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T Abstract'

The purpose of thxs 1nvestxgatxon was to ‘examine the o -

'standards restr1ct Kfuax to avoxd overest1matxon of.

restrxct1ons ngen by standards on the use ot maxxmum stress_
1ntenslty ‘factor (anax)rand“the‘stress ratio (3) during
‘fatigue precra:klng for tne:preparation of a fracture
.Specimen. The‘relevant standards'are'ASTﬁ'24399'81 and BS
'5647 277 tor plane straxn fracture toughness (K1c). and BS

5762 79 for the. Crack Openzng stplacenent (6) The

o . .

toughness values resultxng from large monotonic plastic zone

' stze. g%e R-rat1o xs restrlcted to 0. 1 or lover, althougn
'the standards do not explaxn a reason for the restrzctzon.3 |
’Bxper1mental results confxrmed that th:s restrxctxon _‘
‘,max1m1zes crack propagatxon rate, a probable reason for thelf

- %

R restrlctxon.ﬁ

S .

By 1nvestlgat1ng the effect of Kf-ax and R on Kq
'(provxsxonal xlc value) and om (GI;axxnun) it vas revealed
‘that overestlmatxon of Kq and &m could be assoczated vzth
’crack bluntxng as a result of ezther a large nonotonxc.
plastxc zone szze (r ) or a large reverse plast:c zone sxze nn
‘(r,o). It is vxdely accepted that h1gh Kfnax creates large

Ty vhere h1gh stress 1ntens1ty range (AK) creates large r,o.‘fj,”

‘The re%ults shov that restrzctxng R 1ntroduces an~*'”'

:unnecessary constraxnt and maxxmizes the reverse plastxc g~'_;‘ jﬁ'ﬂ’ﬁ*

{;dzone sxze, thus poss1bly resultxng in bluntxng of the crack-fﬂ
For the mater1al used in thzs experznent (AISI 4140 |

o,-797MPa a,-SSZMPa) the fracture test results shov that in-

v..‘.
,4.‘ o



T

| order ‘that the lover lxnxt for Kq (-67HPa¢m) be evaluated - “-

o Kfnax should be\restrxcted to less than 0.42Kq. anxlarly

;?_;should have a value less than 0 380,#8 -The ASTH E-399

S

'ztor eValuatxon oi lover values ot 5n (-0 OZS:nT Ktnaxt

'igsu££1c1ently strxngent to correctly esaluate the toughness_

}precrackxng process.,

,requ1res Kfnaxso 6Kq, the BS 5447 requxres Kfnaxso 7Rq. and

" the BS 5762 requxres Kfnaxso 630 /B and’ hence none’ are

_value of the mater1a1 used

- o

gased on test results of speczmens fatxgue precract;%'

Sat dxtﬁerent R-ratxos it is apparent that hxgher ‘R could

produce a sharper fatxgue crack Th1s therefore suggests' L

- that the R restrxctxon 1s an unnecessary constraxnt, and

"perhaps should be given further consxderatxon.-,l;, ,}]

4

Acoustxc emxssxon vas -onxtored throughout the perxod._“'

: ot £at1gue‘precrack1ng. The purpose vas to conpare the

3

,*amount of plastxc defor-atlon at the crack txp uhxch vas of-

';'related to degree of crack bluntxng The result shoved that

monxtor;ng acoustxc enxssxon nges a nethod of varnxng tor

.any possxble damage on the £atzgue crack durxng the fatxgue

\n .
1
»
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R Introductxon
The 1ncreased complexlty of modern structures, the use

of h1gh strength materlals, thick sectlons, welded 301nt5‘

- and- the sever1ty of the Serv1ce environment cond1ttons has‘
1ncreased the need for 1ncorporat1ng fracture mechan1cs in
_de51gn..Knowledge of fracture mechanics enables des:gners to
spec1fy the toughness value of a material 'so that under- the
ond1t1ons of serv1ce, the des1gned structure w1ll not fail
in the fracture mode. )

| Materlal toughness can be’ descr1bed 1n terms of the

i critical stress 1ntensxty factor under cond1txons of plane

x :stress (Kc) or plane stra1n (ch) for slow loading and:

zhllnear elast1c behav1our. For elast;c-plastzc behav1our the
,mater1al toughness 1s measured in terms of parameters such
as R- urve,'J 1ntegral (J1c) andQCrack Openxng D1sp1acement
(con) R SRR R
'Standard technxques for Kic (ASTM E-399 BS 5447) and
COD (BS 5762) measurement glve gu1del1nes and restrzct1ons
. for preparat:on of t;st pxece spec1mens. Dur1ng fat1gue
precrackxng of the spec1men, ‘the s andards place a

V»restr1ctzon on the max:mum stress 1‘tens1ty factor (Kfmax)

der1ved from the maxxmum cyc11c load'level In the standards

.3for K1c testzng, thxs restr1¢t1on is expressed as

Kfmaxsa(o,:/0,2)Kq,

uhere-xq is the provisional value of Kic. The yield stress



. rat1o oy,/ayz is equal to one if the spet1men is prepared
,and fractured at the same env1ronmenta1 temperature. The

value of a is a ratio of crack tip plast1c zone size dur1ng g

'ctatzgue precracklng to plast1c zone size at- fracture__Based '

on experlments by Brown and Srawley (1970) the American.

V'Soc1ety for Test1ng and Materials (ASTM) E-399: 1981 Standard

for Kic st1pu1ates that a=0.6 should be’ used . The Br1t1sh

.Standard BS 5447 1977 for K1c has a more jrelaxed value of

) a=0 7 as a restr1ctlon. The value was based on exper1ments |
'by May (1970) - _ fv | | 4

The restr1ct1on for Kfmax was placed to av01d a ,

;possxble over-estzmat1on o£ K1c value as a result of a large'

-_'plastxc zone sxze ahead of the crack t1p formed durlng‘
fatlgue precracklng v:th a hzgh Kfmax. | |

" In the British Standard BS 5762:1979 for cop testmg, |

: the Kfmax restr1ct1on is expressed as

:kfkfmag‘sa, o,/B ,
'vhere o,~1s the yzeld stress and B is the thxckness of the
”spec1men._The restrlct1on is der1ved on the basxs of :
fassurance that the state ot stress at the crack t1p vxll
l remain plane dur1ng fatxgue precrackxng of the spec1men. The f
) :value of u'-o 63 vas experxmentally determ:ned.; :
‘ These values for ‘a and a, have often been conszdered to
'be too small for some materxals such as. 2014-T6 alumznum

'(Kaufman 1977) and too h1gh for others such’ as 381 1Cr 0 Suo :

A\
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(Clark, 1979).««». oL ot
A further restr1ct1on for all three standards 1s that

- -

the stress rat1o (R) durxng fatigue precracklng should bé

®

=&

between U and U 1 Ior43535447 and /A

5“5762 and_should be’
1’

This R-ratxo restr1ctxon
%

9,
between -1 .and 0. 1 for ASTM E 3f,.
maxlmxzes the crack 1n1t1atxon and propagatlon speed

£
With a cgnstant Rfmax, a higher value of R-rat1o would

‘be- expected to produce a smaller crack t1p reversed plast1c

zone size hence a sharper crack t1p. Thrs vould then be
»closer to the szmulated 1dea1 plane crack that is assumed in-
"the theoretxcal derxvatlon of the stress 1ntensxty factor K

1t thzs 1s so, 11m1t1ng RSO.1 may lead to over-estxmatxon.ot ‘f

fracture toughness.

- In' this report, two - sets of tests vere done to

"1nvest1gate the effect of hlgh Kfmax on Kq and.COD and_ he

effect of hxgh R-ratzo on ‘Kq and COD. Durxng fat1gue'

precrackxng 1n the preparatxon of - the toughness specxmen,_,:~‘

'acoustxc emxssxon was cont1nuously monxtored 80 that the ;l-'
‘th1story of the crack t1p plastlc zone development could

1_llater be related to the subsequent toughness value Kq and/or

:fCOD. ngh Kfmax as uell as lov R—tatxo values vere expected

g to create a larger plastlc zone hence greater accumulated

'acoust;c»em1ss;on counts.vlf this is she_case, a continuous

“_monitoring of'the acoustic‘enission'during fatigue

precracixng of the spec1men may be useful in estimating an Jf

.allovable Kfmax value and a more senszble R-ratio. value.



2. General Description of Fracture Mechanics Design Concept

;2 1 lntroductxon

Hechanzcal—faalure—can—be—mdentxf1ed by—%ts—general‘
‘categorxes. ‘some common modes bexng' faxlure by elastxc
:1nstab111ty (buckl:ng) faxlure by excessxvely large elastzc
' deformatxon (Jammlng) faxlure by gross plastxc deformat1on d
l(y1eld1ng) fa1lure by tens;le 1nstab1l1ty (neck1ng)
fa1lure by envlronmental corrosxon, fa1lure by fatxgue and _—
nfallure by fast fracture (crack1ng) |
| Technolog1ca1 advances perm1tt1ng 1ncreased vorkxng

:fstresses and reduced safety factors have been ach1eved due
to advancements in stress analysxs technxques and the use of'r'
' hxgher strength mater;als. Hovever, the appl1catxon of w8
A,th1cker sect1ons, JOlnxng of components by veld1ng, cycllc

‘ loads and severe env1ronmental cond1t1ons reduce the'_f

» capac1ty of materxals to absorb local plast1c stra1n v1thout

'”‘fracture.

Fracture mecnanlcs des1gn concepts have been developed
b for fa:lure by brxttle fracture. The design concepts provxde
dvdeslgn engxneers quantxtat1ve guxdelxnes relatxng materlal
'toughness ‘to. the cr1t1ca1 defect s1ze and ‘the desxgn stress.:f i
S Bechse of the exzstence of advanced stress analyszs o
'“techn1ques 1nclud1ng numerxcal MEthods, the stress levels n
'icomplex structures can nov be determxned. Some defects égﬁ?". .

iex1st1ng in structures can be detected usxng ultrasonic

@:methods. The fracture mechan1cs concept uses 1nformatxon on



stress 1evels and crack 51ze or p0551ble crack sxze durxng
‘the servxce lee time of a structure, for the*pred1ct1on of

gunstable crack grovth Provided that mater1al toughness can,‘

—_—*f%fbe—evaluated—accurately —the—problem—of—fa1lure due—to- -

fracture can be mxnxmlzed by desxgn.-'

T2 2 Naterxal Toughness
| anear elast1c fracture mechan1c5 prov1des anv
';analytxcal procedure that relates the stress magn1tude in
'the v1c1n1ty of- a crack t1p to the nomxnal applxed stress,
Is1ze,:shape, and orzentatxon of the crack-lxke | T
1:d1scont1nu1ty. The procedure has been establ;shed by flrst‘

‘ "z
wdefxnzng the three modes of relat1ve d:splacement of two

'..crack surfaces, namely the openxng, shear;ng and tearzng

‘pmodes (Pig. 1 gpb c) These dlsplacement modes represent the
'local deformatxon in an 1n£1n1tesxmal element contaxnzng aj}"
‘l;crack front. In any problem the deformatxon at the. crack txp |
can be treated as one’ or a comb1natzon of these local

‘ 'dxsplacement modes.; S

‘_j?5~; ”

" (a)Mode S (b)Mode 1 j’d | (c)Hode 111

. Fxgure. 1: Mode of fracture (a)openxng,
: : (b)shearzng, (c)tearxng



By usan a nethod that was developed by Westergaard

'(1939) Irwxn (1957) found that the stress and dxsplacement

| ‘vfxelds (Fxg 2) 1n the v1c1n1ty of the crack tip subjected to

'the fxrst mode of deformatxon (at plane strazn) are g1ven by ¢

| d@.*i (ki//f‘? ~cos (Q&) [ 1 - sin (Q&) sin (39ﬁ)13
‘ "o,, - (K1/¢7‘?) cos (4&) [ 1+ sxn (Q&) sin (396)]
'.‘a.,’s (K!//f_?) sin (Gé) cos (4&) cos (393
'd;;»s v(o|i,f 02:) H o.,'s 023 = 0 d'.'- ‘.f"e»(1)‘
Cuy = (K1/G)(x/20)%cos (84) [ 1 - 20 + sin? @
u,- (Rl/G):(»_r/Zt_)-‘cos_‘(-a/z)_ 12- 20 - cos® (90)]

'u’. = 0 ,

R &

. Figure 2 Three diﬁensiOﬂilicréck?tipgand}$tr¢$$;$¥$tem :



_'G is the shear modulus of elast1c1ty

The stresses 1n tensor1al form are

o= RaWEFEIE, (60 @

.fx,'xs the stress 1ntens;ty £actor of mode m=1 2 3 f.,(e) is;
'a geometr1¢al funct1on. To convert the above expressxon for o
_ plane stress, set o,; =0. and replace v by v/(1+v) Equat1on f:

(2) can be rewrxtten as

| (note that summat1on convent1on 1s suppressed). R

'gsFor plate contalnlng a through th:ckness crack of length 2a,'“"

*the funct1on f.,(G) 1s un1ty and 2r is replaced by a

‘_ K1=o ' ,l/mv--.

K3s0 z.;{_a“f T

l']:fThe funct1on f,,(O) for dlfferent geometry and. crack

-

or1entatxon are commonly avallable 1n textbooks. For a e

”7_:'useful example, the stress 1ntens1ty factor of a center ;;f“f"‘

'fnotch three po1nt loadzng fracture spec1men 1s expressed in

7fj,Eqn._5 (ASTM E- 399 81) as. shoun in F1g 3 inf fill!‘?f*ifA

At a slov loadxng rate, as the crack 1ength approaches.lelp“,

”F7a cr1t1cal value of ac 'a cr1t1cal value of K w1ll be

'reached and followed by onset of an unstable crack growth



":ffracture problem.

™

B e

S K= '(3»PL/.BW,A)" [ 1.93 (G/W)z",-._3.—.07“'('0'/_“'7)- he v."..,v.:', | ( ,

_hFigureean:7Threefpeint;bendepecimeni}iv. .

-’jTh1s cr1t1cal value of K is also known as the materxal fi

toughness and 1s de51gnated Kc. Its value depends on. . the

| \ddmaterxal state of stress, temperature and loadxng speed
77}"15 known that Kc decreases Hlth an 1ncrease 1n thxckness
'e(F1g 4) reachlng a rather constant m1n1mum value R1c when o

5.mode I plane straan condxtlons are sat1sf1ed Knovledge of‘f13?7*-5

1K1c therefore prov:des a conservat;ve apptoach to the ;...,..

Sy

Experxments have shown that for the same mater1al bothi-ffﬂf’

'fevvxc and ch value reduce as the tempetature decreases

'[(Plg 5). For 1mpact load1ng the ch value reduces to become;:?ffwif

'pgx1d (K1d 1s the plane stra1n dynamxc fracture toughness)
Exper1mental techn1ques exlst for evaluatxon of L
e,ftoughness values Kc and K1c, and are dzscussed in a- later

“*chapter. The fracture de51gh curves are normally presented
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fracture toughness-rra«



L e . 10
as shown in Fig‘s At a design stress 04 a defect siZe of ac
’would be cr1t1cal for the materlal C but cons1derably safer

r
when mater1a1 B is. used In general the value of Kc 1s about

o .2 to 10 t1mes larger than Kic. The reason has been related

to- the large plastlc zone at- the v1c1n1ty of the crack tlp.
t As a result of thlS plast1c1ty, the llnear elast1c fracture
mechan;cs does not,apply and alternatlve approaches have:_f
‘hheen considered'namelysthe R4curve1, Crack‘Opening
‘vnlsplacement (COD) or J integral methods. In general these

approaches are known as elastlc plastlc fracture mechanlcs.

_2 3 Effects of Craen tip Plastxc ZOne :

; L1near elast1c fracture mechanxcs exp11c1tly assumes
’that the materlal behaves in a purely elastlc manner. ln‘
part1cular the stress fleld equatlons descrlbed 1n Eqn 1
F:show that‘the stress magnltude approaches 1nf1n1ty as the r o

.(of the r,8 coordlnate) approaches the cracg t1p.l .

_ pract1ce most materlals deform plast1cally once the“y;eld
fitstress 1s reached ThlS reglon of plastld deformatlon 1s:~
fpknown as the plast1c zone as’ 1llustrated in Fig. 7 Irw1n

\

) '(1957) has suggested that the 51ze of plast1c zone ry ‘'should

< e

peiid R e e
. ur,-1/27(K/0 )2 ' .:. for plane stress,
‘r,-1/61(K/a )z o . for. plane straln.:; L T (6)

Yo -

- 'Note that the plane stressjplaSticfaone”size’Kr;)_iszfﬁree |



! B bi*—increasxng R1c~ —K¢,~CODe,—J1e- Y I
Ductile |
P
L .
[+ JP) 2a b

B . ' . . - ) , ‘ a “\\\
' \\S\“—— Brittle Lo

—

|

Crackflength, 2a

¢

Figure 6 Fracture}mechanicsAdesignfcurve'

times bigger than the’blane.strain value and is'also'
1nversely proportlonal to the square of the yleld stress ay._
Thls often explalns the d1ff1cult1es encountered when c
fracture toughness for materlal with low y1eld stress is to-f
be evaluated | | |

The exlstencelof:the ?lastic'aone,ln'realitylmakes.the 
evaluation of'Kic difficult; Inﬁtheoryvthe plane strain
'fracture toughness evaluat1on does not allow for/any
;’plast1c1ty at the crack tlp. In pract1ce thlS could be,‘
Aapprox1mated by maklng the test speclmen d1mens1ons large
enough'so»that the plastlc.zone size 1swsmall in compar;son;,”

;] !

;
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Crack-tip

: L ST L - r,
_ — - Iy
Pl stress . . | , : :
Plane bttt Plane ‘strain

<.

Figure 7 'variation of’erack-tip'plastie zone
- . through the thickness of plate

'_Sﬁallest.specimen'dihenslon of approximately SO»timesltne‘
estxmated plast1c zone\51ze'1s normally con51dered adequatei'
to approx1mate 11near elastlc behav1our near the crack txp.:;
The value.of_'SO',1s.normal1yvadopted.asra-gu1delrne for
estimating‘tne test Speeimen dimensions in evaluatingrk1of

‘In ‘the de51gn of a1rcraft and pressure vessels the'

"_dplane stress problem is of great practlcal 1mportance. Plate‘

mater1als are commonly used and toughness 'values of
avallable th1cknesses are. evaluated Unfortunately the plane
.stress plastlc zone size. 1s large and often results in’

'lznadequate specxmen d1mens1ons for the K1c4test.
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2.4 Experimental Evaluation of Material Toughness,
- ’ N\ - - ,

2.4.1 Plane Strain Fracture Toughness

Plane strain fracture toughness K1c is evaluated‘
;‘experlmentally. Provlded the.est1mated‘p1ast1c‘zone'51ze'is’
-s@all in\oomparison to the specimen dimensions,'llnear
elastic fracture'mechanics can‘he approkimated ‘An»ideal
spec1men should have a geomet;y that is eas1ly prepared and
posseses geometry that permlts Egn to be val1d The
spec}men should have a crack w1th a sharp t1p that would
:approxlmate the 1dea1 plane crack assumed in. the analytlcal
’ stress f1eld representatlon (Eqn 1) l ._

| Although a mach1ned notch may not resemble the 1deal
:plane crack presented in the analy51s, a fatlgue precrack K
_hcan be: developed as an exten51on of th1s machlned notch 'If
th1s fat1gue precrack is prepared carefully, the 1deal plane
"crack can be closely s1mulated. ’ , _':1 - o _; |

o When all proper spec1men preparatlons are made; the
'fracture test is. done 51mply by loadlng slowly. The load at
uh1ch an unstable crack growth starts is called the. fracture‘
~load Pc and when applled to the Eqn 5 the fracture S
'_toughness K1c is obta1ned ‘ |
_ Standard procedures for the Kic test are now'ava1lab1e
'f:to ‘ensure repeatable ‘test results. The ASTM E- 399 81 and the
‘British: Standard BS. 5447: 1977 are the accepted standards foru

" evaluating Klc.
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2.4.2 Plane Stress Fracture Toughness
, - Linear elastic fracture mechanlcs does not apply when

‘large plastic deformation at the crack tip occurs. The’

‘lgeneral concept-however could he extended tovproduce an
'alternative method called ﬁ‘curﬁe. The method makes the
,evaluat1on of plane stress toughness Kc p0551ble (ASTM
fE 561-1981) Houever, the specimen size for R—curve ’
evaluat1on is so large that it often becomes 1mpract1cal
‘. R1ce (1968) 1ntroduced a new approach to ‘the fracture
l;u'problem by def1n1ng a path 1ndependent 1ntegral energy

' method The method 15 known as the J 1ntegral method S1nce'
it 1s based on an 1ndependent path analys1s, the effect of.
the large»plaStic zone is av01ded if a path taken out51de
this'plastic zone 1s used in the calculatlon.vIndeed the'
method is cla1med to represent toughness values from plane

strain to plane stress cond1t1ons. To date a work1ng

‘standard has been 1ntroduced for plane straln cond1t1ons

‘1lonly QASTM E-813; 1981). The standard permlts evaluat1on of

the cr1t1ca1 value Jic wh1ch could be related to the plane

..vstraln fracture toughness K1c as |

CJte=(1-92)RICX/E - . (D)
Lately a'single specimen J-integral“has'been in the
.forefront of the J 1ntegra1 technlque, the method requ1res
vvery accurate 1nstrumentatlon and a: computer for calculat1on'

lgof unloadzng comp11ance. The standard for J 1ntegra1
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evaluation‘requires multiple Specimens, therefore within the °
linear elastxc reg1on (J1c) the J integral method has no

obvious advantage . over the 11near elastic fracture mechanxcs

' I.approach.

“ Ih 1961, Wells 1ntroduced the Crack Openlng

| Dlsplacement method Assum1ng plast1c1ty at the crack t1p,
“the strip y1eld model by Dugdale (1960) can. be used to
relate the COD to-the appl1ed stress and~crack length The
'3ba51c relat1onsh1p was further developed by Burdek1n and

Stone (1966) and expressed as
.lﬁé(aq,a/wE){lh sec(wo/20y)} . «‘ o h(Bku,

where 5 1s the Crack Open1ng D1sp1acement accord1ng to
‘Wells. A reasonable approx1mat1on for the above equatlon

»:vould be

AR $=xac®/E0, ()
iprov1ded a/a, is small (1e. in the linear reglon) When a
11arge area of crack: t1p plast1c1ty is conszdered the
' equat1on is expressed as | | R
- - N

Cewcmpe, o)

‘The values of A wh1ch have been reported in the l1terature

depend upon the exact locatlon of - the crack t1p in thelr
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P

evaluatlon. The Br1t1sh Standard BS 5762: 1979 for COD ngesv.
this value of A = 2 Usually, cobp measurement 1s made on -

:three po1nt bend spec1mens of. sxm1lar type as the ch

vSpec1men{ Exper1mental evaluat1on is as follows. s1nce the-
‘whole uncracked l1gament is above y1eld it may be S
.con51dered a plastxc hxnge (Fig. 8) with the centre of

rotatlon at a d1stance p(w-a)ufrom the crack tip. The crack -

o edges are assumed to remaln stralght The rotat1ona1 factor

'p has to be determ1ned experlmentally. A 51m11ar trlangle
for c11p gauge dlsplacement (V) and COD can be constructed
_ and an expre551on derxved from it ‘is.
V/{a*p(¥-a)} = §/p(W-a)
RN {p(W-a)Vl/{a+p(W-a)} .. S an
_Exper1ment ‘has shown that the value of p var1es from 0. 08 to
0.4 for COD of 0. 0004 to 0. 012 1nches (0 01 to 0. 3 mm) Py
‘_(Robznson and Tetelman, 1973) The BS 5762 has adopted p of
_0f4 As can be seen from Eqn 9 8 is analogous to the ch'

3 ‘when the cr1t1ca1 value 5c is reached. The Kﬂc and COD (5c)

?cannbe related as O_T

S selemicse)t o an

\\

_S1nce the method was. developed on the ba51s of crack t1p

‘plast1c1ty, it can be . used to evaluate»ﬁracture toughness of

“\(}

~
2

&



Figure 8 'Plastichhinge

c N

A

“linear elastic, elastic*plastic-and plastic behav&our._For a.

_"11near elast1c1cond1tlon, the COD method has no real
'radvantage over the K1c method There are many practlcal
-frmaterlals for wh1ch the ch value can not be obtalned For

_thzs ‘case the COD method becomes useful The present

istandard for the COD fracture toughness measurement is g1ven i

N by the Br1t1sh Standard BS 5762: 1979 Most’ of the. spec1men

preparat1on procedures have been taken from the plane straln
fracture toughness K1c standard (BS- 5447). For the COD
' method tests can be carr1ed out on spec1mens of the full

ithlckness avazlable.



3. Standard Technique for Material Toughness Evaluation

KR . . . )

Q

3.1 Introduction’ "

There are presently f1ve standard technlques avallable
for evaluat1on of mater1a1 toughness under quas1 stat1c |
| fload1ng These are ASTM E 399: 1981 for K1c, BS 5447 1977 for

‘K‘IC, BS 5762 1979 for COD ASTM E 561’1981 for R- urve, ASTM
u__E -813: 1981 for J1c. Each of these standards has'1ts own
advantages as well as dxsadvantages.‘Toughness values from
any - standard are subject to error, ‘some of wh1ch may be due."'”'
._to lack of technlcal expert1se. | | |
The standards for - ‘R-curve and J1c are new. Although .

~

Vthelr concept appears to be very prom151ng, the lack of

RN

serv1ce experlence for these techn1ques 11m1t the1r present .

i

.Tusefulness to the des1gn eng1neer..The standards for K1c and R

rCOD on the other hand have acqulred wlde acceptance.pp
Mater1al toughness expressed 1n terms of Kic for l1near ;7,*
elast1c behav1our and COD for e1ast1c plastlc behav1our are
_used in many fracture mechanlcs de51gn practlce.,'“d' B
y‘ The ch and COD test 1nvolve ‘the follow1ng two stages.,
'a)the development by fat1gue loadlng of a: crack
‘.tfrom a- machlned notch 1n a test plece (speclmen
\'hpreparatlon) b)the propagatlon of that crack by
;applylng an 1ncreas1ng force whlch may cause 4
iﬁf bend1ng or tens1on to produce a fracture (fracture'5

o test)

"1_8_-:'
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The Kic standards utilize two' types of test piece namely
the compact test spec1men (ten51le test) ‘and the. three poxnt

bend spec1men, whxle the COD standard employs only the bend:

'test.-h T ERE | in L
Although 1t has now been establ1shed that reproduc1b1e
“Ric values could be obta1ned for the same mater1a1 by |
d1fferent laboratorles within about 15%, there are st1ll
unsettled d1ff1cult1es 1n follow1ng the restrlctlons
'rcontalned in the Standard (Towers, 1981) Spec1f1cally,
vthese problems are the est1mat1on of an allowable maxlmum
"stress 1ntens1ty factor Kfmax and the stress rat1o R dur1ng
fat1gue precrack1ng._The guideline for spec1men preparat1on\

37il1m1ts the - Kfmax un order that the monotonlc plastlc zone

“51ze dur1ng th1s time is less than the plastlc zone 51ze l
idurlng the fracture test A h1gh Kfmax value results 1n an
"over estlmated K1c value._W1thout explanat1on the Standards
4 also restrlct the fatlgue precrack1ng stress rat1o R to be"d
between 0 and 0.1 for BS 5447 and between -1 and 0 1 for ‘{"J-”
E ASTM E- 399 A study related to theSe restrlctlons 1s | |
presented\ln Sect1ons 3.4 and 3 5 of th1s theszs.p B
The COD Standard 1s 1ntended to glve fracture tg:?hness“
:evaluat1on for elastlc plastlc to fully plastlc fracture - |
ibehav1our in whzch the KRic techn1que 1s not valld. The COD '
‘jStandard 11m1ts the fat1gue precrackzng stress level i |
‘ffdlfferently than does the K1c Standards. Th1s restr1ct1on

I
" ensures. that the plane stra1n plastlc zone size (r ) is less

,‘ASTM E—399 81 has four types of test pzece.'



Jthan one. f1ft1eth of the spec1men Hldth B durlng fat1gue"

_precrack1ng. The COD Standard adopted the R restr1ct10n

‘g1ven by the Kic Standard BS 5447.

3.2 Specimen Preparation for ch‘and COD_festing

3.2.1 K1c Standards (ASTM 3-399 81- BS 5447-77)

. The der1vat1on of l1near elast1c fracture mechanlcs

rrelates the stress 1ntens1ty factor K to the stress level

and crack 51ze present 1n any structural geometry and crack

or1entatxon (Eqn-1) The. analy51s 1s based on an assumpt1on
:of the ex1stence of ‘an ideal plane crack and the stress is

_ at a state of plane straln (mode I) Experlmental evaluat1on.".

of mater1al toughness based on l1near elast1c fracture

E mechanlcs (K1c) requ1res preparat1on of the spec1men to
51mu1ate these 1deal cond1t1ons. For a valld K1c evaluatzon;
it 1s necessary that the smallest spec1men d1mens1on be of
"an order 50 t1mes greater than the plane straln plastlc zone
'51zeT Thxs restrxctlon whxch 1s adopted 1n both ASTM |

”a 399 1981 and BS 5447 1977, is expressed as

Taeaw oM

a, B'AEH'W/Zfzzfs(xic/a;)? o asy

| where a, B W/2 are the crack length thlckness and half
.v1dth of the test p1ece. It 15 noted that even before a K1c;‘
iftest spec1men can be mach1ned the K1c value to be obtalned -

’must already be known or at least estlmated For thzs reason o
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‘p”
both standards prov1de a 11m1ted gu1de11ne for estxmatlng
"spec1men d1mens1ons by ‘the ratlo of y1eld strength to

vmodulus of elastlczty, y/E

.LL hasgbeen evzdent—that—the~fat1gue*precrackzng
process must be closely controlled in order to avo1d damage ff

" and the development of an unsat1sfactory fa}lgue precrack

"d;The procedure ensures that the last 2 5% of the overall

'._length of the notch plus fatlgue precrack 1s loaded at a

’max1mum stress 1nten51ty level durlng fat1gue (Kfmax) such

 that the Kfmax value is less than the Kq value determ1ned 1ng_,’

,'thelsubsequent test, 1n th1s waerq qual1f1es as a val1d K1c"

fresult. ThlS 1s expressed as

-l

thfﬁaasakar}/oy;)Rq;q ' ’jj',_ d:rt,fi';h jp-hi(lﬁl/

”'.ASTM E- 399 determlned that a should be 0 6 whlle BS 5447 has:fv7: |

'_ua more relaxed value of 0 7 for a._These values are

fpresumably based on exper1ments by Brown and Srawley (1970)1
for the ASTM E- 399 and by May (1970) for BS: ;447 'I'he a,,

“and a,, are the y1eld stresses at the temperature of fatlgueii;fi

precrack1ng and of fracture test1ng respect1vely. Th1s 1s H'“A

‘tlncorporated to ensure that the plastlc zone 51zes are

Zcompared correctly. Reallz1ng that thL Kfmax value Can only S

’be computed lf the K1 or Kq value. to be obtazned has been
”]’est1mated the ASTM E 399 prov1des an add1t1onal gu1de11ne ff.'
| for est1mat1ng Kfmax such that --l*‘p'-:fVVp\.,'"" :
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| f,:;Kfmak/Etsq;062/inmg. R c,d: -esl~‘g‘(15f

A“furtherbrestriction*is:that.thebstress ratio.R‘during"

___nfatlgue—precrackxng should~be between O_and OTJ for BS,544JM___f;;~Q

and should be between -1 and 0 1 for ASTM E 399 Thls -
"unexplalned R—ratlo restr1ct1on max1m1zes the crack
ifd5propagat1on rate 1n fatlgue precracklng. _Q -
3.2.2cop Standard (ns 5762 79) R S

Slnce the der1vat1on of the COD measurement can be made

“5¥even when there g cons1derable plast1c flow ahead of the Aﬁd"w

hnfcrack"unllke-the~x1c method spec1mens of avallable

”th1ckness of 1nterest can be used _i = h"
f* To 51mulate severe defect posslble, a fatzgue precrack |
-”;15 1nduced 1n the COD spec1men. The standard spec1f1es the‘tiib
.nxfmax value so that the planetstra1n plast;c zone saze '
hxedurzng fatlgue precrackxng remalns 50 t1mes smaller than the }

__vspec1men thlckness, B The der1vatlon is: as follow5°'”'h

CEeB/S0 e e

"-lzone szze in terms of the stress 1ntensxty factor K1 and the
:-y:eld strength For a m1n1mum, the plane stra1n value of ry
"1s used Comb1n1ng Eqn 6 and Eqn 16 and replac1ng K W1th

ZKfmax g1ves |



4:.{1/6f}(xfmax/d;)?58/éo:- ‘f‘p'g»f K
| Rfmaxs0.63 o,/B.  © . ST Coam

ﬁfAn alternat1ve derlvatlon of the above equatlon can be o

’obta1ned from Eqn 13 where Kfmax replaces K1c. Although not7'

7#spec1f1ed .1t is. reasonable to assume that a, refers to the'=,.

'a;;y1eld strength at the fatlgu1ng temperature..f

r For the\rema1nder of the procedures the COD standard

~h'has adopted the prauedures 1nc1uded in BS 5447 for K1c..Th1s:,,;

'f1ncludes the restr1ct1on on R-ratlo."f:h”

The standard spec1f1cally states that 1f the subsequent_."

“.ftest has 1ts fracture value close to the 11near range of the[f.'
' :fload dzsplacement curve,_the secant offset procedure shall
"?.be applled to test whether a va11d K1c measurement can be T

| made-; St T L N T

’ f?;éhrraCturefTeStj]JQ

F‘;ui3 3 1 K1c Fracture Test (ASTM-E399 BS 5447) |
p When the specxmen has been precracked 1n fatlgue to h%:.i't‘
iaiobtaln a/w values 1n the range of 0 45 = 0 55 the,f“acturelﬁ-_.ﬁ
h}attest 1s carrled out e1ther 1n ten51on or bendlng. For a bend?;,ﬁ'

‘fitest the total loadzng span 1s 4W Spec1men 1nspect1on 1s

¢¢requ1red before test1ng to fracture, th1s 1nc1udes

ff,measurement of thlckness B and w1dth W to the nearest 0 1%W tif;g

'ffon a l1ne not further than 10%W away from the crack plane.
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'TheseVValues of B and W-are used as a basfS‘whén determining
‘_the valldlty of the test after frauﬁure, eg checking'the'

length of fatlgue crack a to ensure that 1ts average taken

’at three p051t10n of 25% 50%,t?5%B is within the constralnt
:'on a/W descrlbed above..k L | o
Testlng to fracture 1s done w1th a loadlng rate such |
:that the rate of 1ncrease oﬁ\i;ress 1ntens1ty factor is

w1th1n 30 to JSO k51V1n per m1nute. For the bend test the

S

o method spec1f1es ‘a- requ1rement for a roller support to av01d

\

'frlctlon upon loadlng. An example of a cllp gauge de51gn for

_jf'dlsplacement measurement is also glven in the standards. The

'”recorded load dlsplacement curve should have a slope between

::0 7 and’; 1 5 for 1ts 11near part. Thls 1s to m1n1m1se the
'_error that mlght be created from the 5% secant method -in
'gidetermlnlng the cr1t1cal load Pq.,

Typlcal load dlsplacement curves are shown in Flg 9 A

d'llne w1th a slope 5% less thah the slope of the tangent OA

pto the 1n1t1al part of the record is drawn, then a load Ps
.“fls obtalned Pq 1s equal to Ps or any hlgher force that n
'precedes Ps.*- ',,n :A '» t‘v , df__gl. I
‘ When a valld Pq has been obtalned the Kq value can be_'
'.;calculated The standards prov1de equatlons for both the-
“rbend test p1ece (Eqn 5) and ten51le test p1ece. _
)l:Alternatlvely,'a table 'is glven for each case to relate Pq‘

'.to Kq The Kq then becomes K1c when the factor 2 S(Kq/o )2
'f@ls less than both the th1ckness of the test plece and the-:'r

fcrack length and the other va11d1ty cr1ter1a are met.
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|3

Load '

aclipjgauge Displacement, v .

N~

Figu§§i 9 -'TYpicalvfgéd versus clip-gauge e
: ' ‘disglacement curves ‘for Kic test
IR o

& - ﬁf S | T ;d;

3.3.2 COD Fracture Test 'Vi : e Ry
: ' A . .,

- As wfth the. ch method the Cob'standard-reQUires
"eaccuratelmeasurement of speczmen dlmenslons after fatlgue' dw'
hh‘pnecrack1ng. The results are to be used as a basxs in- .
’determ1n1ng the va11d1ty of the subsequent test.-

‘ The requ1rement for a roller support c11p gauge for
dlsplacement measurement and load1ng rate. range are. all

adopted from K1c standards.l<'




[}

—————unstable—and- maxrmum-crack growth can—be- obta1ned~“These are,

.

Typical'load-displacement'curves?are shown in Fig.10.

From these curves, the COD for initiation,_criticalT

w

btermed 61, 6c} 6u and ém and are expressed as-

\
8i, bc, 6u or 6m = {K (1— *)}/20, E + ' ‘
o, 4(w—a)vp}/{0 4W+0. 6a+2) - 18)
where K 1is expressed as -’ '
O K=7¥p/BW? ~ -~ . (19)

The COD standard gzves a value for Y w1th the correspond1ng

a/w ratio. P and Vp are the, force and plastlc component of

clzp—gauge opening dlsplacement respectively, whlch -

correspond ‘to the relevant values of V1,_Vc, Vu or vm . (see

1. The reason is that\\?x1s used 1nstead of V and 1s

measured relatlve to the linear cl1p gauge d1sp1acement For

type III IV and V the multlple spec1mens technlque w1ll

[ have to be used to determlne the 1n1t1at1on value of 61.
3.4 Effect of Kfmax on Kic and COD

’a3 4.1 Effects of Kfnax on’ the K1c

In preparxng the fatigue crack ‘the value of Kfmax is

A11m1ted by Kfmax S a Kq. Exper1ments have shown that Kg

_1ncreases vhen a h1gh Kfmax exceedlng the 11m1t1ng value of

'F1g 10). Not1ce that Egn. 18 is a comblnatlon of Eqns 10 and‘
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oY P, Pa. .
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PC P . v“ p‘
o v, c ‘vi / Vo v, " Ve
<
<
(<]
-5
Type 1‘ Type 111 Type 1v Type v!
S5 H-v? P I e = —
v : o v: SRR Ve RV
Clip-gauge Displacement
Figure 10 Typical load versus clxo gauae
d1splacement curves for COD test ,

;-axlc is appl1ed (Flg 11) Various tesearchers have
determlned values of a ranges between O 5 to 0.9, dependlng
:on the materlal belng tested n . »L‘_f"'jv._‘f 3j_ﬂ3'

‘ Brown and Srawley (1970) determ1ned a=0.6 on 18Ni grade
"30D marag1ng steel Th1s value has been adopted by ASTM

-Vstandard E- 399. May (1970) determlned a=0. 67 for hlgh

VVStrength carbon martens1t1c N1 Cr-Mo-V steel Th1s value has

'been 51mpl1f1ed to 0. 7 in the adoptlon by BS 5447 Kaufman
and Schllllng (1973) and Kaufman (1977) ?ound that for.

s ~
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Kq = Kic

‘Kfmax = aKg #-aKJC. . Kfmax

- Figure'g;111-Effect of Kfmax-on Kq (typ1cal
e exper1meuta1 results) L

ialumznum alloys a as hﬁg@ as 0 8 could be used tlark (1979)
:for 3N1,1Cr 0 SMo gun steel and Yeh and Burck (1979) forx
AISI 4140 steel concluded that for hlgh strength steel a. had
to be l1m1ted to 0.5.. _ ., " - | |
d*: Kaufman (1977) suggested that the value of a 1mposed byi
| E=399: 1981 should be relaxed to 0.8 for alumlnum alloys.
Jones and Brovn (1977). were~of the op1n10n-that spec1al -
;reliefvprucedures should not be 1ncorporated 1nto ASTM :

- E-399 for spec1f1c mater1als If this latter op1n10n is
k-correct the data by Clark (1979) also Yeh and Burck (1979)

1nd1cate that 'S should be reduced to 0. 5 from the current

” value of 0.6 and 0.7 in ASTM E-399 ‘and BS 5447 respectlvely_'
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\

Several explanatibns have‘been offered by researchers

for the’ 1nfluence of Kfmax on Kg. The more w1dely accepted

explanat1ons_4nclude_the_£ollow1ng'

ra)Crack Closure

The crack, closure theory replaces AK wlth effect1ve AK

,(AKeff) taklng account of re51dual compre551on at the ‘crack

ft1p.‘Hrgher Kfma;»valueSJresult in higher crack closure
' levels. Elber (1971) .gave a_crack_closure model that was
' slightly.@odified by Towers (1981)‘as shown in EQn.20. °

\

“Rq = Kql + (0.5 + 0.1R + 0.4R? )Kfmax.  (20) -

where - qu is the lowest poss1ble value of Kq. | ',‘.
The crack closure model by Maddox et al (1978) was also

"presented in a d1fferent form by Towers 1n Eqn 21

Kg = K4l + (0.14 '+ 0.86R) Kfmax N R "(21)hrg o

In both of the _above relat1ons the value of Kq
1ncreases w1th Kfmax and’ R Exper1ments by Towers dxd not

verify the ahove express1ons..

b)éyClic hardening and softeningr(reverSedIplastic}ionelf
N It has beenvobserued that material_vhlch_demonstrated"v
l'the_greatest'sensitiVity of{Kq to'Kfmax'also'denonstrated'
‘pronounceéd EYClic’softeningl Indication ofhcyclic'softening

&

Y

AL .
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is given by the ratio of the material's ultimate-to yield
stress (aﬁ/b') The lower this rat1o is the _greater the

1nfluence of the cyclzc softenlng (Table 1)

Towers (1981) reasoned that the 1ncreased sen51t1v1ty
\

of Kq to Kfmax with cycllc softenlng was presumably because
.the soften1ng eftect1vely 1mproved the fracture toughness of_

the mater1a1 Roman et al (1981) commentlng on the cr1t1cal j
*1‘33:

'_stress model of. cleavage fracture shd;n that cyc11c

~soften1ng 1ncreased Kq where cyclxc harden1ng decreased 1t.

~Table 1_Indication of'cycliC'softening'byfthe_ratio,of
4I~th¢ materiai_ultimate totyield stress.’

s

.

. a - am/oi - rﬂateriai »
Clark (1979) 1:'1 0.5 ~{1.08°  [3Ni,1Cr,0.5Mo gun
| drpupvandasrawley o 0.6‘: 1;03 ‘; 'ldNi;grade 3Qﬁ*
[ 1970) | N N t ~ |maraging steel
FKaufman and o8 frfS*J;éSl; 2014-T6 aluminum
'T'Sch1111ng (1973) B A B .“ I PR A
May (1970) . g...,o.&;a_i,zs'.'f suiéos¢stee1.qj.i
-Towers (1981) . 0.7 |1.45+1.51. |BS 4360-S0E steel

In general a_/a, <1.2 should show a pronounced cycl1c’
soften1ng effect and om/o >1.4 should shovw a cycllc
harden1ng‘effect (Sm1th,et al,.1963); These indicatﬁonsa

;o
/
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however are not sufficientlly sensitive to permit selection
e SR .

of-a‘suitable‘value.fpr a.

.
N
N,

-'_c)Insufflcient specimenndimension to maintain’plane'strain‘
~ All standards requ1re spec1men d1mens1ons a, B and W2
to‘be greater or equal to 2. 5(K1o/a )’.'Th1s is to ensure.
,that the ‘specimen d1men51ons are about 2 5x61r, or about
| 50r, B o | “ |
A detalled study by Kaufman\{1977) concluded that th1s
.restr:ct1on -was. adequate for most materlals except those of
hlgh toughness such as alumlnum ailoy 2219 T851 In the":‘
latter case’ specimen d1mens1ons of 100 r, should be used 1n
order to produce a valld K1c._."‘=§:‘~ | o
:d)Crack bluntlng N
| H1gher Kfmax Qalue.producevan 1ncrease in. plastlc zone
,s1ze result1ng in a blunter crack t1p. The comparlson of 4
._plastlc zone, szze durlng fatlgue precrack;ng (r,1) w1th that
ilwat fracture (r,z) can be made based on the Kfmax |

restrxct1on. Apply1ng Eqn 6 and 12 the plast1c zone ratzo |

can. be expressed -as.

r,,/r,z = (Kfmax/a,,)’/(!ﬂc/ayz)z -
e @ (22)
’ Substltutlng 1nto both the value of a (0 6 and 0. 7), the
' .'fjAsm E- 399 and BS 5447 have. r,,/x:,z of 0. 36 and o 49
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: respectivelyafIf this plastic zone ratio”is the.basis of the
f restrlctxon, a sl1ght dxfference in « may glve a 51gn1f;§ant

change in r,,/r,z. Towers (1981) suggested that an.

: exper1ment could be done to observe. the effect of a high
'Kfmax ‘on Kq related to crack bluntlng by a: 51ngle statlc
preload1ng before the fracture toughness test. |
-Durlng the fatlgue czcle‘the crack t1p experfences' |
,reversed y1eld1ng, the plast1c zone ry is superposed by‘the‘

reversed plastlc ‘zone r,o wh1ch at a plane strain. cond1tlon

has a yalue of

o ry°=il/24r}(AK/q;)2 n.”f ::‘“J,p: o (23)

‘A large reversed plast1c zone 51ze could also be respons:ble -

U for bluntxng of a fatzgue precrack, whxch would result in' a

"h1gher Kq value. On the other hand, a hlgher AR value could

~:,produce a lower Kq s1nce the fracture toughness would tend

-to be reduced by the lack of ductllzty. ThlS uncertalnty is
"further compllcated by the effect of cyclxc soften1ng or -

iﬂharden1ng wh1ch depends on the o.,./ay value..-a

-
-

. : o T ke

7.3 4. 2 Effdct of Kfmax on the COD . ‘ =

o There has been 11ttle study on the effect of Kfmax on S

. ijOD. Towers 1n 1981 argued that 1f the K1c result is | |
f{affected by Kfmax, on the llnear reglon where ‘the COD result

”::;could also be dealt w1th by a K1c analys1s, the COoD result

ﬂshould also be affected by the Kfmax.i-~
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p 5 Effect of R-ratxo on the K1c and cop
p The ASTM E 399 standard for KIc requ1res R to be o

- between ~1-and 0.1, while the BS 5447 for Kic and BS 5762

for COD requ1re R to be between 0 and 0.1 .. This restr1ctlon'

- causes a h1gh crack propagat1on rate dur1ng fat1gue

' precrack;ng. Par1s and Erdogan (1963) showed that-;"

da/dn = C(AK)™ N YO
g ExpreSSing.dK as (lrhlemar (forAKfmax¢O),;for'a'giyenfxfmax
n_Value; the’fatlgue crack‘propagationgrate.lncreases as R
‘decréases.'-t’ | B '

For’a given Kfmax value, a higher‘R-ratio'uould be

'f;expected to produce a sharper crack t1p which is closer to

Wuthe simulated. 1deal plane crack assumed 1n the K1 analys1s.
L1m1t1ng RSO 1 results 1n a large AK and therefore a large
reverse plastlc zone.. The resultxng cradk t1p is a pOOr B

‘Oapprox1mat10n to the 1deal plane crack o

Conclus1ons ‘drawn by Tovers from the crack closure‘

~."""_theones 1nd1cated the opposzte of the above argument that

\%?fd1fferently from that of Towers. ance AK is replaced by @dd‘

"‘(0 5+0, 4R)AK for a constant Kfmax the reverse plast1c zone

l_s1ze decreases quadratzcally as R 1ncreases (note that ‘the
-effect1ve AK is now equal to (0 5 0.1R-0. 4R’)K£max ). The

‘smaller reverse plast:c zone 51ze more closely represents {'
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\ |
the linear elast1c cond1t1on -at the crack tip.

In an exper1ment the study on the effect of R—rat1o is

_'dlff1cu1t to separate from the effect of Kfmax. Th1s is due )

to-the fact that most fatlgue machlnes ‘are unable to keep
;'Kfmax constant as the crack propagates. Further d1ff1cult1esh
arise 1n keeping the R- ratlo the same wh11e keep1ng Kfmax -
onstant. These problems are d1scussed further 1n the

Experimental Procedure.



g " 4. Acoustic BmissionfDeteCtion

R T | Introductxon

7; 3spher1cal wavempacket losang-antens&ty at~a4rate~o£—9

It has been known for many years that'whenever a -
'_.mater1a1 undergoes pla5t1c deformation, transient elastic.

waves are generated due to a rapid release of 10calized

'stra1n energy. Mechanlsms tpat have been proposed as sources‘y

'of these elastlc waves ‘include crack nucleatlon and

propagat1on, d1slocatlon sl1p, tw1nn1ng and gra1n boundary
‘,slldlng. Such rad1at1on of elast1c waves is known as_
aCOUStIC emission and can be detected by transducers.

~ An acoustlc em1551on source generates an’ expand1ng

When thls wave reaches the body boundary, a surface wave

\\ .

bpacket is created ezther Raylelgh or Eamb type wave.

’r depending on the thzckness.‘Both wave propagat1on modes have‘

'Uthe advantage that the 1ntens1ty loss 1s only 1nversely

'4'proportlonal to ‘the dlstance D.
LI general the appllcatlon of the acoust1c em1551on :

: techn1que is useful for locat1ng any act1ve defects in large;;f’

“structures when boundary reflectlons of acoust1c waves .are

negllg1b1e (The EWGAE code, 1981- Lenaln,'1981) The method
é’; .

e C

is. complementary to the ultrasonlc method wh1ch can. dzscover;"’”

vdefects whether act1ve or 1nact1ve, only 1f the defects ‘have

a spec1f1ed m1n1mum size: and are approprlately orlented

~,'Once 1ocated the ana1y51s of the acoustxc em1551on prov1des,f"

the eng1neer w1th an account of the grow1ng defects.
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hovorts i f_ fﬁ',u__d Volts =~

e:i(e)

R . T . . o : T
.-~ Figure 12 Acoust:c emission waveform detected by -§$n
o 'transducers, (a)burst em1551on, : S e
(b)cont1nuous emlss1on e

Coveles
R B  5Riseytime,’

Nr - Number of rzng
down counts ‘
! N >

T

 ”fPeak-émplitude P

fbufayiop

Figure 13"Parameter for c aracterzz1ng an acoustxc
‘ : em1ss1on event . : ‘



*"“—em1551on“events_can“be‘done_by—one"of—the—followzng methods,

r

37

A, grow1ng defect may produce elther a burst type of em1551on'
or a contlnuous em1551on (Flg 12). A comb1natlon of the two'~

is a very | common occurrence. Characterlz1ng acoust1c B

countlng the number of events, exam1n1ng the durat1on of

“,each event, the number of ring down counts per event

‘iﬂenergy, peak amplltude or 51gnal rlse t1me (Flg 13)

Measurement of the s1gna1 duratlon is 51mply done by

- :t1m1ng the duratlon of the f1rst to the last r1ng down

‘°;count Measuremen% of the number of counts per event can. ben

'{ftransm1tted by the d1splacement propagatlon of- the elast1c;f5

”fhsurface dlsplacement that can be detected Slnce the output; o

made 1f a 51lent perlod ex1sts between succe551ve events. N

Acoustlc em1551on energy represents the energy that 1s'y

“,.waves. Thls energy 15 proportlonal to the sguare of the

fvoltage of a transducer attempts to represent th1s surface']ff:,,{”

';;fdzsplacement the voltage squared is also proport1onal to

jthe acoustlc em1ss1on energy. Energy ana1y51s normally

1ncorporates a squarlng c1rcu1t and a low-pass f11ter as

ffjshown 1n F1g 14 The area under the low—pass envelope

'3_<represents the amount of acoustlc em1ss1on energy..

In 1972 Radon and Pollock suggested that the.“

,:relatlonsth between the energy released dur1ng the movement ”k:pfi*
of a crack and the length of the crack offered d1st1nct o

"advantages over the usual explanatxon of crack propagatlon};,dv

1;f1n toughness test. Harr1s and Bell (1977) showed that energy

",:measurement of acoustzc em1551on tended to g1ve a larger
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. Sensor - Vaolts R .: - o

‘-ffexperlments revealed that energy measurement has no real

~yem1551on.;v.'

L N S €_4 ‘ .f 1 R iy Coe
‘ "Preamplifie ry . N ‘ S A
- and fllterm- N SRy - e
Ampl1f1er and) - , : .
N fllter S
. Squar1ng o
. c1rcu1t fu

Ry

L (Thiefeal Y o
'\ integrator / . . A/ ~ .
vh_ij(ZD/A converter

'o,ﬁl — U .
. DC-signal = - -

AU
C . . - .
. . - “ . - .

o atziTE)

e

-,

' Figureh'}4' Schemat1c representat1on of components in
R . ‘energy measuring dev1ce (tef ‘Harris and
Bell 1977)

Azna

2

L e & L St T m

b'h!we1ght to a hlgher amplltude event Harrls and Bell 5

i

-advantage over the r1ng down count measurlng method in cases

”“_1n whlch crack exten51on 1s the prlmary source of acoustlc

E

.
i
J
v
D9
e

Advancement in elEctronlcs has enabled 1nvest19ators tO-§;’
b
L

-7d15cr1m1nate 51gnals from background or. unwanted no1se. The

'11fd1scr1m1nat1ng methods used are the h1gh-pass and band pass

‘:ff1lter techn1ques that allow only waveforms w1th frequenc1es .
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of interest to be detected.

A ‘more . recent ver51on of a n01se dlscrlmlnator is the

4

measurement of 51gna1 rlse t1me. Theoretlcally, at the -

e

source .an emltted szgnal has a rlse time approachlng zero
since 1t ‘is a pulse. In practlce, the recorded rlse tlme 1s

larger due to the system response of the propagatlng medlum

g ~

and the Jecordlng system that 1ncludes the transducer and

couplants. Background noise caused by pxns "and f1xtures

fwhlch clamp or- hold Spec1men have 51gn4f1cantly greater rzse

v

tlme.,The rzse t1me ana1y51s<1s therefore ‘useful for
.dlscr1m1nat1ng 51gnals from thlS n01se.

H1gher frequency nouse Such as.. electromagnetzc waves

;can also 1nterfere w1th the acoustlc emzss;on sxgnal Other

¥

than u51ng a band p‘ss filter, thls nozse ‘can be

.r-p e
. l"A "'“

'“:conven1ently avoxded by turnlng off the acoustic emlss%pn

measurement dur1ng the t1me a rad1o vave recelver is

aptlvated by the exlstence of the hlgh frequency ‘noise

(Protasov and Ryb1n, 1979) .. Sy
S R ' ' G o

-

.4 2 Acoust1c Enxssxon Monxtorzng of Fatxgue Crack Grovth

Acoustxc monltorzng of fatzgue crack grovth has- become

-“an 1mportant technlque for non- destruct1ve testlng. SR

;Monltorlng cracktgrowth u51ng acoustlc em:ssxonrhas been:
Y ! ’

attempted by many researchers, the main problem encountered
| be1ng the presence of hlgh background noise assoc1ated'v1th

'cycl1c loadlng.equlpment.

L
-
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In 1967, Gerberich and Hartbower cofrelated‘the

1ncremental fatlgue crack area to the summatlon of acoustlc

emission éneérgy per 1ncremental crack aréa. In 1968, Dunegan

- Jet al correlated acoustic em1551on.w1th_the,stress intensity

at a craCk front. Their model was based on the volume‘of‘
plastic zone ahead of the cradk..The volume of‘the plastic

. zone is proportional to the. fourth‘power of the stress .

'1nten51ty factor K, hence the accumulated acoustlc em1551on//
count should also be proportlonal to the fourth power of\K/
Dunegan s experlmental result revealed that total acoust1c

em1551on was proportlonal to the 51xth powqr of K The';-
. . \s' ,' . o
dlscrepency was suspected to be the result of 1ncorrect

: preloadlng procedures in the attempt to e11m1nate acoustlc

o

emission near the_pln holes of'the spec1men. Recent‘
-unpublfShed photoelast§%~5tud1es by Pettett and Budney

showed (see Appendlx 2) that the preload1ng procedures-
N

‘suggested by Dunegan et al falled to preload the reg1on at

'»wh1ch stresses were: concentrated durlng actual tens1le

oa 1ng Lo e TN %

Harris and Dunegan (1973) observed that acoust1c‘
. £ k.

emrss1on can be used for detectlon of fatloue crack grouth
.as low . as 10:;“q!:hes per cycle (25;4x10; m/cycle):'The4'”
'experlment showed that the aco“ Cie emission‘technique |
;sh0uld'be suitable for,inéseavic, " 1toring of a varzetyvof

cycllcally loaded structures, even i- the presence of hxgh

[

'._‘background noises. The1r acoustlc emlsszon detectlon was’

Ndone,on the ‘upper cyclzc,loadfgnly~s1nce thlS 1oad is
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K

assoc1ated wlth the crack growth Machlne n01se was isolated

using multilayers of alumlnum steel sheets to produce an

~-»—--—m\pedance mlsmatch of—the“propagat1ng—n01se-The1r test-

A,results showed correlatlon of acoustlc em1551on to crack
length Similar exper1mental results by Morton et.al 1n 1973
-Ashowed that there was a better relat1onsh1p for acoustlc
vemlss1on and the applled range of stress- 1nten51ty rather
Nthan between acoustlc em1551on and the average crack growth~_

rate. o L

1

Sinclair et al (1975) incorporated acoustic emission
. detection for proof. testing of the component and during

" normal stress cycling of the component. Their experimental
' ‘results réVealed that'the'acoustic‘emiSSion event count, iN;m
’ c\?"\‘ .

:afor each,cycllc load was. related to the . stress 1nten51ty

'factor range Aﬁ~and expressed as

dN/dn = C (&K)™. = T (25)
.
téinCIair‘et al‘shoned'that‘c and m havejsimilar nhmerical =

d'values to those of fatlgue propagatlon rate parameters-
‘descrlbed in Eqn 24 - h R | . .
Llndley et al (1978) produced experlmental results that
'showed a. relatlonsh1p of r1ng down count acoustlc em1551on, |
‘:'N to AK descrlbed as - |

EN.

",dnr/dq~q{(nx)n'=.“- S R 13
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Where m is a curve f1tt1ng parameter obtalned from the crack
propagatlon curve of the material tested. The above
——én—“relatronshtp~was—derrved~ortgtnally~by~3arrrsfandeunegan;iné-féé—e
1973, | L ' =
4.3 Acoustic EmiSsion‘Monitoring of‘Crack'Growth.and'
| Fracture in Qua51 statxc Loadxng i |
It has been ment1oned prevzously that acoustlc emr551on T

counts can be related to the stress 1nten51ty factor K at

.-the\crack tip (Dunegan et al 1968). Palmer and. Heald 1n'7

5

_ lternatlve relat1onsh1p by der1v1ng the1r
efuation from Dugdale s ‘plastic - zone s1ze (Dugdale, 1960)
wh'ch allows for a large amount of plast1c1ty at the crack

t; ThlS der1vatlon suggested that N « K2, Masounave et al

aQ

in fsuggested that the relatlonsh1p that was developed

by Dunegan et al {1968) should have the exponent value of 11
“ﬁ::-when it 1s not corrected for plastlc zone but 7 when 1t 1:‘-;(.J
o Of the many papers wrztten ‘on thzs subject lof li |
partlcular 1nterest are the papers by M1tsuru et al (1975) »
and Clark and Knott (1977) regardlngxdetectlon of onset of
e stable crac& grovth 1n COD test1ng usxng acoustzc emzss1on.,'
xn Takahashl et ‘al (1981) proposed a new acoustlc emission
procedure for crack grovth mon1tor1ng 1n fracture toughness
v~.spec1mens. Thexr exper1ments ut1}1zed acoust1c em1551on f,i',‘,7
detectlon of crack. 1n1t1at10n during load1ng,1n the 51ngle ;

kA

speclmen J 1ntegral method BRI jp;



- _ .5.‘Experimentalerocedure

5.1_Introduction

In this chabter,the extent of the experimental tesearch
fﬁrogram is detailed. Properties‘of‘the_testhmaterial,
‘lrelevant'specimen preparation technique, and three point
”bend fracture toughness'testing methods are presentedﬂ
k,Detalls of the acoustlc emlss1on monitoring dur1ng both the‘

spec1men preparatlon (fatlgue precrack1ng) and the fracture

'test g&e expla1ned.

f_'S 2 Test Materxal ‘ R o d ‘r“.h'i"‘ v
o F1ve elghths 1nch (15 875mm) thick quenched and’/
tempered AISI 4140 steel plate was used for all the |
: exper1mental teé@b conducted M1crostructure examlnatlons
'were done to determlne the mater1a1 s roll1ng d1rectlon.
Tens1le spec1mens under ASTM E 8 81 de51gnatlon vere made to
-l determlne the as rece1ved and the stress rel1eved mechan1cal
propertles of the steel along 1ts rolllng dlrectlon._The
results are shown in Table 2 Three p01nt bend spec1mens
\\#/%ére used for both K1c and COD test1ng u51ng spec1mens of
151ngle 51ze. These spec1mens were mach1ned w1th the1r length,
in the d1rect1on of roll1ng - | .
The AISI 4140 as- recelved cond1tzon was tempered to a

1y1eld stress of 115 ksi . (757 MPa) and hav1ng»ant1c1pated K1c

-value rang1ng from.50.. to 70 k51/1n (45 to 64 MPa/m) Th1s

five elghths inch (15 875 mm) plate vas machlned to one halfwb»k;_
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inch (12.7 mm) thick'fra;furé test specimen (Fig.iS).

Table 2 Rollihg.direction mechanidal properties of AISI

4140 steel

»

Lo ey o om0 | HRC

| . ksi (MPa) | ksi (MPa)

|as received (Quenched -| 1155 (797) | 139.4 (962) | 28

‘|land tempered)

L

|stress relieved at - | 112.1 (774) .| 137.2 (947) | .26.5
1200°F (650°C), R .

furnace cooled .~

“Table 3 Chemical analysis of AISI 4140 Steel .

.- -

c M, |p |'s .|si ler Mo |v .

{0.440 | 0.875 ( 0.019 | 0.026| 0.300 | 1.020 | 0.180 | 0.050

~

~.'\ P
5 3 Specxnen Preparat1on.'»

v Three po1nt bend spec1mens were machlned accordlng to .

' ASTM E- 399 BS 5447 or Bs 5762 standard (F1g 15) The clip  :
'L'rvgauge mount. was machlned as shovn 1n F1g 1& As’ requ1red by

ﬁ fBS 5447 after mach1n1ng and prlor to fatlgue precracklng, "

o -stress relxev1ng vas done on the fracture spec1mens at
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12009Fs(650°c) for 45 minutes; During the process, the heat
treated spec1mens were covered’ w1th grey cast’ iron ch1ps to

av01d scallng on the spec1mens surfaces. The specimens were

furnace cooled-to m1n1m1ze‘anyudevelopment*of new residual
"stresses. The ten51le speclmens were g1ven the same heat
treatment as the fracture spec1men to determ1ne the stress

relleved mechan1cal propert1es. Rockwell C hardness tests

. 'vwere conducted on all tens;le spec1mens,‘and randomly on

'fracture spec1mens to check 1f there was any d1fference as
h_the result of heat treatment. 'f_» S “‘fv gjr'T'
'_'5 4 Fatléue Precrack1ng o ‘,",l{l-i‘_\

Fat1gue precracks were developed in the fracture
spec1mens ‘under a varlety of maxlmum bend1ng load and stress?f
rat1os ( e: d1fferent Kfmax and R ratlo values) A target
fj}penc1& l1ne for a total crack of 0 sw was drawn on each

‘fracture speczmen, the precrackzng was stopped when the

fiﬂcrack front reached thls 11ne. Based on calculatlon at the

‘crack length of 0 475W (term1nal 5% total crack) Kfmax
values ranglng from 30.td 70 ks1/1n (27 to 64 MPa/m) were ,.
~'1mposed on dlfferent spec1mens.'For each of the Kfmax - o
”Evalues,'stress ratxos of 0 1, 0 3 and 0 5 were used For By
hdeach of" these comb1natlons,»a m1n1mum of f1ve specxmens waS'
mjtested for repeatab1l1ty. All fatxgue precrack1ng was |
-}conducted at room temperature w1th an Amsler V1brophore
resonant fat1gue mach1ne set to resonate betveen 80 to 90
Hz .depend1ng on the stszness oi the bend specxmens ( S

e
SRS
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the length of;the_fatigue.crack).

'1_5;5'Acoustic EﬁisSion Detection“

Exper1ments were done to test whether or not the .
mach1ne no1se could be’ el1m1nated by a comb1nat1on of al -
dlfferent transducer, fllter and ga1n sett1ng of a Dunegan /
.“Endevco model 3000 system. Exper1ments using an unnotched
‘spec1men showed that the comblnatlon\of S~ 750 transducer
”;(750 kHz resonance) 0.3 - 1 MHz band pass f11ter and 85 dB
total ga1n el1m1nated all the machxne n01se. To avo1d | |

overload1ng the acoust1c em1551on system, a resettzng

'A"c1rcu1try was made, whlch ‘reset? the system every 500 load_:

'cycles. Daaa vere recorded a few, m11115econds before every
iresettxng.mPhotographs of the exper1mental set up are shown
;i‘in’?jos.ls and 17. The acoustzc em1ssxonvsystem, the:h
'ici;pwgauge cond1tloner and the d1gxt1zer/recorder are shown”
hn{huéig{1sl The posxt1on at which the acoustlc emission |
‘;tranSducer and the c11p gauge were at ached to the speclmeh_
fare sFown in Flg 17 L . :\j';ﬁx,nf o
‘Q 5 6 Crack Length Heasure-ent
‘ Accurate crack length measurement throughout the
vfatxgue precrackxng was not the ob3ect1ve of the o
experlments. The ma1 purpose was to’ stop the fat1gued‘
"'_precrackmg as soon igythe fatxgue crack reached a total
iflength of 0. SW approx1mately. Accurate measurements,.j~:f

a2 Append1x 3 gives: the block dLagram for the experzmental
jxnstruments. . L . A .
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Figure - 16 Exper1menta1 set up for monztorlng fatlgue

precracklng parameters

48
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QEigure

17 Crack length measurement and aglustic’

B
. \

_emission monitoring a. fradture Spa¢imen
under three-point fatigue|locading ’

-



’however;_were7done after the-fracture‘test to determine the .

,value of the average crack length as requ1red by the K1c and

. coD standards. To prov1de an approxlmate value of crack

'length dur1ng fat1gue precracklng, ‘a clip. gauge was used
'U51ng the s1m1lar tr1angle rule,-a good correlatlon of crack.

‘length and c11p gauge dlsplacement was made (see Appendlx"d

‘t'low Knowledge of crack length throughout the fatlgue

- precracking was useful dE\monltor the approx1mate Kfmax B

value.

_ 5 7 Data Acqu151t1on‘l »
Dur1ng fat1gue precrack1ng the mean and max1mum loads'~un
weére mon1tored Th1s was to ensure that the m1n1mum A.’lr ks
/dev1atlon from the prescrlbed load settlng could be_u‘ ;QZ'

malntalned throughout the fatlgue precrack1ng. To obtaln an‘7

-accurate read1ng of statlc load and dynam1c 10ad the cycllcfi»

4-bhload 51gnals vere. d1rectly taken from the load cell of the ?;,
TV1brophore machrne u51ng a lov pass fllter and peak

bf:detector. Slm1larly the cl1p gauge cycl1c 51gnals were-;tgg

'}:low pass f1ltered to measure the mean dlsplacement whlch

ffcorrelated to the crack length as shown 1n Appendlx 1

For every 500 load cycles, the mean load maxlmum load'h S

- cllp gauge dlsplacement and total acoustlc em1551on were' L

‘%recorded The record1ng was done .on. a Tektron1c data

"g‘cartrldge w1th a custom-bu1lt 1nterface as dlgvtlzer and

v o

"ucontrolle for the reset c1cu1try. The recorded data were

’;analysed on a. marnframe computer (Amdahl 5k30) Computer




programs were wrltten for analy51s of the recorded data._y

:Thls 1ncluded rejectlon of some tests when the load spectrum'

'1nd1cated that some overloads occured

1'1jfollowed ’lf;*p_rﬁl§ .v“»; :Qf:@ﬁlif‘f fh,__

)

~5 8 Fracture Toughness Test1ng

After developlng the fatlgue precrack at’ room

temperature, tie spec1men was loaded on an Instron un1versalﬁ.

7’_test1ng mach1ne w1th a load1ng rate of 0 05 1nch/m1nute (1. 3.

-_mm/mln) to fracture. ThlS was w1th1n the spec1f1ed load1ng'

rate of both K1c and COD standards The load ,c11p gauge

Vel

‘dlsplacement and acoustlc em1ss1on counts were necorded for_

‘analy51s._The K1c and COD evaluatlog were made from the samed

load versus c11p gauge dlsplacement‘curve. Computer prggramsf;*

"for K1c and COD evaluatlon were wrlttén. Accurate
'f:measurement of crack length spec1men dxmen51ons and crack

'vﬁor1entatlon as’ suggested by the Kic and COD standards were

A



'6' Experimental'Results and'Discussion\;

i
BT

con51dered val1d Durlng the fatlgue precrack1ng,’some.

”-.1ﬁVa11d for reasons of slo";

‘- Kfmax value of 30

.spec1mens were rejected 51nce overloadlng occurred’for some
of the fatlgue cycles. ThlS overload1ng was mostly caused by Nu L
the d1ff1cult1es of the Vlbrophore machlne in follow1ng the
ﬁl change of frequency as the crack propagated "‘.
. All of the spec1mens that had been precracked 1n‘theo

:f controlled condltlons.were tested to fracture. In meetlng o S
the K1c and COD standard$ elght spec1mens were con51dered 4 =

L.
g crack plane and uneven ‘_‘ S

-

crack length The spec1mens: re fatlgue precracked w1th
0,48} 56 .70 ksiVin and R-ratio of .’

For each of the comblnatlon the test was"

0.1, 0. 3 o 5

repeated flve tlmes..The results of the 90 val1d tests are
presented 1n th1s chapter, 2 h

6 1 Fatxgue Precrackxngh‘l

The preparatlon of - the9fatigue precrack‘neededfalmosth_-‘
: constant attentlon. The length of tlme to ach1eve the total.:ﬁ

%

precrack of 0 sw varled from 51x mlnutes to two houss,

‘&

depend1ng on both Kfmax and R-ratlo values. Frgure 18 showsf

3

tha; for a constant Kfmax value the number of cycles_*"- (‘ B

s R

B TR

requ1red to reached the termmal cycle (Nt) 1ncrea5e§ w1th

R—ratlo value.vThe same data was plotted as a functlon of. AK

sz, @
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whxch was observed by Parls .and Erdogan (1063) A more -

~

" common cUrve is shown in F1g 20, for wh1ch the data po1nts
" ,

-—-—were—obtarned from*ciip ‘gauge meaSurlng or—————crack—length

N
at every SOD 1oad cycles. The curve 1nd1cates the crack

N

propagat1on near. the 8K -threshold value._The stress’ ‘
'1nten51ty range data was processed from the“recorded stat1c
and dynam1c load and the calculated crack length A typlcal
. curve for the var1atlon of the Kfmax value and the R- ratlo
value throughout the fatlgue precracklng is shown 1n Flg 21
Th1s varlatlon was kept at a m1n¥$um by constantly adjustlng
the statlc and dynamlc load as th@ crack propagated A load.
;able was prepared to a551st thlS process. A sllght decrease
‘1n R-fatlo value was observed mostly at the beglnnlng of’

the fatlgueecycllng per1od Thzs was caused by mean 1oad

overshoot when the Vlbrophore machined achleved a resog

frequency Thls overshoot occurred at the Kfmax value ‘and

i,' )-:\ *
I

' resulted 1n a temporary decrease in R—ratlo. The Kfmax valuQ§m

>

- dur;ng the termlnal 2 5% of total crack length‘could ﬂot be

L

-u!

f»mazﬁtalned constant,‘however, 1ncrease 1n Kfmax was w1th1n Lo

| 5% of the expected value. iy‘g‘;';“-fg_j_5{f¢”“':__3-}Tg§[v1
. “,J o .
»3 The crack length and botal acoustlc emlss1on r1ng down

J

%counts as a functlon of fat1gue cycles are shown in Flg 22

N v
K A

D1rect correlatlon of crack length to aCOUStIC emission was«'s.“l

'~con51dered poor s1nce the acoustlc em1551on act1v1t1es were

RSN .
) D . {)
o

~“observ
' : .

——— e e - - -

ed to. happen at- almost random parts of the fatlgue
*The Standards concerﬁ?wlth Kfmax value related to the S
_terminal 2.5% of the total crack length ie: between 0 4875w
and 0. SW 1n thlS test.. e T : : .

R
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dur1ng the fatxgue precracklng

-
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"history for specimens-underlthe'same'test‘oonstraihts. lt_"

was observed hbwever, that the total acoust1c em1551on,;for“

+ ~

| the~per10d of fchxgue precrack1ng to reach the 0 sw ‘crack

length was of. the same. nrder of magnltude for all f’ﬂ\:

-.spec1mens. By d1v1d1ng.the é:tal acoust1c em1551on r1ng down‘
oounts (Nr) by the number of fat1gue cycles to reach -
"'termlnal crack length (Nt) an overall average of acoust1c
'.counts per cycle was obtalned Flgure 23 shows the number of

<

: %
N_acbustlc em1ssux12;unts per cycle for spec1mens fatlgue

v

.. "». 2 \.

o precracked at varlous Kfmax and R- rat1o values. The.plots

'kashow that -as. expectedy

the:number of acg&gﬁfc emrsg1ons perf'ﬁé“-

_ ’ s, m,», , R )
'gcycle 1ncreased rap1d1y w1th the max1mum stress 1nten§%ty““

..}

ufactor. ThlS trend was orlg1nally observed by L1ndley et al

‘(1978) and 1s desﬁr1bed 1n Eqn 26. The amount of em1551on

[

":was 1nversely proport1onal to the R-rat1o, whzch conflrmed

-1w‘that for a constant Kfmax the reverse plastlc zone 51ze is

‘larger at lower R—ratlo reSultlng 1n a, h1gher crack

s .

'ﬂpropagat1on rate. The rapld 1ncrease of acoustlc em1551on

Lrlng down counts%per cycle at hlgher Kfmax andtlower R '”'
‘ value, suggests that acoustlc emlss1on monltorlng of fatlgue-hl
';precracklng offers comparlson of the extent of plastlc

e deformatlon related to both monotonlc and reverse plastlc :fj

'A'izone. ThlS could later be relatep to any p0551ble bluntlng

of the fatlgue crack*r";'fff .f’ﬁi' ~:5“-‘ e

c
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6.2 Fracture Test
The results of the fracture test are. shown in® Table 4

_/A typlcal curve of load vs cllp gauge dlsplacement 1s shown

Cin- F1g 24 Llnear regre551on was made on the l1near part of -
the curve and the 5% offset 11ne was then calculated A
typlcal acoustlc em1551on total counts curve 1s also shovn;

"The rap1d rls1ng of total counts 1s related to: the crack t1p -

- oy

y1eld1ng prlor to crack 1n1t1at10n. For the K1c test _only .
»Kq could be presenﬁﬁg 51nce the test d1d not meet the-

.hspec1men size requ1rement. The lower value of Kq (qu) 1':l:l;; e

‘i;approached 70 k51/1n (64 MPan) as 1nd1cated by the ‘x ”*wiffﬂffﬁg

.,_1mag1nary 11ne in ng 25 W1 h thlS value of qu hA'P - AR

;fspec1men s1ze requ1red (a, B ahd w/2) needed to be. greater
.than or equal to 2. 5x(70/112)27 0. 97 1nch (24, Bmm) Thls 1s ﬁy
a factor of 1 94 tlmes lﬁrger than the spec1men 51ze used 1n

. . . a‘
f,lthe test The varlat1on of Kq valueIW1th Kfmax and R~rat1o

w

‘is. shown 1n F1g 25 It can Be seen that for all R-ratlo f'

ﬁfvalues, Kq 1ncreased w1th Kfmax, reach1ng a 11m1t at a:'iudi}fnﬁ;l%ij
:.hlgher Xq value. Comparlng these curves, Flg.25(d) shows ;'iiffiffg;i
ii'that there ‘was less effect of Kfmax on Kq ‘at ‘the hlgher_ T
'R-rat1o value. Therefore, for a constant Kfmax, Kq 1ncreased
_w1th AK Furthermore, the fact that several spec1mens showed
la JRq.y value as low as 60 k51/1n when fatxgue precracked w1th
?Qh1gher R mxght suggest that the product1dn of a sharper u
ffatxgue precrack was more llkely. Alternat1ve1y, these lower "
:7qu values could have resulted_from_mater;al 1nh:megene1ty.
T o

;The results contradlcted the 1nterpretatzon.'._

D T L T R S N SRR R
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S s - 5 e BT
e;tests; g dete'm ne the cyc Tie Gftering:
e o BRI T AR

e 4 X i .
conducted so tnls assum*zon was not
" . e S Lt v-b\"‘.',. QB. v & ‘\ /}

o

g;{’nog’done as ;t $§8u1red mult1ple Spec}mens. Presrjttng G
toughness in terms of ~8m. 1n thls study wasxlntended to
"gndlcate the general trend for the the effect of Kfnax on .
COD As shown 1n Flg 26 6m 1ncreSSed ulth Kfmax for all . ‘;
R—ratlos‘reachlng an upper 11m1t at hrdher 5m.:The study gh ”ﬁﬂ‘”;j
) rthe effect oi R- ratlo on 6m gﬁs not strongly conc1u51ve.:¥h0?f”;?"”
.-result Lndldated ‘more scatter,ln 5m at hlgher-R The general~$~3 E_
-;,{ trend of thé curves are.reproducedaln Flg 26;d) Howevef ittﬂ§'; ‘.?
,}{t was obsqrved that 11m1t1ng R to 1;55 than 0 1: dld not glve‘ :
| ”;ny assurance that a. sharper fatlgue precrack could be_;ldj;ff.f"
produced than when h1gher R values werc usédga b 7‘u.iﬁtijpf~g_
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Assumxng that the Iover 11m1t value»for Kq (qu) 15 70 E

s 8

’ .».».m v

;’*ksszn the 11m1tingsxfmax valué is 0 €x70 = 42 k51¢1n (38 2

A]HPay%) for tho ASTM E 399 and 0. 7§70 =v49 ksg/xn (44 SHPa(m)ﬂ'l

'“for the BS 5447 As shown'xn F1g“f§(d) go;harestrxctxons on;;_

'ﬁxfmax d1d not quxte nsure evaluat1on éf a?lower Kq valug ;g
l. ‘é N S
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'7 Conclusxons :
,7 . N . ! . ‘."—'

Exper1ments Mxth fatxgue predrack1ng fracture spec1mens

Sk

lfor different v§JUes of Kfmax and R ratlo showed

expected that crack propagatxon rate 1ncteased thh Kfmax

{For a constant Kfmax value, the crack propagatxon rate

;

"1ncreased as R‘Qecreased -Thzs result 1nd1cates that the T

ﬂ};y‘*mfreguxrement by ‘the” K1c and COD Standards for RSO

N e

) max1m1zes the crack propagatxon rate.,‘

3

The fracture test results for the spe®1mens precracked

3y

at d1£fer1ng Kfmax 1nd1cated that both Kq and 6m vaLue

. 5;‘ L.

. “anreased wlth Kfmax unt11 a- 11m1t was ;égched The”y"
'?‘5;U(K1nd1cated that :1n order to. ewaluate a W 1,¥}fmat. r Kq W
ol GRS ,',.a_'n - *&, » ‘u
. valuq, tbé Kfmax should be restr1cted to{‘ . sssthan*’"f' #

: e b o-

'n'0~4éKq, cons1derably less than the standards.allow. ThlS TS g{~t"
h;demonstrates that for the materlal used in thls" LT e
ﬁﬂvlnvestlgatlon,.the Kfmax restr1ct1on g1ven by both ch.
t,standards was not suff1c1ently str1ngent to av01d _~5
\::over estlmatlon of Kq value.:S1m1larly, evaluat»oner %oggﬁﬁ

.6m values cduld onlx be obta1ned 1f the Kfmax value was less

l

. \ § oL *"a L
o 'ﬁthan)O 380,/@ whlch also 1nd1cated that the Kfmax 'fh"‘ gt
e N gy ST e e
restr:,.qt ion 1ven by BS 5762 may be too h1gh - R ’ .

'i“Fot a. flxed Kfmax, inmvtlng%§§0 1 results 1n a large

' Jf stra&s 1nten51ty range and therefbre a large reverse'plastlc'

ij zone. Thls type of tmack t1p 1s a poor‘approxlmatlon to the

v 1deal plane crack The fracture test result 1nd1cated that ;-if;;]‘
\ .,-"_. . ’.3 . - ‘
for a constant Kfmax, Kq 1ncreased as R decreased. Although S
: ;& . I . v‘;
.a: lower R value 1ncreased the,crack propagatlon rate, the o



“'""‘JQ{) .,\‘ 1#% Ve [ i - E : W [
v" . '

vt ‘:‘ . B ’ Coe

.
L

. . R I v

use éﬁchxgher values of R rat1o could be peertted and may

.'3, W . 5

4eveﬂ“be ngcessary 1n order to m1n1mxze the revérse plastlc
Nl

, ‘zone. 5129. 0, R U I "f“w
. N ] . - . ." ( L3

ER Results &som this 1nvestlgatlon 1llustrate that 6m was

‘ affected by Kfmax,-lndlcatlng that the productlon of a sharp o
o Wl & cE

;latzgue crack is: necessary and JUStlfleS the Kfmax

< - _ : g; _
DR 5m showed that there was greater scatter of 6m when fat1gu@u7-'f
AR : s SRR
precracked at hlgher R The overall results 1nd1catedlnw‘“ .
R>0 1 was used.~ 1?Q'~‘f?”»i ;:‘U. : A?
] e ‘ow & ! A ' ! o " N
Assum1ng that the mechanlsm respon51'le ior thetl .
. L. J , \,\ ‘__.‘ . y
o ;U,1nc%§ased Kq and 6m values 1s crack bluntxng due to the

“'...& -~'~

’¢ o thequllowxng concbu51ons€can be made"?f.{fti*affﬁgf-?

g " = g
o i‘}fﬁ’jf' 1:The monotonlc‘plast1c zone s1ze should be :
'f{‘h'dt#;tfm1n1m1zed by mlnlnL21ng the Kfmaﬁ'Yalue. “‘¢_ 9 .
g | 2 Ehe reverse plast1c~zoneg§ .should be i 3 - .i
@d R m1n1mlzed by mlnlmlzlng the AK value (1e lhcreased '
ii;gftgé;yflf; R—ratlo qhen~3fmax 1s kept constant) .d;Li;;ff;ﬁ;@;,,ah'
ﬂ Ee ‘:f3 Lower values of Rwratlo can b uSed‘when crack'. e
ll '7?f1n1t1atlon 1s s&ow and Heed nob«be malntalned Eou
:;‘ S ”Q{gf' when the crack is gropagatlng 'f?f&iffwjfi%:ff'dff;;f”
1*T'f;71.?‘3'5ﬁstic em1551on monltorlng durlng the fatggue ifi;ife§_ ﬁ
ToTs s L N o EEAERE P e
precracklngwshowed that the correlatlon of em1551on counts




~ .

'however,-offered a good 1ndlcat10n of the - extent of plastzc

fdeformatlon due to monotonlc or. reverse loadlng at the crack

M.tlp | L

.Z"boads for dlfferent spec1mens durlng precracklng :gﬂ;ZT:f

ACOUSth em1551on detect1on durxng Ehe fracture test;

h gped to 1nd1cate the 1n1t1atlon of the unstable crack

\1\'

ﬂgowth JThe total em1551on pr1or to fracture d1d nct

-

)

Orrelate well Wlth the stress 1ntens1ty factor vague. Th1s
LR . -8

;,ay have been due to dlfferences 1n load ratlos and maxlmumA"
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APPENDIX 1 - Crack Propagation Measurement

Fatigue‘crackﬂpropagation'measurements can he Very

" tedious and time consﬁming (optical'methOd);’expensive (use

‘of crack gauges)‘or'cemplexh(ﬁltraSOnte, eleetrical' L

potential, compliance). = =\ | | g
'Compliance hethods‘oflcreck measurement‘ however, can

be s1mp11f1ed when used for fat1gue precrack1ng under

constant mean load.r ‘The procedure 1s as follows, for the

case of. the three p01nt bend specimen, prov1ded the applled

load (P) is low (nO'genera11sed,y1eld1ng at the_spec1men

_eXisted)" therq§exists a relationship that relates the crack'

’lenqth and the c11p gauge openlng - A 51m11ar tr1angle can be
F'establlshed for two pa1rs of Crack length vs c11p gauge

open1ng_and expressed as

B

Vg'/VQ”F‘»_v{a."_f ‘.p(w-a_")'}/{a‘ft plw-a)} P - (._A‘_i)» |

‘see Fig.l ferfdefinitien of terms.

~Figure ‘ if Relationship of crack iengthwt6“611p4gauge '_hﬁfif

displacement .
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Substituting . o . .,:’ a' = a + Aa .

‘v.,’ : .'- : E R p = 1/q . S ‘ .
Eq.A1 can be written -as '

o = pavg {w +(g-1)al/vg(g-1) . (a2)

" Based on the‘experimental value of Rdbinsdh'andfTefelmah°_
(1973) the p value of 1/12 is used for, small loads, thlS o ';g'
f correspond to (q 1) 1 . Therefore~ l."- 4 . 'T'i Co T i

* : co . N . o o
s e : . u osa, . L

= {Bavg / Vg} v{(wf_l1a)/i1} | R »7_'_,_'_1(53.;) 4

e o A G o »
a a a g . . o VoL

. - . ///_, ”  i S Sy
AN A / ~t+ Linear part . L {:4‘$$
| ' S Of the curves .~ = - oo

P

Load .

vp;

. . | ' R . . . ) N » » » ‘ .

' Clip-gauge.DdspLacement,‘ng

Figure I - Load versus. d1sp1acement curves for- AR R =
o - different crack length of" three p01nt bend spec:meq S

B o o ; ‘ o : ¢

L]

 ;  Thélvalué of ﬁ'ﬁés'evaluated\uSing gpéqimenS'pf differgnt‘

hdtth débth;ﬁsimUIating diffefent éraékviéngths; Aé'shoﬁn'in‘ :



Eig.II('the load'versus clip gaugé.aisplacementfof'differentf.

°between a cond1t1on of no load and at the applled mean load

crack.lengthlgives.the necessary data,to’evaluateiﬁ. The

’

. experiment yielded ﬂ'='1/3l$ , hence, Eqn.A2 i5 expressed as

N4

A J
0

 Ba = Avg{w+11a}/38.5vg v T (A4)

The practlcal 1mp11catlons of thlS eguatlon are 51mple. When

fat1gue precracklng a fracture spec1men, the 1n1t1a1 cracknﬁ-

length a and the w1dth W are known. The c11p gauge

dlsplacement Vg is measured as the relat1ve dlsplacement

o, ©,

(Pmean) Pro&1ded the mean load is kept constant (whlch 1s .

,‘normally done w1th most load control fat1gue machlnes) the

value of AVg determlnes Aa. Measurement of AVg is done by"*df:;

subtract1ng the mean clip gauge dlsplacements that g*"q

. 'hi correspond to crack length a' and a. The mean c11p gauge

dlsplacement 51gnal 1s obtalned by low pass f11ter1ng the L

' cycl1c c11p gauge s1gnal | v B
D1rect compar1son of the above method w1th measurement

by a crack gauge (see F1g IV) 1s shown 1n Flg III Notxce»

v -’."

' crack gauge detected 1t Later exam1nat1on revealed that 3¥ .

durlng the start1ng of the resonance type of fatlgue ;‘f

machlne, a stable mean load was not malntalned

“that. dlsagreement occurs at the begln1ng of the load cycle _;iug‘*

suggestlng that ‘the 1n1t1at1on has happened long before the i

Rt
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'?.f;Figure«iIIH~

"/

'Measurement of crack length u51ng

"?Technology L1m1ted

crack-gauge TK-09-CPAO1- 005/5 Inter - . ..
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'APPENDIX 2 - Preloading of Specimen for Acoustic Emission N
. Test e )
. R O
5;?; 5 g ,/ﬁ‘\ i

Ac6ust1c em1551on mon1tor1ng of'a'specimen:requireS'an’

1solat10n or el1m1nat10n of em1551on of neise from regions
»other-than-the test sectlon. In ‘some cases th1s no1se could
not be- e11m1nated by spec1men de51gn and requ1red addltlonal

dtechn1ques..5'_ . . ‘ ‘
- An’ el1m1nat10n method that was used by Dunegan et al -
’(19687//es preloadzng the. unwanted reglon of the sgec1men.
‘1The preloadlng procedure was 1ntended to use the Ka1ser
A;effect‘ whlch would result 1n no- em1551ons from the

"preloaded reg1on durlng the actual test loadlng. Th1sv”'

preload1ng was done in a f1xture shown in. Fig. V

e

- Preloeding_tdr‘cev‘, » b

Figure 'V_d?feloedinéffixtdref(ref:'Dﬁnegan;etféié‘1968)>;d"

ke The Kalser effect is the absence of detectable acoust1c

... emission-at- a fixed sensitivity level, unt11 prevxousl

"n applxed stress levels are exceeded (ref ASTM E 610-82

el - . sy

SARESAY T i




A photo elastic study on the effect1veness of this

N

. preloading was done by Budney and Pettett (unpubL1shed';>€“ S

e

S ¢
unwapted_emlss1on.v

experlments) and 1s shown in Flg VI..These puotrgr
v«'—j_}'/

revealed that the stress pattern about the prn re
: T ~¢;-:4\A,‘¢fz
/from above preloadlng procedures did not*mesemble”“ 1

'pattern about ‘the pin produced by the actuaTmten519n§§ESt.

e

- Thus such preloadlng d1d not effect1Vely elimlnate all the g

F1gure vI Photo elastlc stress pattern of

's1ngle edge notch fracture toughness spec1men-*

*1(a)Preloaded as suggested by Dunegan et al 1968A'

'”_(b)Loaded inm. tens1on. (c)Overall v1ew of the

' spec;men loaded 1n tens1on

N



“APPENDIX 3 - Data Acquisition

Experlments 1nvestlgat1ng the effects Qf max1mum

“'_monltored throughout the per1od of fatlgue precrack1ng

"w.Durlng fatlgue precracklng acoustlc em1551on r1ng down

)
fat19ue stress 1nten51ty factor (Kfmax) and stress ratlo (R)

on. the fracture toughness value requ1red the followlng data

&

to be recorded. o o »
B va)APplled mean load._.:;l‘ﬁ‘. f;r
2fb)App11ed dynamlc load
‘bc)Fatlgue frequency..'
.‘jd)Propagat1ng crack length

;e)Number of cycles.*

t_w.“:'-_ L

"«'counts often overloaded the counter. Hence,,lt vas: necessary
"pto reset the acoustlc emlss1on dev1ce at f1xed 1ntervals.w°

A data aqu151t1on system was custom made for the above -

:The system 1nc1uded°v

A)For the load 51gna1

'VWQf1)An amp11f1er for the load cell 51gnal from a'f‘
4jV1brophore fat1gue machlne.;? ; ‘
'.,Z)A frequency to voltage converter.‘f

'*'*3)A peak detector whlch measured maxlmum applled

f;load.,w

’”dff"fffF'?e-54)A lowpass fllter wh1ch measured mean appl1ed

‘:i',load

e

’b‘iifs)A d1g1tal counter to count the number of fatlgue

‘.Qféf;sz

LI

In thlS study acoustlc emlss1on r1ng down counts was also R

"requ1rements resu1t1ng¢€n a. system 1llustrated 1n F1g VII..“~;



<92

cycles.

6)A d1v1der counter wh;ch produced a reset 51gna1

for any de51red number—of—fatrgue_cyc;es.

.Y

. B)For the c11p gauge 51gna1

na c11p gauge cond1t1oner/amp11f1er (Vlshay
- f211o/2120) } o
e 2)A lowpass frlter to measure c%e mean c11p gauge'
y . d1splacement.:, >> ‘ | B |

1-;3)Afyoitmeter."

C)For acoustlc em1551on detectlon.

1)A Dunegan/Endevco 3000 system.:_f
v/ ‘.f5 2)An osc1lloscope. f" |

oo

i 5b)For‘the‘control”box;'.7

S1)A dlgltal multlplexer. iff'r

2)An analogue to d1g1tal converter.?

3)A central proce551ng un1t based on Motorola s
6809 'd_d.'}daft;;v{ﬁ g ‘».ﬁfff'°Q]d';i»,'g7,77

R

‘t”g! E)For the recordervpfi‘:‘;J},f'::d‘;ynf¥ff7 |
o ._' 1)Tektron1x 4923 d1g1tal cartrldge tape recorder{“
The recorded data were transfered and processed w1th the d

Un1vers1ty of Alberta MTS system (M1ch1gan Termlnal System);f.

‘ wh1ch uses an Amdahl 5960 computer.»;' ;jfd
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