed by the bending tests (i.e. 25.6/1.8=14 kg/mmz)(S).
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lOGd A
(kg)
2001

1504

100

501

. ——>actuator piston
04 08 12 displacement

FIGURE 6.2.2- Bending test,load vs.displacement behaviour

In the related literature it is suggested that the speed
of testing has the same general effect in the bending test
as in tension tests i.e.the grgater the épeed the higher the
indicated strength.So loading rates of the two types of tests

are kept similar to obtain consistent results (5).
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3- MICROSCOPIC EXAMINATIONS

Apart from the various mechanical property tests a miqrosco;
pic examination of the specimens are also made.Four specimens
of different thickness values afe polished and etched by using
5 % Nital (5 % Nitric acid and 95 %“Alcohol) as the etchant,fhen
photographs are taken under a microscope.

The obtained photographs are as shown below:

-

T~

FIGURE 6.3.1- Microstructural view of Specimen 4 (10 mm

thick)under 200x magnification.
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FIGURE 6.3.2- Microstructural view of Specimen 10 (20 mm

thick) under 200x magnification.

FIGURE 6.3.3-Microstructural view of Specimen 14 (QQ mm

thick) under 200x magnification.
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FIGURE 6.3.4- Microstructural view of Specimen 25 (40 mm

thick) under 200x magnification.

The photographs indicate that the iron in hand is typical
gray iron with uniformly distributed randomly oriented graphite
flakes and obviously the casting thickness does not affect the
graphite flake distribﬁtion to a considerable ektent'(7,12 .
lGenerally material matrix is ferritic and small amounts of pear-
lite is present usually adjacent to.graphite flake's which is

the expected outcome of the moderate (to slow) shakeout times

of the castings 12 .
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4- HARDNESS TESTS
a- Apparatus and specimen preparation

For hardness tests a Rockwell Hardness tester (Wilson Mechanical
Instrument co.) was used.This machine had a "Brale" type inden-
tator and was capable of measuring.RﬁcKwell A,B,C hardness
values which can then be converted to Brinell hardness.

The specimens fdf the tests are directly obtained from CT
specimens and numbered similar to the CT specimen Ehey have

been obtained from.
b- Experimenkal Results and Analysis:

A total of five specimens (of three different thickness values)
were tested by using a 60 kg load to actuate the penetrator.
From each specimen five measurements of different sites were

taken, the mean values are as follows:

SPECIMEN No | THICKNESS (mm)| Rockwell A - Hg.
10 47 140

10 ' 43 120

1 20 37 110

14 | 40 35 100

25 40 ’ 42 120

Above values are 15-20 % lower than the published values for
ASTM class 20-25 irons following the same trend as the tensile
strength values (12). |

The possible composition alteration_Fof castings-of different
thicknesses evidently does not affect’the hardness values

appfeciably as suggested by the results.

BOGAZIGH ONIVERSITESI KUTUPHANESI
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5- K. TEST ‘ -
i1c

a- ‘Experimental setup and $pecimen specifications

For all Kic tests the MTS fatigue testing machine have been
used.This machine has a maximum capacity of 10 tons and by the
help of it’s rather sophisticated H&draulic and electronic
control systems it enables the user to perform various tests
under load,displacement or strain control.

To couple the specimens with the loading train of the machine
two clamﬁs that Has been machined out of medium strength steel

(see figure 6.5.1) are used.

i o

b — i - —

T=42 or 22mm
FIGURE 6.5.1- Steel clamps‘used for coupling the compact

tension specimens to MTS fatigue testing machine.
All specimens are prepeared in the same foundry by using timber

cores that aré four mm oversized (in all dimensions) than the
+fipnal infended dimensions of the specimens so that,casting marks

can be easily tolarated during machiﬁing to the proper size.
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Molds were made out of casting sand and all the casting process
is performed under same conditions at(the same time and one single
cupola of molten metal is used in order to achieve a uniform |
composition fér all specimens.Usually the shakeout times are
determined intuitively relying on past experience.fFor this case
shakeout times for all the molﬂs wefe around 25 minutes which is
of great importance since for ény given gray casﬁ iron compositi-
on the rate of codling from‘the freezing temperature to below
about 640° C determiries the ratio of the combined to the graphi-
tic carbon,which controls the hardness and strength of the iron.
Too rapid cooling (with respect to carbon and silicon contents)
produces "mottled iron" consisting both primary cementite and
graphite whiist very slow cooling is likely to produce conside-
rable ferrite as well as pearlite tﬁroughou£ the matrix {(12).

The desired composition was typical of ASTM class 20-25 gray

iron,the details of which are as shown below:

. total Carbon{Silicon |Phosporus|{Sulphur MangaheseA
% 3.2 2.3 0.25 0.10 0.6

The castingé obtained by the above procedure are fhen machined
by using Stagdard machining equipment (lathe,miiling machine)

to obtaih specimens of dimensions precise upto 1/10 mm.Three
different types'of compact tension specimens (CTS) are prepeared

by varying the thickness but keeping the cross section dimensi-
ons constant (see figure 6.5.2).

Before the test specimens are preécqacked to obtain real sharp
crack.The maximum K value during precfacking must not exceed

50 % K . so that plastic deformation would not.occur (8).
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(see Appendix B-2 for a sample pre4crack load estimation).

——95 204
= v T_
34
k
D12 |
‘ L
110 D 25 S—ee——r 25 12
- '
F— s

FIGURE 6.5.2- CT specimen for K tests (in mm)

For recording the specimen front displacement during loading
a clip gage (a cantilever with strain gages) was used and two
blades were adhered to the specimen front to hold the gage in

proper position (see figure 6.5.3).

load —L i l
sensor = N\ _
- to macr&trqic-:t control

blade

-—/cﬁ gage

N T~ hydraulic

actuator

FIGURE 6.5.3- K. e testing setup ready for experiment
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As it is shown in figure 6.5.3 specimen'fronthis properly machi-

neq so that the blades will be frimly seated in the appropriate

place.
b- Experimental Results

Tests were performed by monotonically loading the specimens
under stque control until fracture.whilst load vs. specimen
front opening values are recorded by a "Hewlett Packard"

X-Y recorder.The results are resumed in the bélow table:

SPECIMEN N ) ) =3/2,
o|PRECRACK(mm)}B (mm)|a (mm) Pmax(kg) Pq(kg) Kq(kg mm )
1 5.7 10 42.20 | 755 110 10
2 5.9 10 |s42.20 | 760 365 31
10 6.0 20 42.25 | 1490 450 19.2
14 6.0 40 42.25 | 3018 | 370 8
25 o 40 42 | 3075 920 18.6

(3):see figure 6.5.4 for determination of Pq

(4):see Appendix B-1 for a sample calculation of Kq

c- Analysis and Discussion of Results

Evidently obtained vaalues are not valid becéuse of the viola-
tion of the criteria PmaX/Pq(l.l and gs it’s seen in figure
6.5.4 the degree of viqlation.is quite large.Also the Kq data

is rather scattered and no improvement is obtained by the use

of thicker specimens.These arguments suggest that for'gray'iroﬁ
it may not be possible fo obtain valid ch values by using 5 %
gffset procedure becausé of the highly nonlinear load vs.displa-
cemenfvbehaviour and infact Pq values may be altered by changing
the scale of the load vs.displacement plot.

To give a general idea1vavalues obtained by using
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P =P ‘are presented below:

g max
SPECIMEN No| B (mm) | P (kg) | K, (kg am™>72)
1 10 755 64.5
2 10 760 64.8
10 20 1490 63.5
14 40 3018 64.3
25 40 3075 64,8

A brief inSpeétion of the specimens,after failure,indicated
that fraecture surfaces are réther dark and no appreciablé dif fe-
rence is present between the fatigue surface and the fast frac-
ture surface.This fact made the determination of initial crack
~length difficult and the crack lenth is determined by carefully
watchingvthe crack front with a traveling microscope during
fatigue pre-cracking.

To verify the clamied "notch insensitivity" of gray iron
specimen 25 is tested without a pre-crack.The result indicates
that gray iron is indeed notch insensitive and the obtained value
of Kq does not deviate appreciably from the other results
however some further tests such as CVN or dynamic tear test may

give a better insight of this problem.
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Load A
(kg)

1400
1200-

1000-

800

secant with 5%
less slope than
the tangent

6001
4007

200-

. T ] Y Sspecimen front
Q4 08 12 16 "displacement
. - (mm)

FIGURE 6.5.4- Load vs.displacement plot of Specimen 10

obtained during chtest.
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6- K TEST
iscc

a- Experimental Setup and Specimen Preparation

The specimen type used for Kl tests were three point bend

SccC

specimen.Necessary number of specimens are machined out from

previously used CT specimens (see Figure 6.6.1 and 6.1.2).

-

e

100-

=

= L%‘.
o .

14—

1,_

14
|

-

FIGURE 6.6.1- TPB specimen geométry (in mm)

All specimens have been fatigue pre-cracked to obtain a sharp
crack and é stress intensity of 45 % K. e (estimated) is used
for this purpose so that no plastic yield would oceur (see
Appendix A-2 for K expressions for TPB and Appendix B-3 for a
pre-crack load estimation).

The apparatus that was.made use of,for KlSCC tests had the
capability of simultaneously applying a bending moment to the

specimen and exposing it to a corrosive environment (see figure

6.6.2 )
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/\%TPB specimen
\—>_corrosive medium

FIGURE 6.6.2- Schematic drawing of K

-

1scc testing apparatus (13)

In order to couple it with the apparétus,the specimen is in-
serted  to the appropriate hole méchined Fbr this purpose and then
the fixing screws (not show in the figure) are tightened.First
the corrosive environment isﬁblaced into the proper posifion
and then the weight isiincreased gradually until it achieves

the desired vale.
b- Experimental Results

Experimenté have beenrperfofmed by recording the final failure
times starting from the application of the bending homentf,ln
these kind of-experiments some creep is observed before final
failure and it is Lgual practice to record this behaviour but
sincé failure times were rather long for this specific case

only %inal failure times are recorded.Alltogether five experiments

haye‘been performed by using 10 Normal Sulphuric acid as a cor-

rosive medium,
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The obtained results are as follows

5) GRE 7

|SPECIMEN No| pre-crack (mm)| % .o |failure time (min)|log time
122 1.6 50 328 : 2.516
133 - 1.5 46 528 2.723
313 1.6 40 ‘ 715 - 2.854
010 1.6 30 3030 - 3.481
212 1.5 25 8970. 3.953

(5):specimen 122 and 212 are machined out from CT specimen 12

and all the other specimens are numbered accordingly.

(6):see Appendix B-4 for load requirement estimation to generate
‘the desired K__ %. '

(7):the difference between the incubation period and the final
failure is around 1-2 minutes so only. failure times are recorded.
Above results indicate that as the applied moment is decreased
incubation periodé increased considerably thus verifying the

-expected trend.After the experiment with 25 % initial ch speci-'

men 212 is found to be diminished in thickness by % .
c-Analysis and discussion of results

As it is suggested even by a brief inSpection of figﬁre 6.6.3 ,
at KlC/Kl'rates less than 0.3 failure times tend to increase
drastically even for a vefy slight devrease in applied load.
This suggests that ,gray cast iron probably has a definite
Klscc in diiuted sulphuric acid but unfortunately the decrease
in the thickness of specimen Zlé avoided the determination of
the true Klséc value due to the fact that,a decrease in gross
éectional area causes an increase in the applied Klé % thus
violating the accuracy of the obtainéd results.This.means’ that
for experiments requiring long‘festing periods the governing

factor that favours failure is,the reduction in specimen dimension:
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due to corrosion,rather than stress corrosioneffects so,it will
be wise to perform these tests with a less concentrated medium

which will yield more reliable results.

initial K,c%s
A

407

301

20

10

N

25 30 35 0 log time
| (min)

FIGURE 6.6.3- Initial Kic% vs:logtime plot obtained from

K. tests B -
iscc
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7- FATIGUE TESTS
a-Experimental Setup and Specimen Preparétion

For fatigue testing the MTS fatigue testing machine is used.

The loadihg apparétus was similar to that of ch tests excluding
the clip gages (see figure 6.5.3).Before the experiments each
specimen were notched by the help of a blade edge,to favour
quick initation.A traveling microscope is used to trace crack

propagation (magnification: 32x).
b-Experimental Results

Only 10 mm thick CT specimens are tested and four experiments

are performed with a loading rate of 10 Hz.All the tests are
conducted under load control.Change in crack length with respect
to number of cycles are recorded durlng each experiment. Spec1mens

5 and 6 are used for observing the. tension to tension fatigue

behaviour starting witha AK of 19.5 kg mm >/ 2

and the final
fracture occuring at a stress intensity of 60 kg mm—3/2 .
Specimens 7 and 18 are also fatigue tested by starting with

-3/2

a bK of 26.3 kg mm but this time the load is reduced by

3/2 so that crack closure effects could be

3/4 at DK =35 kg mm
observed.The results are resumed in figures 6.7.1 (a,b,c) and

in Appendix C-1 andC-3.
c- Analysis and Discussion of Results

A brief inspection of the data indicates that,below a AK value
of 23-24 kg mm_3/2 the propagation rates are rather unpredictab-
- le and scattered (so they ére excluded in the graphs) and this

interesting trend is observed both in specimens 5 and 6
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FIGURE 6.7.1(a)- da/dN vs.AK behaviour of Specimen 5.
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FIGURE 6.7.1(b)- da/dN vs.AK behaviour of Specimen 6
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~da/dN
(mm/cycle)
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FIGURE 6.7.1(c)- Combined da/dN vs.DK behaviour of

Specimens 5,6,7 and 18 .
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While testing Specimen 6 crack propagation suddenly stopped
at a=2.3mm énd it required approximately lOs.Eycles to pass
that region.Similar frends are also noticed in specimen 5 though -
in a less pronounced form,at a=16.1mm and 17.1lmm .This sudden
prbpagation retardation is most probably due to void formation -
around some non metallic inclusiéné‘(such as graphite or sulphur)
in the material matrix that lies in front of the crack tip (9,11).
Certainly this is - only an assumption and a tangible explanation
may require some further microscopic study.

The reduction of load by 3/4 caused a considerable crack
retardation for the first one mm after the reduction and this
is in harmony with the behaviour suggested by the related lite-
rature. | |

Some simple calculations using Figurés 6f7.l(a),and (b)
yields the constant m of the Paris equation as 5.6 and the

constant C as 1.2x10" 12

for region II .Similarly by using the’
combined plotvof all the specimens (figure 6.7.1(c) ) m is éal—
culated to be 5.7 (see Appendix C-2 for a sample calculatibn
of m and c).The unpredict;ble propagation retardation mentioned
above is not indluded in the calculation of h which,ifrincluded
would yiled lower m values.This rather high value of m (it is
usually around 3-4) indicates the rather unreliable fatigue .
behaviour of gray casf iron which is in accordance with the gene-
“ral opinibns about this material. |

‘No fatigue marks or visiblé striations are observed on the
Afracture surface of the specimens and it is:difficult to under-
sfand"the crack length at final failure because there is no visb-

le differences between the fatigue surface and the fast fracture

surface .The explanation for this uhusualbehaviour may require



some further study.
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8- J_ TEST ' R 3
1 .
a- Experimental Setup and specimen preparafion

For Jltests again MTS fatigue testing machine is used.Specimens
are Compact tension specimens with knife edges on the specimen
front (see figure 6.5.3) and no notch was present at the crack
tip.

b- Experimental Results and Analysis

Experiments are performed by monotonically loading the specimens
until a specific value and then by unloading slowly whilst load
vs. crack front displacement is recorded.This procedure is con-
ducted several times and each time unloading compliance is mea-
‘sured (see Figufe_6.8.l) Which is then used for predicting Erack
advance (see Appendix A-4).Afterwards by using equation (6) J

values corresponding to different crack length are obtained 15 .

'

(1+e) ' ' ) '
J= ————~ (2A/Bb) (6)
(1+ot%) ’
Where A:Area under load-displacement curve.

B:Specimen thickness.

b:uncracked ligament.

a=((2¢a/W)242) Y2 (1ea/w))/(1-a/W)

Obtained results using the aboyp procedure are resumed in
figﬁre 6.8.2

Also by inserting the elastic'unlOading compliance values
into equation (10) one can obtain eléstic modulus from CT

specimens.
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FIGURE6.8. 1- Load vs.displacement’plot obtained from Jl

test
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FIGURE 6.8.2- J vs.psa plot of Specimens 16,19 and 24
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Below are the E values obtained by usihg equation (10):

SPECIMEN No | THICKNESS | E (kg/mm%)

16 10 8800
17 10 8000
19 10 8800
24 10 9100

Ubviously-both the J and E values are scattered and to obtain
eligible results it may be necessary to use more consistent

specimens (with each other) with slightly different geometries.
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CHAPTER VII

CONCLUSIONS

After coﬁcluding éll the tests it can be deduced that gray
iron is a rather impotent materiél that behaves in an extremely
untrustworthy manner,under static or dynamic tensile loading
conditions.

Microstructural analysis indicates that the material matrix
is composed of Fiﬁe graphite flakes distributed randomly iﬁ
ferrite and small amount of pearlite.

A Brinell hardness value of 120 and a ultimate tensile stress
of 12-14 kg/mm2 is the outcome of the mechanical tests and obvi-
usly these values are rather low.

A valid ch value could’nt be obtained and satisfying plane
strain requirements while using 5 % offset technique proved to
be quite difficult and use of'thicker specimens probably will
not make much of a changé.Developing a.different technique for
the interpretation of Kq data of gray iron may be both interes-
ting and usefull.

Sulphuric acid (10 Normal) proved to be a rather strong cor-
rodent for gray ifon-and as the reéults suggeéts,there may be
a'KlSCC value in much weaker environments where stress corrosion
is the dominant factor in failure rafher than the corrosibn
ifself!

Fétigue tests indicated that the constant "m" of the Paris
equétion is oround 5.5 (which is a bit higher than the usual-
vélue of 374) tﬁus prbveing the Weak fatique behaviour of gray

iron in a quantitative sense.
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A point that is of considerable)interest is- the unpredictable
fatigue crack retardation posed by soﬁe specimens due to some
unknown microstrudturél obstacles on the crack front and fugtber
studies on this subject may intend to generate these obstacles
thrgughout the whole matrix_consequentlyldeveloping a more |
fatigue resistant material. ”

Above discussions confirm the geﬁeral contentment that "use
of gray iron shouid be avoided under tensile‘étreéses" and furt-
her studieé on fracture properties of this metal will probably be
of academic interest rather than having a sigpificant practical

value.
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(A-1) - Westergaard stresses in the vicinity of crack tip for"

Mode I type loading:’

’ .
3. = z“iji/z C0S(&/2) (1-SIN(e/2)SIN(3e/2))
2nr ‘ . .

K.

i ‘
dy: EE;;;i/Z cos(e/2) (1+SIN(e/g)51N(ze/2))

K. '
Txy= —2 — SIN(e/2) €0S(e/2) SIN(3e/2)
7 (zan)/2

(A—Z)—-quxpreSSion for ASTM compact'tension specimen:

P

_ 9 ~ - (7)
£ (a/W)=29.6(a/W)/2-185.5(a/w) > Zr655.7(a/m)? 21017 (a /) T/ 24
C 638.9(a/w) /2
“"Where  B:thickness of spécimen (inchés)

W:width of specimen (inches)

a:crack length (inches)

49



50 -

(A-3)- Kq expression for ASTM TPB specimen;

P S
— q . :
fa/W)=2.9Ca/M) Y 2 n. 6a/w)> 221, 8(a/m) > 2237 6 (asw) 7/ 2438, 7 (asm Y’
Whére B:thickness of.épecimen (inches)

W:dept of specimen (inches)
S:span length (inches)

a:crack length (inches)

~Another expression which relates bending moment to Klis as
follows (13): .

‘o 4.12 m (= 2_3)1/2
1 B w/2

,(95

Where m: bending moment at the crack -plane

oc:l-(a/W)



51

(A-4)- Tentative testrprocédUre for determining plane

strain Jl-R curve:

. First load the specimen until a specific level and then unload
to measure elastic unloading compliance.Repeat this procedure
for several times and then use the below formulas to obtain Jl

-

values corresponding to different crack lengths.

) - a2 3 4
a/W,l.000196-4.063;9 uLL+ll.24? uLL-106.043 9LL+464'335 UL
-650.677 u? (10)
) LL
AWhére SUp L 1 177
(BE§/P) ™" “+1
57P:specihen elastic compliance on an unloading
S=increment of load line displacement
P:increment of applied load corresponding to $
Ezelastic modulus
341503+ (1/0) (Ry 4 ,1/80). (1-(3/b);  a). o an

Where N=2+0.522 b/W
¥=1+0.76 b/W
A=area under load vs. load line displacement.

b=uncracked 1igament.'

Using equation (18) change in crack lehgth can be calculated

which can then be inserted into equation (11) to determine 3,
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(B-1)- Sample K calculation for .CTS :

a=42mm (with pre-carck)
W=95mm 

Q/W;h.445

f(a/Wj=8;22

B:lOmm’A

Pd=365 kg (for Specimen 2)

P o
K = q
‘an T T

365 ' :
K = : 8.22= 31 kg mm_
177 9
9 1ox951/?2 , Ny

3/2
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,(B'Z)_ Fatigue pre-carck load estimation for CTS:

~a=42, Zmrﬁ

w=95mm-:

a/W:D,AﬁS
"B=20mh (for spegiwén 10)

K=58 kg mm‘3/2_(estimatéd by using Pq=90 % Pmax)
7F(a/w)=8,22.

Using equation (7):

P
| 582 ——
- 20x95172

8.22

'P=1350 kg

Precrack load=50 % P=675 kg
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(B-3)- TPB precrack load estimation:

az6. 5mm (with pre-crack)
.W:l&mm
a/W=0.46
f(a/W)=2.35
k=58 kg mn>/Z (estimated by using P_=90 %
- 9 v 7 Zq ~ " max

S(span length)=52mm

UsingAequation (8):

5= __FX52 s 2.35
20x14
P=275 kg

Pre-crack load=50 % P=130 kg

55
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(B-4)- Sample calculation for load requirement to generate  the

desired ch% for TPB specimens:
a=6.5 mm (with pre-crack)
B=14 mm
W=14 mm
a/W=0.46
x=1-a/W=0.54
moment arm=460'mh

m=460 P

.

-3/2 (estimated by using Pd=90 %P )

K. =58 kg mm max
1c

Using equation(9)yields:

Pmax :8.9 kg

-

To ggnerate 5 ‘% K o use 5C %’Pmaxéa.S kg

The weight of the Fixingyafm and the weight hanger acts as a
2.8 kg weight in the load line,so the weight that must be ad-

- ded is:

4.5-2.8=1.7 kg
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(C-1)- Data obtained from fatique tests are as follows:

Specimen 5»(Pmin=30‘kg-,PmaX=300 kg) .

3

da(mm) |#of cyclesx1l0” | bpK (kg mm-Z/Z) da/dN (mm/cycle)
| 0 19.50 0

0.8 7.6 19.95 10.5x10"°
1.6 15:0 20.42 10.8x107°
2.2 30,0 | 20.51 40:0x1078
3.3 45.0 21,40 - | 73.3x107°
4.5 55.0 ©21.90 12.0x10"°
5.5 73.0 22,40 | 55.5x10”°
6.5 104.0 22.90 | 32.0x107°
7.5 125.0 -24.00 47.6x10°
8.5 144.0 24.50 | 52.6x107°
9.5 158.0 . 25.10  71.4x1078
10.5 172.0 -~ | 25.70 71.5x10”8
12,1 187:0 |- 27.50 10.6x107°
13.1 197.0 | 28. 20 12.0x107°
14.1 | 202.0 . 29.50 20.0x107°
15.1 206.0 © -30.20 25.0x10"°
16.1 211.5 31.60 22.2x107°
17.1 | 214.5 32.40 33.3x107°
18.1 - 217.8 33.92 30.5x10"°
19.1 220.4 | .34.70 38. 4x107°
. 20.1 223.2 . 36.30 - 40.3x107°
21.1 225.0 ~ 38.00 56.4x10"°
23.8 | 227.8 42.22 96.4x107°
27.7 228.4 51.30  65.0x10” %
29.9 |. 228.5 58.90 27.5x107°

Failure

In the above .table da/dn values are calculated by by using a
least squares method to fit a curve to a vs.N plot and then

by by dlfferentlatlng to obtain the slope



Specimen 6.(Pmin=30 kg ,Pmax=300 kg)
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Failure

aa(mm) ¢¢of'cyc183x103' AK (kg mm—?/Z) da/dN (mm/cycle)
0.0 0.0 19.5 0.0
1.0 10.7 20.0 93.5x10"°®
2.0 32.5 20.4 45.9x10”°
2.3 874.5 20.6 36.0x107°
2.8 1466.8 20.9 84.0x10" 8
3.4 1601.0 21.4 74.5x10" 7
4.8 1838.5 21.9 42.0x10"7
5.8 2178.3 22.4 35.0x10"’
6.8 2205.3 23.4 37.0x107°
‘7.8 2229.0 74.0 42.2x107°
8.8 2248.7 24.5 50.7x107°
9.8 2263.0 25.7 69.9x10~°
10.8 2278.0 26.3 66.6%10"°
11.8 2300.0 126.9 45.5x10"°
12.8 2311.0 '28.2 90.9x10”°
13.8 2317.9 29.3 14.5x107°
14.8 2325.0 30.2 - 18.2x10°°
15.8 2330.5 30.9 ' 20.8x107°
16.8 2335.3 32,4 23.4x107°
17.8 2338.6 33.1 30.3x107°
18.8 2342.1 R 34.7 28.6x107°
19.9 2345.0 . 36.3 37.9x107°
20.9 2347.1 38.0 47.6x107°
21.9 2348.2 39.8 90.9x107°
22.9 2349.1 40.7 11.1x10™%
23.9 2350.9 42,7 11.2x10”%
30.3 2350.9 59.0 71.1x107%
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Spgcimen 7 (Init;ally”Pmin=3o_kg ,P =400 kg ,then at a=9.5 mm
Pmax is reduced to 300vkg and at a=16.6 mm it is reduced to
200 kg which retarded the crack indefinitely ‘so Pmax is reduced

to 300 kg again)

pa(mm) #cyclesxlU3 bK (kg mm_3/2) da/dN (mm/cycle)
0.0 0.0 . 26.3 0.0
2.5 78.0 28.2 32.0x107°
3.5 94,5 28.8 60.6x10™°
4.5 | . 99.0 © 30.2 | 22.2x107°
5.5 104.0 30.9 " 20.0x107°
6.5 112.0 31,6 | 12.5x107°
8.5 116.3 33.9 | ae.5x1077
9.5 119.4 | 34.7 31.7x107°°
10.5 208.0 25,7 ©11.3x1076
11.6 242.0 | 26.9 | 32.3x107°
12.6 | 265.0 | - 27.5 43.4x1078
13.7 284.0 . - 28.8 58.0x10"%
14.7 | 300.0 | 29.5  62.5x107°
15.7 312.0 | 30.9 83.3x10°°
16.6 | - 330.0 | 31.6 | 60.0x107°
16.6 1185.5 20.0 0.0
17.0 | 1191.0 C32.4 72.8x107°
18.0 1196.5 33.9 | 18.2x107°
19.0 1202.0 34.7 | 19.0x107°
20.0 | 1207.9 o 36.3 19.6x107°
21.0 1214.0 | 38.0 19.0x10°°
22.0 | 1216.0 1 - 39.8 50.0x107°
23.0 | 1217.4 41.7 69.4x107°
27.0 | 1219.1 | s0.1 | 24.5x107%
28.0 1219.2 1 52.5 | 25.0x1077
Failure . ’ ' |
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Specimen 18 (Initially Pmin:BO kg {Pméxzaoovkg ,then at a=10 mm

Piax 18 reduced to 300 kg)
aa(mm) #Cyclesxlﬂ3 ] BK (kg mm_3/2) da/dN (mm/cycle)
0 0.0 26.6 0.0
1 6.0 27.3  16.7x107°
2 10,0 28.0 |  25.0x107°
3 14.0  28.7% 25.5x107°
4 18.0 | 29.5 25.0x107°
5 22,5 | 30.3 22.2x10"°
6 27.0 1 31.2 22.0x10°°
7 31.0 ‘ 32.1 26.0x10"°
8 34.5 . 33.0  28.6x107°
9 - 37.0  34.0 40.0x107°
10 39.0 .| 35.1 ~ 50.0x107°
11 170.0 " 26.4 . | 76.0x1077
12 180.5 . 27.2 95.0x107°
13 193.0 28.1 89.0x10”°
T 14 205.0 | 29.1  93.3x107°
15 | 212.6 30,1 - | 13.0x107°
17 | 225.5 32.4 -~ 15.5x107°
22 | 2343 39.6 57.0x107°
23 235.3 41.4 10.0x10"%
24 ~ 235.8 43,3 | 20.0x107%
25 236.1.  45.4 33.0x10”%
26 | 236.2 47.6 ~ 10.0x107°
Failure [T : i
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(C-2)- Calculation of constants "c" and "m" of Paris equation:

Taking logarithms of both sides of equation (2) yields:

log (da/dN)=log C+m logAK

So "m" can be found by'obtaining'the slope of 6.7.1 .
For Specimen 5
By-using figure 6.7.1(a)
. -3 “hy e
m=(log 10 “-1log 10" ")/(log 40-log 26.5)=5.5

Similarly for Specimen 6 m=5.7

Inserting m=5.5 into the main equation and inserting a few
points from the graph yields an average'yalue of l.2x10_12

for the proportionélity constant C. .
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(C-3)- a vs.#cycles curves obtained from fatigue tests:

50 100 150 T2000  cycles X10°

FIGURE 7.1~ Fatigue .behaviour of Specimen 5.
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104

2206- . Méésom- : MWéédd ‘ “;ééédm

FIGURE 7.2- Fatigue behaviouf of Specimen 6

cycles 210"
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70 100 120. 210 250

300

7330 1180  cyclesxl

FIGURE 7.3- Fatigue behaviour of Specimén 7 (dotted zones

indicate the crack retardation due to_reduction in load) -
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‘ b | 50 . 100 150 200 N cyclc??x'lo?‘

FIGURE 7.4~ Fatigue behaviour of Specimen 18 (dotted zones

indicate'the crack retardation due to reduction in load)
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APPENDIX D

(D-1)- Sample calculation for modulus of rupture for the bending

test:
For rectangularvcross section I:bh3/12

b=h=9.55 mm

1=(9.55%)/12=693.3 mm®

Simple flexure formula:. d=Mc/I . (12)

c=h/2=4.75 mm
For three point bending M=PS/4
where S:Span length

"P:Applied load (maximum)
$=63.5 mm

P=236 kg (for Specimen 115)

- Using equation (12) yields =25.6 kg/mm2
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