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AB S TRACT

Correlatlon between ducttllty end fracÈure toughness

of englneerlng materlals, as a functton of maEerlal para-

meters and testlng condltlons, 1e a maJor obJecttve 1n frac-

Èure research. A study of the varlatlon of the fracture

toughness parameter tra and ducttlltYr m€asured under both

renslle loadlng and btaxlal plane straln (bulge) loadlng of

AISI 1045 steel tn the annealed condltlon, in the trensltlon

temperature range of -6 0 to 25" c was carrled out. This

temperaEure renge delineates the changes ln behavior from

1lnear elastlc Èo el-astlc-plastlc behavlor for thls steel as

determlned from Charpy tests. It was found that the var-

latlon of tra wlth temperaLure shows a trensltlon of about

- 20"c while the bulge ducttltty only has a marked transltlon

below -4 Oo C. These trends \tere explalned 1n terms of the

effect of maEerial propertles, namely the flor¡ stress ' on

crack blunting, whlle the bulge ductlltty ls correlated with

the fotal straln to cause signtftcant crack growth to take

p1ace. In the elastlc-plastlc region, a linear relatlonshlp

between Jrc and bulge ductiLtty was found to occur.

A theoretlcal model relatlng fracture toughness ex-

pressed "".JIC 
and bulge ductlltty ;Fro=l 

rg=O 
for e material

exhlblEing ltneaf elastlc behavlor. at low temperatures an<1

elastlc-plastlc behavlor at hlgh tenperatures ls Proposed'
-2

Thts model shows a varlatlon of tra wlth trro=l 
rF=0 

for
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llnear elas t-ic behavlor and Jtc wl th Ur, o=1 , F =0 for elas t lc-

plastlc behavlor. The rnodel conÈatns three constants to be

determlned exPerimentally, for a glven material¡ aP€clmen

geottretry and tesEtng condltlons. A case study on 1045 steel

1n the temperature range -60 to 25oc conflrms the valldtty of

the model. The experimental results help 1n determlnlng the

slze of the fracture zone ahead of the crack as well as the

mechanlsms for crack bluntlng and crack growth.

stretch zone width rneasurements of the fractured spec-

lmenSwereperformedasafunctlontemperaturetnthe

transltton reglon of AISI 1045 stee1. The results show the

exlstence of a transltlon ln the variatton of fracture Eough-

nessandstretchzonewtdthwithEempereture.Suchatran-

sltlon 1s fndtcattve of the blunÈlng Process at the crack

ttp.

The temperaÈure dependence of ducÈi1tty, sErength and

fracEure toughness for BCC materlals undergolng predomlnantly

1lnear elastlc behavlor at 1ow temperatures and elastlc-p1as-

tlc behavlor at hlgh temperatures was examlned. A model,

based on ductlle fracture mechanlsms lnvolvlng vold nuclea-

tlon followed by cavlty growth and vold coalescence' ts

developed to relate the fracture toughness parameter Jta with

temperature. Appllcatlon of thls modet to experlmental data

obtalned on 1 045 steel show that tra varles wtth T2 at low

tenperarures and wlth T at htgh temPeratures ' 
an,r" def tnlng a

transltlon temPeraÈure.
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The varlatton of fracture toughneas of AISI I 045 steel

wlth loadtng raÈe8 ranglng from quasl-etaÈlc to dynamlc con-

dlElons rras studied. A wedge loaded compacÈ tenslon ("JLCT)

speclmen geometry was used in both t.esÈlng condltlons' The

onsetotcrackpropagattonwasdeEecteduslngast'ralngage

mounted near the crack tlp. The fracCure Eoughness Eesttng

ln the dynamlc range rras achleved by the longl tudlnal stress

f{ave loading uslng the sp1lt Hopklnson Pressure Bar tech-

nlque. The f racEure toughness paranet.er tra decreased stg-

nificantly under hlgh loadlng rates. The measured values of

J uslng I,JLCT speclmens \{ere conflrme<1 from stretch zole
IC

measurements ustng scannlng electron mlcroscopy of the frac-

ture surface of Ehe I^ILCT specimens'

Straln rate å a.pendence of ductlllty, strengEh anrl

fracEure Eoughness for materlals with htgh straln sensitlvlEy

such as steels and alumlnlum al1Oys was examlned. cracked

speclmens of these mat.ertals usually undergo predominantly

llnear elasttc behavlor at htgh straln raEes and elasEtc-

plastlc behavlor aE lor¿ straln rat.es. Based on ductile frac-

ture nechantsms, a model ts developed to relate Ehe fracture

toughness Parameter JtC w1Èh straln raÈe ;' Two general

equatlons descrfblng Èhe varlatlon of J,. wtth straln raEe ;

are obtalned. Appllcatlon of thls model to experlmenÈa1 data

obtalned on a carbon steel show that 
'ra 

varles wlth tog

<'rtt0-3) ar 1ow srratn rares and r¡tth log If å¡f O-3)]2 at

hlgher Btraln rates.
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TheeffecÈofmlcroEEruccureonf'tactureEoughnessan<1

ductlltty tn the transltlon temperature range r¡Ias lnvesEl-

gaÈed.Thetranstttonlnbehavforfromllnearelasttcto

elastlc-plasEtc, ln the reLatlon between fracture toughness

,ra and t,emperature fron one hand and 1n the relaÈlon between

,,.andbulgeducEtlttyfromEheotherhandforthetempere<1

narÈensiElc mlcrostructure of AISI 1 045 sEeel was shown to be

slmilar to Ehat obÈalned for pearltttc mlcrosEructure of AISI

f 045 st.eel' es long as Èhe flow stress as a funcLton of

temperatureforbothmlcrosÈructuresexhlbltstmllar

behavlor.
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NOMENCLATURE

All notatlons are speclftcally deffned shere they are

flrsÈ lntroduced. The synbols ln thts thesls are however

lfsted below:

cr

Crack length
Crack extenslon
Crltlcal crack extenslon
Cracked area

Length of the lfgamenf
Speclmen thlckness
Elasttc wave speed = (El P)It2
Crack openlng displacement.
Change 1n conPllance
Slope of Èhe crack advance llne

Dtfferentlal eleroent of an arch length along

contour path
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For most metalltc materlals, the domlnant mechanlsm

reslsÈtng fracÈure and hence lncreaslng toughness ls the

occurrence of plasttc deformatton' Therefore, fracEure

toughness, tn addttlon to tEs dependence on materlaL

propertles such as Youngr s modulus, flow atre6s and sEraln

hardenlng exponent, shouLd also be dependent on the effecÈ1ve

ductlllty ln the regton ahead of the crack'

The donlnant mlcrosErucEural events ÈhaE control duct-

tltty, and therefore fracture toughness, âre vold nucleatlon,

vold growth and vold coalescence. Voirl nucleatlon at an

lnctusLon-matrlx lnEerface or grain boundary is governed by

the value of the dlfference between lnterface strength and

the flow stress and is consequently, tenperaÈure and straln

rate sensltive.

The relatlon beÈween ducttltty and fracture toughness

1n Ehe trans lt. lon temperature range, f or materlals .whlch shor¿

change ln behavior from predomlnantly 1lnear elas t.lc behavior

to

the

of

elastlc plastic behavlor wlth large plast.lc zone slze aC

crack ttp has not been quantitatlvely sCudied. The use

the J-lnEegra1 as a fracture crtterlon for those materlals

is strongly dependent on thetr ducttltty and a sÈudy relating

fracLure Eoughness tra wlth lnherenE ducttltty is hence of

greâE lúportance. Because e quantltatlve assessoent of the

relattonshfp beEween fracÈure toughness, ducttltty'
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temperaEure, loadlng raÈe and mtcrosEructure ts lacklng, thls

presenË study attempts to address thts fundamental problem

borh experlmentally and theoretlcally

Experlnental procedures, describerl ln Chapter 3, IJere

adopted Eo obtaln the experlmental data for ducttltty and

fracture toughness under differenÈ condltlons of tesÈ tenper-

ature and loading rate. Bulge ductlltty equlpment was

designed and constructed to measure fhe maÈerlal rlucttllty'

whlle the.I-^ criterion, usl.ng standard Ehree-point bendlng
IU

spectmens were used to charactetlze the naEerial ftacture

toughness. Wedge loaded comPact tenslon speclmens were used

to obtain the fracture toughness dat.a over a wlde range of

loading rates. Fracture tn the dynanlc range was achteved by

Èhe Spltt Hopklnson Bar technique. The measurement of the

stretch zone width with the scannlng electron mlcroscopy was

used as an alLernattve neEhod to determlne the fracture

parametet JIC. Two mlcrostructures were tesEed,

pearllttc and a Eernpered martenslttc micro-

strÌ¡cture.

,toughness
name 1y a

of

Experimental results for the pearllttc

AISI 1 045 steel are presented ln Chapter 4 '

ml crosfrucÈure

These results

lnclude Ehe varlatlon of fracEure toughness and

the transltlon temPerature ranger 9uasl-statlc

fracture tóughness results and stretch zone

results.

clucttllty ln

and dynamlc

measuremenEs
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A nodel relatlng the fracture toughnes" JIC 
"nd 

the

bulge ducttllty for predomlnantly lfnear elasttc behavlor and

elastlc-plastlc behavlor ls presenterl 1n Chapter 5'

Temperature dependence of fracture toughness ' 
strength

and ducttllty ln the transltton reglon for BCC naterlals ls

descrlbed 1n ChaPter 6 '

A model relattng fracture toughness tra and ducElllty

for predominantly llnear elasttc behavlor aE htgh straln

rates and nostly elastlc-plastlc behavlor aE 1ow straln

raÈes, ls descr. lberl ln ChaPter 7'

FracEure toughness rra and ducttltty studles, ln the

translElon temperat.ure range for Èernpered martensltlc AISI

I 045 stee1, are presented and cltscussed through Chapter 8.

A general discusslon as well as the main concluslons

of the entlre study are glven 1n Chapter 9'

Thfs study casts some new ltght on the correlat ton

beEween fracEure toughness and ducttlity as a functton of

maÈerla1 parameters and testing condltlons. A betÈer

understanding of the meçhanlsms of crack lnlttatlon and

propagatlon 1n the transltlon reglon for temperature ancl

stratn rate 6ensltlve maÈerials wt11 hopefully result

therefrom.



CIIAPTER 2

LITERATURE REVIEI'I



(t

The fracÈure mechanlsns whlch nay be encountered in

englneerlng maÈeriaLs and structures can be classtfled lnto

Ërro general groups. The ftrsÈ category 1s termed brlÈtle

fracture and occurs 1n brltÈ1e maÈerlals such as glass' or

ln ml 1d st,eel at very 1ow tefûperaÈures. Brlttle fracture

may also occur in nos t other engineering ma tertals under

very htgh loadlng rates. Thts type of frac ture is assoclated

r¿ith relatlvely low fracture toughness (f .e. 1ow lnput energy

requlred to propagaÈe the crack) anrl smal1 plast 1c defor-

matton prlor to and during unstabte crack extenslon. The

second type of fracture falls lnEo the general -category of

ductlle fracture whtch corresponds to a hlgh fracture tough-

ness, âDd usually occurs 1n non brittle matertals. For

example structures composed of materials with htgh ductlltty

would be expected Eo undergo large plastlc deformatlon prior

to and durlng the rup.Èure process.

Research ln the fteld of fracture mechanics vras

lnltlally concerned wfth lnvesElgating brittle fracture prob-

Iems, slnce Èhese types of fallures are of more dlsastrous

consequences and are easler to analyze than the ductile

fracture cases. In thLs chapÈer, the concept of llnear

elastlc fracture mechanlcs ls brlefly descrlbed, and Che

current leve1 of knowledge 1n elastic-plasflc fracÈure ts

dlscussed. Also, a revlew of Èhe llterature on ductlle
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fracture mechanlsms, lncludlng the effecÈ of ternperature and

loadlng rate on fracture toughnesa¡ 8s well af¡ the relatlon-

shfp between fracEure Èoughness and ductlltty 1s Presentecl'

2 1 Llnear Elastlc Fracture Mechenlcs

Llnear-elastlc fracÈure mechanlcs (LEFI'{) ls based on

an analytlcal Procedure Èhat relates the stre.ss fteld

magnltude end dlstrlbutlon ln the vlclnlty of a crack ttp to

the nomlnal stress applted to the structure, to the slze'

shape and orlenÈatlon of the crack and to the maEerlal

properÈles. The fracEure mo'des, shown ln Flg' 2'l are

denoted as the openlng ¡node, the edge sllding r¡ode and the

tearlng mode [1'2]

- The openlng mode (node r) ls assoclated nlth loca1

dfsplacemenE 1n whlch the crack surfaces move apart

1n a dlrectlon perpendlcular to Ehese surf aces

(syrnmetrlc wlth respect to the X-Y and Z-X planes) '

The edge sltdlng mode (mode II) 1s characEerLzed by

dlsplacements ln whlch the crack surfaces sltde over

one anoÈher and remaln perPendlcular to the leadlng

edge of the crack. (symnetrtc wlth resPect ro the x-

Yplaneandskew-symrnetrlcr¡lthreSPect'toz-x

plane ) .

- The Èearlng mode (node III) ls deflned by Èhe crack

surfecea slldtng wlth respect to one another pâra11el

to the leadlng edge of the crack. (skew-synme t rtc

with respect to the x-Y and X-Z planes) '
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Grtfftth theory t31 nas based on the essumptlon Èhat

lnclplent fracture ln fdeally brittle materlals occurs when

the magnltude of the elastic energy suPPlled to the crack ttp

durlng an lncrenental lncrease ln crack length exceeds the

magnitude of the energy requlred to create the new crack

surface durlng the same lncremental lncrease ln crack lengEh.

Thts straln energy release rate G, or the elastlc energy made

avai lable per unit extenslon of the crack area ls:

dU
G (2.1)

dA

ls the potenttaL energy of the structure and A lswhere U

the cracked area.

Irwln t4l developed Ehe analytical basfs of the elas-

tlc crack tip stress fteld theory, which |n turn \Ías the

starttng polnt of modern fracture mechanl cs. In hts theory 
'

the stress intenslty facEor K (KI, *r, and *r. are deflned

as mode I, mode II and mode III stress lntenslEy factors,

respectlvely), ls extracted from the solutfons for stresses

and displacements near the crack ttp and is a combinatlon of

applled load P, crack J-ength a and speclrnen conf lguration

K = p. f (a, georoetry) (2.2)

K ls sald to be the controlllng parameter of a crack ttp

fie1d, because stresses and displacements are proportlonal

to thls factor. In general, the st ress and displacement

ftelds can be expressed nathemattcally as folloIfs:

K c/zt¡r 'tJ (u) + (2 .3 a)ot 
J
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K r
2t

L/2

where

shown

0 ) ts

Ffg. 2

sf (o)

a polar

2 and G I

J +Gl

(r,
ln

(2.3.b)

coordlnaÈe sysÈem aÈ the crack tfp as

ls the shear modulus. The truncated
Èerms of equatlon (2.3) are the Èerms wlth higher order 1n r.
For smal1 values of r (f.e. very close to the crack tip),
only the flrst tern rs sfgnfficant. crack extensron wl r1
occur when the lntenslty of the stress fteld in the close
vlclnfty of Èhe crack tfp reaches a crrtrcal varue. Thrs
means that fracture must be expected to occur when K reaches
a critlcal value *".

Irwin eÈ al t 5 I also showed Èhat there is a unique
relatlonship between K and G as f ollords:

2

G (2.4)

1n whlch E = f, plane stressor
= E/ (r vz) plane strafn

where E is a youngrs modulus and v ts porssonrs raÈfo. The

conslstency of the two aPProaches of Grtfflth and of rrwln ls
thus apparent.

Kobayashl er a1 t6r and chan eÈ a1 t7l used rhe ffnire
element method to carculate the stress intensfty factor.
0nce the numerrcaL values of the nodal drsplacements and the
element stresses near the crack ttp are obtained, the K value
can be calculated usfng equation (2.3> at several polnts.
The K value at the crack tfp ts evaluated by extraporating
Èhese values to the crack ttp and by drsregardrng the firsÈ
few polnts very close to the crack ttp.

K

E
o
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Í.Iatwood t8 ] calculaced the K value by computlng the

sÈraln energy release rate G. In the flntte element method

for calculatlon of K, a number of epectal stngular elements

(Wllson [9 ] , Byskov [1 0] , Hllton and Slh [1 1 ] ' 
and Tracey

t12l ) have been presenÈed to accommodate the stngularity aÈ

Ehe crack tlp. These elements a're Èhe result of lncorpo-

rating boÈh the elgen-functlon expanstons for the crack ttp

field conditlons and the ftnlte element meÈhod. The theoret-

lcal background of thls approach 1s based on the mathemat tcal

propert,les of the Ewo numerlcal technlque enployed, l.e. Èhe

asyroptot ic expanslon becomes lncreaslngly more accuraÈe as

one approaches the crack tlp, wh1le the flnlte element method

is very accurate everywhere excepE near the crack tlp.

Another class of spectal slngular elemenEs 1s the quarter

point elenenE, used ln conjunctlon wlth the standard lsopara-

metric elemenE. The Jacobian transformatton from Physlcal to

lsoparametric coordlnates r¿111 produce spatial derlvatlves

(1.e. stralns) whlch are sfngular at the crack È1p, tf norlal

points along the stdes of the element ere p'osltloned 1n a

cerE,ain way. Henshell t13l and Barsoum [14r15] percelved

thar by novlng the mtddle nodal potnt of a quadraElc tsopara-

metrlc elernent to the quarEer polnt cloaest to the crack tlp 
'

the straln slngularlty ls achleved.

' Due Èo the slngular neture of equatlon (2.3a) , a

plasttc zone ls always forned at the crack ttp where the
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6Eress field exceeds the yteld streûgth of the maÈerla1.

Sfnce equatlon (2.3) ls based on lhe theory of elagEtclEy ' K

has slgntficance only when the geometry of the crack or the

reúalnlng 1{gament exceeds the plastlc zone elze

of about 50 [1 ], a crlterion whlch 1s neÈ tn the

by a facEor

plane strain

determlned

a f racture

I'faterlals

conditton. In order to

plane straln fracture

crlEerion, the Amerlcan

2

Klc
;Tys

use en experlmentallY

Eoughnes s *ra va 1ue as

Soclety for testlng and

(ASTI{) speclfles the followlng thlckness requLrement

B > 2.5 (2.s)

r¿here B is the thlckness of Èhe sPeclmen and 6 is the yteld
ys

strengEh of Èhe materlal.

2.2 Elastlc-Plastlc Fracture Mechanlcs

I'lost of the large complex engtneerlng strucEures such

as atrplane frames, shlps, Ptpellnes, erc. have sma1l wa11

thtckness and are usually made of ducEll-e materlals. Thus,

for many structural appllcatlons, the 1lnear elastlc analysls

used Eo calculate the stress lntenslË,y facror K' 1s lnvall-

dated by the formaElon of large plastlc zones around the

crack tip. Currently, much effort ls belng devoted to Ehe

development of elasttc-plast{c fracture mechanlcs anatyses as

an extenelon of LEFM [1 ,2 ] . Anong the varlous technlques the

following approaches are rnoBt popular:

( l) Plastlc zone correctlons



(2)

(3)

(4)

The

apPtalstng

loading or

ls revl ewed

L4

Creck openlng

Crack growth

J-fntegral

dlsplacement (CoD)

reslstance curve or R-curve

above technlques hold cons lderable pronf se for

structural lntegrity 1n terms of an allowable

crack slze. The slgnfftcance of each technlque

1n the followlng sectlons.

2.2.1 Plastlc Zone Corrections

The flrst aÈtempt ln extendtng fracture mechanlcs

beyond the LEFI'l llmtts lnvolved a correctlon to the crack

length to account for the effect of the ptastlc zone whlle

contfnulng Èo use the LEFI'l approach. Thts Proceriure,

proposed by

the center

Irwln [5 ] , conslsts of movlng the crack ttp to

of the plastic zone by a dtstance t, or

v

The dlstance r ls evaluated as:

a+a*r

1

(2 .6)

(2.7)

v

r
¡2

cTys
(plane stress)

(p1ane straln)

v 2n

1

6n

*1.
Tys

Although Irwlnts plasttc zone correctlon glves consistent

results for smal1 scale yteldlng Ór plasÈlcity at the crack

tlp, the llmlts of fts eppllcabtltty to larger plastic zone

sizea are uncertaln.

A more rlgorous correcÈton for pLastlc zone slze was

proposed by Dugdale [16]. He assumed that yteldtng occurs

1n a thln strtp-ltke zone at the crack tlp, exÈending the
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crack by a dfstance c a (Ftg. 2.3). The stresses ln this

yteldtng zone are consldered to be a contlnuous dlstrlbutlon

of polnt 1oads, whlch act to restraln the crack from

openlng. An expresslon for the restralnlng stress fntenslty

factor can then be obtalned by lntegratlng fron a to c wlth

the approprlate !JesÈer gaat d stress functlon t 1 ] as:

2o {.9iys ÏÏ

T/2 -I
cos

r=
v

The plastlc

2O7. larger

K

16

yz

ys

zone slze calculated

(2.8)

equat ing the

t.he K value

(2.e)

(2.9) 1s about

(2.7> for the

by equaE lon

by equat I on

I
a

c

The slze of the plastic zone fs obtalned by

restralnlng stress intensity factor (2.8 ) r¡tth

for the openlng of the crack, K = o/rc' Thus;

1T

than that calculated

plane stress case.

2 .2 .2 Crack Openlng Dl sPlace¡nenÈ

I^le11s [ 17 ] proposed Èhat the f racture behavlor in the

viclnlty of.a crack could be charactetlzed by the opening of

the. crack faces namely the crack openlng dtsplacement (C0D) '

as shown 1n Fig. 2.3. Furthermore ' he showed that the C0D

value could be related to the plane-straln fracture

toughness *ra. Since COD measurement can be made when there

is conslderable plastlc flow around the crack tip, thls

technlque gives useful- lnf ormatlon for el-asÈlc-plasÈtc

f,racture analYsls.
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An extenslon of the Dugctale anelysts ylelds an

expresston for the crack openlng displacement norInal to the

crack Plane et the crack tlP, ô

ô t (2.r0)a ln aec

whIch for o/o < <
ys

¡2I (2.r1)
Eo ys

(2.11)

wh e r e

value

lnplles theÈ at the onset of crack lns t-

rc' the C0D value reaches a

ôc. Under plane straln condltlons, unstable

wt11 occur upon crack lnlttation, and thus ôf

6
6TI

T
ys
E

g
1t oy" l

ô

Equat lon

abtlltY,

criÈica1

fracture

Ltke KIC,

K reaches KI

ô
c

a ô value under
c

plane straln conditlonq 1s a

naÈerla1 propertY.

2.2.3 Crack Growth Reslstance or R-Curve

Since the plane stress f racEure toughnes" *" 1s

gene tairiry 2 - 1 0 times larger than KtC and varies wlth

speclmen thtckness, representatlon of the fracture toughness

of Èhln sheet materlals by a reststance curve has been

aÈEenpted by a number of sclent,lsÈs If8-20] ' and ls stl1l

un<ler developnenÈ. The concept of the crack growth resist-

ance R-curve 1s based on the obeervaÈlon that durlng the

fracture process of DosÈ sheet maEerlals, the unstable

fracÈure 1s always preceded by a certaln amount of etable

crack growth under a monoÈonlca1ly rlslng 1oed.

Flg. 2.4 tllus traÈes e typlcal R-curve wl th Ehe crack

Iength as the abscfssa and Èhe crack growth reslstance as
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Figure 2.4 R-Curve approach.
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K- ls the R-curve, deter-
R

sÈres6 1nÈenslEY factor Kn

requlred Èo propagate the

2.2.4 J-Int egral

Rice t21l proposed a path-lndependent contour

lnEegral, the J-lntegral, for a two dlmensfonal deformatlon

fteld, evaluated over Èhe contour f in a coÌ¡nter-clockwlse

directlon, as l1lustraÈed in Fig. 2.5'.

ðu
(vldy T

t ds ) (2 .r2)

where w is the straln energy densiEy' T ts the surf ace

tractlon vector (= õt3n5), tl ls the dlsplacemenÈ vecEor' ds

1s a dlfferentlal element of an arc length along I and nj

are the direcElon coslnes of a unlt vector ;. The J-

lnEegral has been lncreaslngly used for characEetLzation of

the fracture of naÈerlals exhlbltlng elastic-plasElc

behavior aE the crack ttp and undergolng general yteldlng 1n

the uncracked. ltgaEenE before fracture. Since the early

work of Begley and Landes 122l r¿ho measured the J-lntegral

using the def tnlElon

ôU (2.13)
ôa

where B te the speclmen thlcknese, U 1s the potentlel energy

to fracture, and a ts the crack length, eeveral roethods for

determinaÈ ton of the J-lntegral have been Proposed. These

methods have evolved conslderably ln the Past decade. Aroong
/

J= I
I ðXi

I

L
B

J
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Flgure 2.5 J-Integral.



the

Rl ce

varlous

et al

J

where c ls

methods

t23l for
2U
Bb

where U 1s the erea under the load loarl-polnt dtsplacement

curve at Èhe polnt of J evaluatlon and b 1s the length of

Èhe llgament, thls equatlon a11ows measurement of J uslng a

s lngl-e speclmen provlded that the crack length ls large

enough to create bending loadtng on the remalnlng ltgament.

Equarlon (2.14) *ras modtf ted by l'lerkle and Corten 124l Èo:

J
2u(1 + a) (2.1s)eb(1 + c2)

th e I'le rk 1e

for lts measurement are Èhe

2r

analysls of

equatlon:

(2.14)

det.ermlnatlon of J uslng Èhe

and Corten correcElon factor for the

tension component

0ther sEurlles on

of stress 1n the

determlnat ton of

compecE tens lon speclmen.

the J- lntegral lnclude

that of LanEelgne et a1 t25l where J was determtned under

prescribed loadlng uslng a plast.tc zone correcÈton at the

crack tlp, the A-C potentlal drop technlque rleveLoped by

llarandet and Sanz Í,26) and used by Nguyen-Duy'and Phtlippeau

1,27 | among others to detect the polnt of stable crack growth

in steels.

Presently the mosE conuon method for evaluat{on of

the J-lntegral 1s based on the J-reslstance curve. The

crlttcal J-lntegral valu" JIC t" deCernlned from Ehe lnter-

sectlon of the crack bluntlng 11ne whose slope ls glven by

2 o where O 1s the flow atreaa, taken es the average
oo

between the yteld etrengEh and the utttmate t.enstle strength

of the materlal tested, and the crack advance 11ne, where the



J vs Aa ls deÈermlned fron equatlons (2 ' 1 4) or (2 ' 1 5)

partlal unloading steps and measurlng the change

compl lance of the speclmen due to ProPagat ton of the

In thts case, the change tn compllance 1s related

crack advance bY

22

uslng

ln the

crack.

to the

Ac e (a/w) (2.16)Àa

where c ls the compllance, ac 1s the change {n compllance

and g (alw) 1s a functlon of geometry of Èhe speclmen. Such

procedure al1ows deternlnatlon of the J-lntegral from a

slngle spectmen ustng a data analysls procedure [28] whlch

can be automated uslng a minicomputer or a nlcroprocessor

unlt to produce plots of J-reslstance curve. PresenEly ' a

st.andard test methorl for eValuat. lon of the J-integral ls

avallable as an ASTM E813-81 speciflcaEton. Illustratlon

and dtagrauattc detalls for J-tntegral R curve technlque are

shown ln Ftg. 2,6.

The effect of maLerial and geometrlcal varfables on

the J-lntegral crlEerlon has been lnvestlgated. Nanely,

Munz 129) has studted the effecÈ of thtckness whtle Penelon

et at t3 0l have studied the effecÈ of sPecimen slze, loadlng

conditlon (prescrlbed load vs Prescrlbed displacerûent) and

alloy conEent on Èhe J- 1nÈegral ln welded HSLA steets ' The

effect of prlor deformatton on J-lnÈegral has been studled

by Anouzouvl and Basslm t3l I . Generally, 1t was found thaE

such pareneters have a uarked effect on the measured value

of J .

c
Þ-
2

IC
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Figure 2.6 Illustratlon and dlagranatic detalls for J-lntegral R

curve technique
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t 3 Ductlle Frac ture l.lechanlsms :

Flbrous fracEure 1s the mos È frequently observed

ducÈ11e fallure mode. In an overwhelmtng number of pub1l-

caËtons, cuP and cone fracture ls analyzed wtth votd

tnttlatlon, vold gro\.rth and vold coalescence. In these

phenomena, second phase parÈlcles play a domlnant role and

almosÈ all mlcrostructural analysls of ductlle fracEure have

been 1n deftnlng thls ro1e. l'lost efforts rJere alme{ at (f)

the lnmediate processes leadlng to vold lnttlatlon and (1r)

an understandlng of vold growÈh and vold coalescence r¡hich

results 1n flnal seParaElon.

2.3.1 Vofd Nucleatlon

The study of void inlEiatlon has recetved conslder-

able att.entlon durlng the past decade. An overvlew by Goods

and Bror¡n t32l 1n L97g covers sone of the earller Eaterlal,

lncludlng the nucleatton of volrls at graln boundartes. From

Ehe revlewed results, tt can be concluded tháÈ, ln the case

of rather Large, wldely spread lnclusions, ¿l contLnuum

mechanics approach can be used to esÈlmate the stresses ancl

stralns lnstde the lncluslons and 1n the nelghborlng matrtx

when the materlal ls plasttcally deformed. It ls generaLly

assumed thaE the tnltiatton of cavlttes from lncluslons

takes place when elt.her the lncluslon or the maÈrtx-tnclus-

lon fnterface te eubJecÈed to a crttlcal norrnel stress' The

determlnatton of the 1ocal stresses and stralns as a
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functlon of the macroscoplc st.resses and stralns applted on

Ëhe material follor¡s the model of Eshelby t33l whlch has

been used by Tanaka et a1 t341. Thts theory, whtch fs based

on an elasttc analysls, ts strlcLly valld only when the

applied stralns are not too large. In the case where cavtty

lnltlatlon takes place afEer large plastlc stralns, Argon ef

a1 [35] have found that the lnÈerface stress normal to Ehe

lnclusl-on matrix lnÈerfac. o* It gtven by

o Y
-p (2 .r7 )rr e ó

m
+

where Y

ion, oro

mean plastic sEraln.

Experlmental determtnatton of o* ar room temperature

t36l ytelds a value for Ferc parÈlcles 1n spherodlzed 1045

sEeef (V = 860 Mpa (125 kst)) of o* equal to 1670 MPa (242

ksl). Generally, the value of o.. for dlfferent materlals

range betr¡een O. OOB and 0' 0098

A model based on careful measurements of volcl nuclea-

tlon 1n sphef oi,il ized steels was developed by Flsher and

Gurland [37 r 38 ] . Thetr approach tncludes a detalled assess-

nent of the energy stabtllty of Ëhe partlcle-vold sysEeÍ¡

followed by a calculaÈton of the debondlng stress' Recent-

ly, LeRoy et a1 t39 I attempted to take lnto account the

rea6onable expectatlon that the vold nucleatton and vold

growth are not sequentlal processes but, after the flrst

t. Pl ls the flow stress

ls the mean stress for

ln the reglon of the lnclus-

vol<1 nucleatlon and ;P 1s the
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volds had been nucleated, 'vold nucleaElon and vold growth

would take place stmultaneously. The non-sequentlal nature

of vold nucleatton and vold growth le noE 11ml ted to steels

but certatnly ls e general phenomenon. Thts polnt has been

made recently by Neumann t40l who tndlcaEed that the

deformat ton of an lnternally necked-down llgaruenÈ between

voids could produce addlttonal voids.

Tt ts worth notlng that the straln necessary to nuc-

1eaÈe cavltfes 1s smalL as comPared wlth the strain at fa11-

ure, slnce nucleaÈ1on straln represenEs less than L57. of Èhe

fracÈure ducttltty even in a convenÈtona1 tenslle test t41]'

2.3.2 Void Growth and Coalescence

Next t.o vold inltLat ton, research on flbrous fracEure

has largely been concerned with vold growth. Approaches

fron a ntcrostruct,ural vtewPolnt have been revtewed by

Rosenfleld 1421. Extenslve Èreatments ln those years came

from contlnuum theory through the work of ÈlcCllntock t43l.

and of Rlce and Tracey 1,441 . In actdltf on, Thomason [45]

studled the tnternal necklng Process between cavlfles 1n a

rigtd-plastlc non-hardenlng matrlx, whlle Berg t46l publlshed

the results of an lnvestlSatton on the growth of cyltnclrlcal

volds 1n a vlscous metertal whlch was extended by McCllntock

et a1 147 I f or hole growth f n thear bancls. I^Iork-hardenlng

and tnteracElon effecte were taken lnto account by Tracey

t48l whose resultB show that vold fnteracEtons lead to a



slgnlflcant ecceleratlon

volds lylng transverse to

larger growÈh rates than voids wl rh thet r long dlrnens lon

parallel to the axls. Agreement exists also for the conclu-

slon of Tracey regarding the effect of work hardenlng an{

Ehose of Rlce and Rosengren [49 ] , namely thaE stress trl-

axlallty rlses with lncreaslng r¡ork hardening exponent and

Ëhat Èhe flow stress wt11 be lncreased togeÈher wlth the

stress sÈate.

lticrostructural lnvestlgaElons on volrl growth and

coalescence have been less frequent Èhan the contlnuurn mech-

anlcs calculatlons. For the two dimenstonal volrl growth

mor!e1, l,lcCllntock t5 O] obtalnerl an equat ton f or vold coales-

cerce strain of the form:
-r/3

"crcrB=9
(1 - n)ln tf

(2.18)
ãl-nñI1-f --;t( oi+ 6 z) / 2o ol ( 3 ) "' J

volume f raction of the volrls, õ1,

applled stresses, n ls the straln hardenLng exponent, and o

ls the flow stress.

Examinatton of equaEton (2.18) shows thaE, for a

given matertal and constant stress stete' the prlneipal

influence on; ^ ls the void denslty v.. For a typlcal-crcrþ

BCC materlal, a coalescence straln between 0.01 and 0.5 de-

pendlng on the stress state ahead of Èhe crack, 1s exPected

tsrl.

where v ls the

27

of growth and that cYltn<lrical

the stress axls ln a bar w111 have

õ
2

are the
f.
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2.4 Effect of Temperature and Loadlne Rate on Fracture

Toughness

For naterlals wlth strong temPereture and Etraln raEe

dependence, the fracture toughness usually decreases wlth

decreaslng tenperaÈure and lncreaslng loadlng raEes. Thus,

It ts deslrable, from a practtcal potnt of vfew, to evaluate

experlnenEally the fracture Èoughness 1n the reglons where

iE rûay show lts mtnlmal va1ue.

2.4,1 Ternperature Effect

Considerable effort has been underEaken ln recenE

years for characËetLzatiOn, bot.h from nacroscoplc anrl

rnlcros t.ructural aspects, of the f racture toughness of

metalltc materlals. ParElcularly, research has recenlly

almed at developnent of criterla for these materlals which

accuratety descrlbe thelr behavfor as a functton of tesElng

temperatures [52,53] . Because of the strong dependence of

the mechanlcat propertles of BCC metals wlt'h temperaÈure'

t.hetr fracture toughness wt11 be greaCly inf luencett by

varlaEion 1n temperature, particularly tn the transltton

reglon where the behavlor changes fron brlttle (cleavage)

fracture to ductlle fracEure. The temperat,ure effect on

toughness 1s currently obÈalned from lnpact testlng methods

uslng charpy and other te6ts. Enplrlcal correlattons

between K- - and temperature are glven 1n Ref ' t 541 whtle
IC

other analyt lcal equattons relaÈlng KtC and tempereture are

sumna r lzeð ln Table 2.1.
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In cleavage fracÈure, the starElng polnt 1n the

¿nalysls of the effect, of temperaÈure 1s the plasttc zofie at

the crack ttp. Uslng the stre6s concentraÈlon lnstde the

plastlc zorie, lt has

sÈructural length *o

crittcal cleavage fracture strength of" needed Eo fracture

Èhe materlal t551. Cleavage fracture ls estlmate,l by

assumlng thaÈ the cleavage fracture sÈrgss of" ls equal to

the yleld st,ress

br e ak s when the

has reached the.
max

oyy

For elastic-plastlc fracrure behavlor, the pre<1om1-

nanE paraneter for its characEetlzation ls presently the J-

lntegral t56]. Its terDperaEure dependence has been

lnvesElgaEed. Generally, lt was found that ,ra 1ncr""""s as

a funct lon of temperature. The shape of Èhe JtC-temPeraEure

curve seems i however, to vary dependlng on the procedure for

determlnatton of tra. Thus, Bâsslm and Ìttkhail t57l found

that, lf Jra was determlned at the polnt of maxlmum load 1n

deep cracked speclmens, Èhe varlatlon of JtC wlth

temperaÈure can be descrtbed by. the intersectlon of two

s traight llnes deftntng a transltlon beEween completely

llnear elastlc behavlor and el-asftc-plasttc behavlor. Also,

such translElon depends on the rate of appllcatton of the

been posslble to calculate a mLcro-

over whlch the stress has to exceed the

at T = O, namely o, (0) [54]. The sPeclmen

maxl-mum sEress ot"* at the ttp of the crackyv

cleavage fracture sEress' or of" = or(0) =



load (quasl-etatfc versus lmpact)'

report dlf f erent tendencles wher" JIC

31

Other lnvestlgaÈors

reacheg a naxlrnum at a

certaln Èemperature followed by a plateau of JtC as Èempera-

ture ls further lncreased t681. Such curves 3t111 deftne,

to a lesser degree, thts transtElon temperature descrlbed

earller. Other lnvesElgaEors have determlned tra uncler

quasl-statlc as well as dynamtc loadlng condlttons as a

funct ion of temperaÈure 1n Charpy-slze speclmens for the

purpose of developnenE of an lnexpenslve and simple apProach

for measuremenE of J
IC

1n engtneerlng materlals [26'691.

..::: :,

:.:| :
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2 .4.2 Loadlns Rate Effect

Recently, Èhe analyels of dynarnlc fracÈure and crack

propagaÈ ton problems under htgh loadlng rates has become of

slgnlftcant loportance 1n naterlals research'

Although the recognltlon of dynamlc effecEs ln the

f racEure process rlates back over 100 years [70'71], ln

comparlson to fracEure Propagatlon under quast-staElc loads,

the behavlor of cracks under dynarntc loading condittons has

recelved much less atEenÈlon. A ureasttre of comParl-son tlay

be obtalne<1 by comparLng the number of pages devoted to

dynamic fracture and to fracÈure ln quasl-statlc sltuations

ln the seven volume comprehenslve treaÈ1se on fracEure 1,721.

The dlscussions on quas l-stat lc fracture outdo those on

dynamlc problems by a ratlo of abou:L 4600:120 based on page

count. There are Several reasons for thls uneven dlstrl-

butlon of ef fort, foremos E enong whlch fs thet there âre of

course many Itrore strucÈures destgned t.o support quasl-statlc

loads than dynamlc ones. BuÈ beyond thls, a convlnctng

deterrent 1s the analytlcal complexlty adhering to most

dynanlc crack anatyses. The experlmenEal aspecEs oE the

problem are also burdened by compllcatlons. Studies of

dynamlc crack propagatlon requlre both loadtng and measuring

technlques whlch are not readtly achlevable wlth commerc-

tally avallab1e facl1ltles. l'loreover' the requlslte experl-

nenEal epparaEus ts complex and tts development constttutes

usually a heavy lnvesÈment of tlme before experlments cen

be gl n.
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An fmportant earller contrlbutlon to the fteld of

dynamlc loadlng 1s Èhat due to Krafft t59l who Èhrough hls

tesÈ1ng of ¡¡1 1d, úêdtum and hlgh strength 8teels over a

range of temperatures and loading raies, was able to obtatn

a correlatton bet,ween the sÈaln harrlenlng exponenÈ and the

p1-ane straln f racÈure toughness KtC.

When the fracture process cen be descrtbed as llnear
:a

elasÈtc evenÈ, tt ls posstble to rlef lne " KI paraneter'

rrhich ls frequenÈIy used Eo characEe rlze how fast the crack

rtp reglon ls loaded. IiI ls glven as:
aKr = KIc/." (2.19)

wher" KIC t" the crlttcal stress lntensitl ftcEor 1n morle I

(plane straln fracÈure toughness), and E" ls the ttme

tnEerval from Èhe start of loadlng to t.he point when the

crit.ical state of the crack ls achieved, thaE ls, when Èhe

crack starts Eo propagaEe. It ls obvlous thaE the loading

rate parauete, fr, nay be changed over several orders of

magnltude malnly due to changes tn loadlng tlme Ëc.

ConsequenEly, th" i, spectruE cen be construcCed. It 1s

assumed that the value of ¿ï = ! YlPa/ m ;t constitutes the

statlc value t731. AccordinglV the followlng ranges of

are recognfzerl .

I
a

K

-r ^ -I(a) I MP a /a ;' . R, < 103 t'tpa lm s ; quast-stattc

loadtng wlth a closed-loop sEattc-dynanlc tesEtng nechlne.

(b) lor{ Mpa / a;t < ft.- < 105 }fPa / t lt, {nstrumented
I

hanmers âsr for example, lnstrumented Charpy '
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(c) lo6 ì,fpa / n;t < d.- < loe MPa / t ãI, stre'' wave
I

load lng.

In Èhe early exPertnenta'L etudtes [58'74] ' 
tt was

shown that about an order of magnttude tncrease ln 1-oadlng

raEe R, 1s requlred to decrease KtC by l07" It nay be

Í¡enEloned that the newer, lnstruoented Pre-cracked Charpy

tes E provldes more accuraÈe results for *ta over the range
-t

of loading rates 10a t'lp" / rn;t < f-< 105 MPa / ur s 'I

However, the naJor difflcul-ty wlth thts technlque 1s the

rnethod of neasurement for determlntng the crltlcal fracture

load. Due to the lack of a detalled understandlng of the

lnertia forces, together wlth the \{ave mechanics ln the

Charpy spectmen, the test leads Eo dlfflculttes 1n l-nterPre-

ting Ehe resultlng osclllograms. Even tf such dtfftcultles

could be overcome, there 1s a llmltation on Ehe loadlng rate

paramete. i<-. In addiElon, the condltlons of plane straln
't
are not usually present ln the prefatlgued Charpy speclmen'

Recently an experlnenÈat method has. been employed

175-771 to obtaln fracture toughness daLa with loat{1ng rates

in excess of 106 Mpa / n;t. Tn those experlments, the

notched and pre-fatlguerl sectton of a long bar sPeclmen ls

loaded to failure by the rtslng portlon of an lncldent

tenslle r.rave, rêsulting from the detonatlon of en explostve

charge placed at, a Properly shaped loading end of a bar'

EssenÈla11y, thls technique 1s en adoptlon of the sp1lt
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Hopkinson pressure bar [78]. An experlmental meÈhod was

descrtbed for measurlng Èhe fracÈure properEte6 of metals

and al1oys over a wlde range of loadlng raEes [79 ] ' whlch

cafi cover over Bix orders of nagnltude 1n iI . Wedge loade<l

conpect tenslon speclmen (WLCT) was used [79 r80] for quast-

staElc tesElng and dynanlc tesÈlng uslng a EPeclal arrange-

ment of the Spltt Hopklnson Pressure bar. Experlments Per-

forme d on some aluminum al1oys enabled *r., to be plotted as

a function of i(I over a wlde range of loadtng raEes. T,n

general, a subs EanE ta1 decrease tn fracfure Eoughness KtC

r.ras observed under tmpacE loading for the straln rate

sensltlve a11oys [79-81].

2.5 Dependence of Fracture Touehnes s on Ductllltv

Conslclerable effort has been made to correlate a

material fracture toughness wlCh lts unlaxial tenslle prop-

ert.les. The key lngredients to most of Ehese apProaches are

a crttical crack tip straln and a length p.arameter. The

former ts related to Èhe fracEure ducttllty, usually obtaln-

ed on smooEh Eenslon speclmens [61]. Although some of Ehese

approaches glve useful correlat tons, the use of Èhe unlaxlal

tenslte fracEure ducttltty musL be questloned for several

reasons; due to plastic tnstablltty the stress sEate tn a

tenslon tesË changes as a funcÈton of st.raln [82]; tenslle

fracEure <lucttltty ttself depends on the secÈlon slze, and

rhe stress state near the crack ttp ls multlaxlal t8jl.



36

In order to avold thts complextty some researchers

have employed a "Plane-straln tenslon spectrnen" aB proposed

by Claustng t841. [Iowever, even Èhere, necking may occur

rrnder cerEaln experlmental conditfons [85'86]' thereby

alterlng the stress staÈe tn the course of a test. Based on

these consideratlons, l'lelss proposerl the use of equlbiaxlal

fracture ducttltty or bulge ductlllty, for correlatton wlth

f racEure toughness based on LEFI'l t871. The bulge ductlltty

is consldered to offer the mosE promlslng measure oF the

neterlal duct.tltty Eo correlate wlth lts fracEure toughness.

The reasorr for thls ls that for most naÈerials of medium and

high sErength, fracture ln the bulge test occurs pr{or to

the onset of necklng or lnstablltty. Bulge testlng 1s

relatlvely slmple. A varleÈy of bulge tesE conflguratlons

are lllustraterl in Ftg. 2.7. These are the hydraullc bulge

tesÈs Ftg. 2.7 a, the bulge test on a spectmen geonetry

suggesÈed by þ¡zrln and Backof en [88], Fig. 2.7b, and a

further modiftcatlon of the A'ztLn-Backofen geometry Fig.

2.7c. The effectlve fracEure sEraln 1s determlnerl from

measurenent of the change 1n thickness during the tesÈ and

ls glven by:

eFrc=1 , 0=O
ln t lt-ôt

(2 .2 0)

where c =

princlpal

The

6 I o and p o1l o, where 6r t 6
2

and o3 are Ehe
2 1

stress cou¡ponents.

experimenÈa1 results obtalned for htgh sÈrength

6teels show a llnear relattonshlp bet'Jeen effectlve bulge
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ducttl-ttY and Plane straln

scaÈter of abou Ê 307" t51 I '

Late d ana 1Y t lcal1Y wl th *ra

form:
2/ ^Glc = sp* (0.279) " rr,d=1,

vrhere S is the shaPe factor

Ehe plas t 1c zorl.e, taken as

mlcrosupport effect constant

fracture toughneas *ra

The

and G

bu1-ge ducttltty rdas

uslng an equatlon

wlth a

corre-

of the
IC

p=o' .f 
(E,K,t,ã

characterlzing

equal to 1. 0,

(2.2t)

georûe t ry of

ls Neuber's

)
v

the

p*

= 0.025 mm (0.001")'

0.81 and p
63

0.61 f or p1-ane straln, n ls the
ú1

straln harrlenlng exponent, E 1s the modulus of elas tlcity and

ã fs the yield straln = o--/V.-v " y

The relation between ducttllty and toughness in

materials whlch show elastic-plastlc behavlor at the crack

tip and hence has a large plastic zoûe sLze has not been

quantitatlvely studied. The use of the J-fntegral as a

fracture crlterlon for those materlals ls strongly dependenL

on thelr ductlltty and a study relating J wlth lnherent

ductl1lty ls hence of great lnportance.

2.6 SunmarY

o2
d, ol

The contents of thls chapter revlew some

mechanlcs.

based

singLe

of Ëhe major

InfÈlalLy,

on Grif ftth

developments 1n the fteld of fracture

llnear elastlc fracture mechanLcs,

analysls, has 1ed to a deflnltton of a parame t er for
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descrtbfng the stress sÈate aÈ the crack tlP, namely the

crlElcal sÈreBs 1nÈenelty factor *rC. Several crlterla have

been suggested for elast.tc-plastlc behav{or, the most

important of Èhose ls the J-lntegra1. The r¡echanisms of

ductlle fallure ln terms of void nucleatlon' votd growth and

vold coalescence have been revlewed and the relatlon between

fracEure toughness and tenperaturer on One hand, âod betr'reen

fracture toughness and ducttllty, on the oÈher hand, have

been presenÈed. lt ls shown thaÈ a quantitatlve assessmenÈ

of the relatlonshlp beEween fracÈure toughness, ducttllty,

temperature and loading rate ts lacklng. Thts presenË study

attempÈs Èo address thls problem both exPerimentally and

theoretlcally.
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3 1 Materlal

An AISI 1045 sÈee1 plate, wlth L2.5 rnm 1n Èhlckness,

75nm ln wtdth and 4 m ln length was.used. The cherutcal

composttlon of the steel ls glven 1n Table 3.1. The heaE

treatment of Èhe plate after cuttlng 1t lnto short pteces r{as

Eo anneal at 790'C for 30 ntn. at ÈernperaÈure. The resulttng

hardness of the materlal \{as *" 15. As shown 1n Fig. 3.1,

the maÈeriaI had a lamelar pearllEe structure surrounded by a

network of ferrlte.

3.2 Char In act Testln

standard charpy lmpacL (cvN) test speclmens erere

machlned from the annealed plate wf th the no Ech 1n the

Longtludlnal-Transverse (L-T) orientatton. Tests were per-

formed aE teruperatures from -100'C Èo lOO'C in accordance

wtth recornmended PracElce ASTI'{ F,23. 72. The transltlon

temperature reglon ltas deÈermlned from thts test and was

found to be between -6 OoC and 25"C.

3 .3 Tens I 1e and Bu lse Ductl 11tv Testfng

Tenslle teBCs were perforúed on flat tenslle sPeclmens

wlth Èhe tenslle axls alonB the rollfng directlon and havlng

a wldÈh of 6.5 mm and a thlckness of 3 ¡om according to ASTI'f

spectflcatlon E-8. The crosshead speed durlng the tenslle
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lABLE 3.1

Chemtcal co¡DposlÈ1on of 1045 steel. (I{elght PercenÈ)

c Mn P ( nex)
0.04

S ( nax)
0.05

Fe

ba lanc e0.43 0,5 0.6 0.9
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Figure 3.1 ìlicrosËructure of 1045 steel ín the annealed condition (1040 X)



tesÈlng

over the

0.22 offset o and the ulttmate
v
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performecl

st.ress et

tenslle atrengÈh o' were

6 nas calculated. The
o

percentage elongat ton and

also determl ned from thes e

was 0.5 rnn/min for all tesÈs. TestB IJere

transttton ÈemperaÈure range. The yteld

deÈernlned and the flow stress

s traln-hardenlng exportent n, the

reductlon ln area at fracture were

Èests.

A bulge ducEiltty seÈ-up slmllar to ÈhaÈ of þ¡ztln and

Backofen t88] was designed and constructed. Such e seE-up

for the ÈesÈ is descrlbed tn Fig.3.2. Bulge ducttltty spec-

lrnens wlth the dimenslons shown 1n Ftg. 3.3 were machlned

from 12.5 mm rhlck plate uslng multtpass hot rolling

processes Eo obEatn 1.9 mm (0.075") thtckness and then

followed by norüallzlng and anneal{ng to obEaln a Rockwell-C

hardness of 15 (the same hardness as the oÈher speclmens for

slmple tenslon, CVN, and fracture tests). A spectally made

template was used to drill the holeð ln the spectroen and a

jlg was used to ruachlne the reduced aree

The bulge ducEtltty tests were perforrred over the

Eransftlon ternperature range. The requlred temPeraÈure was

obtalned by lmmerstng all the equlpnenÈ ln a mlxture of

a,l cohol and ltquld nlCrogen and the ternperature was adJusÈed

uslng a thermocouple tocaEed on Ehe spectmen. The bulge

ductlllty equlbtaxlal fracEure straln deflned as În t lt - wasof
deÈernlned, wher" to {s the Lnlttal thtckness and tf ts the

thlckneca at fracEure provfded that necking does noC Ëake
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Flgure 3.2(a) Experimental set-up for bulge ductilfty.



46

,

ITÞ
1

ìr :i

iI¿q
I ir:{
!: lla

'l'3l--ì o

,l ' \Ì9
-ll ri
ril
ff ,'t

rv.r& :

,4

i;*
r&

í.8,

w

!.

:...!¡j
w
ÊrìÉl

Ffgure 3.2(b) A photograph for the bulge ductlllty set-uP.



47

o)oq

ro
g

il4.3

Figure 3.3 Geometry and dÍmenslons of bulge ductility specimen
(dimensions are in mm)

\

6 HOLES

9.5 DlA.

REDUCED
SECTION



place before fracture.

cross-head speed of 0.5
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All the te8Ès ldere carrled out at a

mrn / rul n.

3.4 Fracture Touqhness Test lne

standard 3-potnt bend speclmens, 12.4 mn thtck, IJere

produced fron Ehe annealed pleces. A notch vtas machfned 1n

the longltudlnal-Èransverse (L T) orlenEation. All the 3-

polnt bend speclmens prepared had the same thlckness (12'4

nm). The speclrnens were f atlgue precracked, at room

temperaÈure, accordlng to Èhe ASTl"t speclflcation for Plane-

straln Fracture Toughness of Ìletallic Materlals (E399 -78) to

crack length L = 0. 57 . For the las t 507" of fat I gue precrack
t{

ext.enslon, the Krr* (maxlmum sÈress lntenslty facEor) was

kept below 15 l,lPa g.L/2. FracEure tesEs were carrlefl out ln

Ehe satue range of temperature as for Eenslle and bulge

ducttlity ÈesEs. The required EemPeraËure was attalned by

cootrolling the ltqutrl nltrogen sPray ln a cooling chamber

around the speclmen. The detectlon of 6peclmen EemperaEure

was obtalned uslng a thermocouple locaEed on the spe lmen an<1

connecEed wlth a dlgltal volEmeter. The temPerature \¡as

malntained wlthln t 2.0"C durlng each test'

All fracLure tests were performed with a hydraullc

Instron (l'lodel 1320) tesÈlng machLne, accordfng to the plane-

straln J--reslstance curve test Procedure [89]. For Purposes
t

of J, computatLon, the loed llne dlsplacemenÈ was measured



remotely uslng the ectuator transducer whlle for

ion, the dtsplacement gage used was an E-399

gage etEached to razor blade-knlfe edges flxed

face of the notch to measure the crack ¡oouth

49

Àa computat-

standard C0D

at the front

openlng dts-

placement.

The errors whlch may be lnEroduced ln the load-load

line displacernent curves due to elastlc comPresslon of the

jrg wi th lncreased load as well as the lndentat lon of the

test speclmen at the load aPPlfcatton potnts were corrected

by performlng the sane type of Eests on unnotche,l speclmens.

All frac Eure tes Ès l{ere performed at controlled dlsplacement

wlEh a constanÈ testlng speed of 0.25 rum/mln. The load - coD

displacement and load llne dtsplacement were recorded on a 3-

channel X-Y plotter. F1g. 3.4 shows a photograph of the set-

up for fracrure testtng.

The J-lntegra1 f,ras determlned by the stngle speclmen

unloadfng compllance neÈhod, where a serles of 1 0 Percent

unloadings are performed to cause the crack extension aa

durlng the fracture test. The changes 1n the slope of Èhe

linear portlon of the load-dtsplacement curve ( t. e. the

change 1n compllance) glves a measure of eny change ln crack

length. An autographfc method was used 1n Èhe compltance

measuremenEs. The crack extenslon was calculated by uslng

Èhe relatlon developed by Joyce et a1 [9 0]:

S3L - 0.998265 3.8r662 U - 1.80596 U,- + 32.114 U--
IJ 

))eL.Jr r.\rL,_ 
x 

_x x

¡{ 5

x44.t566 U 52.6788 U (3.1)
x
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effii ffi

(a) Fatigue precracking set-up

(b) Fracture Testíng set-up

Figure 3.4 Photographs for fatigue precracklng and fracture t.estíng
set-ups using standard three polnt bendfng specimens.

W

fvrdrlimm



where

edge

B ts the

E ls the

W 1s the

S ls Ehe

The J-lntegral ls

J (f+1)

where r¡

Y

t+1
U

thlckness

elastlc nodul-us

wt <l Eh

51

dtsplacement

aÈ poinÈs t

1

xU

ô

BI^IE öxßT-
Ll ¿

I +1

x f s the speclmen elasttc compllance durlng
p

unloa<1 lng

ô is Ehe crack openlng dlsplacement at the notched
x

speclmen

speclmen

speclmen

spectrnen sPan length

given by:

[¡r + ( "r)1
(3.2)¡\

bi

u ,. ,.*t
B

lIr (*) r("r+r-1

a=I

2 for 3-polnt load sPeclmens

1 + (0.76)b/w

crack extenslon

area unde r the load versus load 11net, t+1
be Eween llnes of

and 1+1.

constent dtsPlacemenE

The area under the load versus load-11ne dtsplacement

record rdas measured wlttr a Planlmeter. t, ln equatton (3.2)

Idas calculaÈed uslng equatton (2.14) '

A plot of J-lntegra1 versus crack extenslon aa is

constructed to obtatn the crack advance 11ne. The crltlcal

J- lntegral valu" JIC l" obtalned at the lntersectlon of the
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experlmentslly conatructed crack advance 11ne and the

bluntlng ltne deflned by the relatlonshlp:
(3.3)J = , oo'Aa

where o ls an arlthnetlc average of the Yteld stress and the

of the materlal

low temperatures where valid elastlc

rlere calculated uslng the equatf on:
IC

obtalned,

vz) *1.

o

ultfmate tenslle strength

The J values aÈ

K

IC

reglon was

(1
Jra

For

tests were

obt al ned.

The wedge loaded conPact

conf lgurat. I on \{as us ed t o studY

fracture toughness Parameter J

(3.4)
E

each experlmental pofnt, at least two fracture

performed and an average lras taken on the values

3.5 uasi-Statlc and D naml. c Frac ture Testln

3 .5.1 Speclmens and Wedses

tens I on sp ec lmens

the effect of loading rate on

. It was Èested both under
IC

quasl-statlc and dynamlc loadtng condltlons. The dimensions

of thl s speclmen are shown ln Flg' 3 ' 5 ' I^ledges wl Eh ân

angle of 50o rrere machfned from Atlas cold work steel type NN

andusedforfatlguePrecracklngwhllewedgesmadeofa

tltanfum alloy (Tr-641,-4V) r¡lth an angle of 60o Itere used for

both statlc and dynanic tests. Ftg. 3.6 shows the force

dlstrlbutlon for a I'ILCT specLmen'
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Geometry and dlmenslons of wedge loaded compact
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Figure 3.5
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Fl8ure 3.6 Force distrtbution for a wedge loaded compact tenslon (WLCT) specimen.
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The experlnental 8eÈ-up shown ln Ftg. 3.7 ttas bul1t to

ftt a standard cloeed loop tesElng machfne. Thts set-up was

used for fat I gue precracklng such that the load rat lo R" =

0. l, the frequency f = 4O HZ, and the fatlgue crack length

Aa=lmm.

3.5.2. Quasl-Statlc ExperlEental Testing

Fig 3.8 shor¡s a schematlc drawlng of Èhe quasl-statlc

experinental arrangement whtle Fig. 3.9 shor,¡s a photograph of

thls set-up. The WLCT specimen ls posltloned on the support

whtch ls insÈa1led on Èhe lower platten. The werlge ls

atteched to the upPer Platten and the Platten ltself is flxerl

to the load ce11. The load P versus llnear displacemenE ô of

the wedge ls measured by two htgh resolutlon tranducers

(DCDT) held by the lower platten. Callbratlon of the DCDT 1s

obtalned uslng f111ers. Thts conflguratlon allows foi exact

rneasurements of the movement of the lower platten with

respect to the wedge. The lower platten 1s 6upported on the

loading raE by a one-ba11 bearlng to avold any non-axiat

loadlng.

The speclmen, lts geometryr conflguratlon ancl way of

loadtng ls based on the t{LCT neÈhod Proposed ln [79] and

t80l. The point of onBet of crack propagatlon ls deterrnlned

by uslng a straln gege attached on the l.l|,CT speclmens very

close to the front of the fatlgue crack and connected to a

brldge, a DC ampltffer and X-Y-Y recorder. To ni nlmi ze the

frlctlon effecÈ, the wedge surfaces and the angular lnclslon
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Figure 3.7 Experlmental set-up for fatigue precracklng of I'ILCT specÍmens.



FEED BACK IGNAL
LOAD CELL

UPPER
PI.ATEN

WLCT
SP€CIMEN

oc0T

X.Y.YRE@RDER

c¡t

Yx

DIGITAL
VOLTMETER

DIGITAL
\OUÍI/IETER

0c sfRAr,¡
GAGE

6V-DC
SUPPLY

6V- DC

SUPPLY

DCDT

OiIE BAI.L
BEAR]NG

sTRAl.¡
GAGE

a

WEDGE

L'l
\J

Flgure 3.8 Experimental set-up for the quasl-statlc tests of I'ILCT specimens.
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Flgure 3.9 A photograph for the equlpment used durfng quasi-static
testing for I{LCT
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surfacea of the I,ILCT speclmen were lubrlcated uslng an l'loS,

base lubrlcant. Thus, the axlal load P and the wedge

dfsplacement ti as well aa the straln gage slgnal could be

recorded uslng the X-Y-Y recorder.

The followlng force dfstrlbutlon forrnula (see Ffg-

3.6) can be used to calculate the openlng force F:

P (3.5)2 Ear.lø / Z + ran-r(u)l

where 1s the axlal force actlng on the wedge

1s the angle of the Bpecluen lnclslon, and

ls the frlctlon coefflclent between the wedge and

F

P

B

u

the sPecimen.
U

The fracture toughness Parameter m
fron each load-dt splacement curve up to

propagatlon as determlned fron the output

\ras deEermined

the polnt of crack

of the straln gage.

3.5.3 Inpact Loading by Longltudinal Waves, Spltt Hopklnson

Pressure Bar Technl q ue

The fundamentals of stress ltave loadlng are shorvn in

Ftg. 3.10. The box diagram of the experimental set-up ls

shown ln Flg. 3.11. The system conslsts of a gas gun (not

shown 1n Fig. 3.11 ) , two properly lnsÈrumented Hopklnson bars

and measurlng and recording equipnent. Photograph of the

experlmental lnstallatlons ls shown tn Flg. 3.12. A wedge

loaded conpact tensf on spel clmen (l,lLCT) of ¡he same geometry

as Èhat used ln quasl-stAtlc tests ls placed between the
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Flgure 3.12 Photographs for equip¡nent used fn impact
testing of the I{LCT speclmens.
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quasl-etatic

38 rnm and the
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wedge ls

loaded {n

conflgur-

aluml num

to

the

The

the lnc I dent bar, the

Bame manner as for the

dlaneter of all bars was

alloy 2024-T3 was used for making these bars to obtaln the

best perforInance (1ow mechanlcal lrnperlance Pco, where 0ls

the density of the bar and Co ls the longlÈudlnal elastlc

rrave speed) [91].

The use of Èhe syste{0 to test fracture toughness *ra

have been descrlbed earller [79 ] . Name 1y, a strtker bar ts

launched frorn a gas gun at a Prescrtbed veloctty Uo. The

impact of the strlker bar lnto the face of the lncldent bar

develops the longlËudinal comPresslve wave EI(t) r¡hich Propa-

gates along thls bar. The lncirlenE wave eI(È) ls measured by

the straln gage staÈlon (T 1), wfth the atd of the straln gage

brldge (sRBl)' srraln aropllfter (Ar), the dlgttal memory

(DMf ) and the oscllloscope wlth nemory (CRo/M) as shor'rn ln

Flg. 3.11 where e denotes el-astlc longitudinal strain and t

ls tlme . At the lnst,ant when the lncldent wave e, ( t ) reaches

the notch the l^ILCT speclmen starts to be loaded. Since the

strlker bar must be aE least ten tlmes longer than the total

length of the I^ILCT speclmen, the process of lts loadlng

the tncldenÈ wave through the wedge may be assumed to

elmllar to the quasl-statlc cese [78-80]. Next, part of

compresslve lncldent wave er(t ) ls reflected at the wedge

bv

be

the

end



64

of the lncldent bar as a tenslle pu1se, - e*(t), and part 1s

transmf tted fnto the transmltter bar es a compressive pulse

ET(È). The transnlÈted compresslve wave er(t) ts meaaured by

the straln gage staÈ1on (T¡) and recorded wlth the ald of

6train gage bridge (SRB3), anpltffer (43) 
' digftal memory

(DM¡) and osctlloscope wlth nemory (CR0/M). The polnt of

crack lnlttaÈlon ls detecÈed through the straln gage (TZ) an<1

the slgnal ls measured and recorded wlth the ald of straln

gage brfdge (sRB2), ampltfler (Ar), dtgttal mamory (DM2 ) and

tlme recorder (R). Thus, tncldent eI(t) and reflected

eR(t) elastlc waves are measured by the straln gage statlon

(Tf ) whereas the transraitted elast{c wave eT(t) and the

specimen straln gage slgnal are meâsured by Èhe straln gage

statlons (T¡) and (TZ) resPectlvety. All four pulses provlde

the lnforma t lon concernlng sPecimen Loading and frac Èuring '

The proper dtstance *O and XB, between the strain gage

staÈion (Tf) and (TZ), sêe Ftg. 3.10, make 1t

separate 1n tlme the eI(t) and - e*(t) waves'

The followlng quantltatlve analysls of the

to descrlbe the dynamlc frecturlng of a sPeclmen

to that lntroduced by Kolsky t78 I an<l dlscussed

The solutlon for long elastlc waves (wfthout any

w111 be enployed. The dtsplacement of the wedge,

borly denoted by % 1n Ftg. 3.10 nay be wrltten as

uA(r) = co It Ier(t) - e*(t)]dt
o

possible to

three rJaves

ls slmllar

in [79,80] .

disperslon)

as a rlglcl

follows:

(3.6)



and the dfsplacement

backtng the specimen,

8S:

ô(r)
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of the transmltter bar face whlch 1s

denotetl by U (t ) ls wrltten analogouslY
B

(t) c I'
o

er(t) dt (i.7)
B

where C ls the elasElc wave speed tn the Hopkl-nson bars
o

whlch ls glven bY

e - (tlp)tt, (3.8)
o'

where E and p are the Young's nodulus and denslty of Ehe

Hopklnson bars resPectivelY.

The net dtsplacement of the wedge ô can be wrltten as

a functlon of tlme as:

ô(r) = uo(t) - uB(t) (3'9)

Introduclng equatlons (3.6) and (3.7), the displacement ô(t)

as a functlon of time can be dlrectly related to the measured

quantitles

-U o

co f 
t[.,

o
(t) eR (t) er(t)]dt (3.10)

face B ls

few micro-

used to

(3.11)

I t nay be re¡Dernbered Èhat the ref lected wave tR (t) has a

ne ga t lve

If

attalned,

6econds,

calcula t e

va1ue.

en equlllbrlum of forces on face A and

r¡hf ch usually takes place wf thln a

the followfng slmpltflert formula cen be

the net dlsplacement

ô(r) 2 c
o

e ( t )dtRIt
o

The condltlon for equllfbrlum 1s:

er (t) + e*(t) - er(t) (3.12)
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axfal forces actlng on the speclmen from both

B (fron slde A through the wedge) can be

For thls purpose r Hooke I s law 1s used, thus:

n, Ier(t) + e*(t)J ( 3 . 13 )=f,

and the force âcting on the contact surface between the

transmltter bar

PB(È) =

where, E and O,

the Hopkinson

loading sYStem

speclmen ( face

r(r)
Young I s modulus

reBpectlvely.

B) ls:

(3.14)

and cross sectlon area of

The average force P in the

and

E

are

bars

ls

\'

P(r) P (t) + P (t)l
A B

Afrer lntroducing equatlons (3.13) and (3.f4), the average

force F cart be also related to the measured quantiEies

!
2

cEA
E

1

2

t (3.15)

P( r ) I (t)

t{hen the df ff erence of

(equilibrium condltlon

equation (3.f6) reduces to

+ e R(r) +

f orces P

er(t)J (3.16)

. and P- is noÈ largeAB
ls satlsfted), the relatlon ln

P(t)-EArer(t) (3.17)

It 1s concluded fron the above equatlons that equatlon

(3.9) enables the calcuLatlon of wedge dispLacement as a

functlon of tlme, and equation (3.15) permits the calculatlon

of the average force as a functlon of tirne. The slmpllfied

relatlon fn equatlon (3.17 ) predlcts that the average force

Þ i s propor t lonal to the trans¡nltted pu1se.

Ellmfnatlng the tlme ln p(t) and ö(t) plots, it 1s

posslble to obtaln a P ô plot. The area under the P - ¿j
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curve cen be calculated uP to the polnt of crack lnttlatlon

as deEermlned from the Etraln Sage attached on the Epeclmen.

Thfs area ls ultlmately an tndlcatlon of the material

fracture toughness Jta.

It must be menrioned that greaÈ advanÈage of the

three-bar system ls the dynamlc caltbraElon of the elastic

strelns measured by the straln gage statlons at each experi-

Eent. Appllcatton of Hooke's law cJ = E e-^-^, together with
Sage

the elastlc wave solutlon 6 = p CoV, where V 1s the mass

veloclty, €ûables the fo1-lowing callbratlon formula to be

derlved:

(3.18)
o

v(urior)21

I cI
*

tr
*

E I

o

where ls the rnaxlmum

ls the lmpact velocltY as

of the lncldent pu1se, Uo

wfth the photodlodes (Fl,

3.11, Dl fs the

the dl-ameter of

amplltude

measured

FZ ) and

dianeter

counter (TC) as

Èhe strlker bar

shown ln Fg.

and Df denotes

tlne

of

the Hopkl-nson bars

To callbraEe the ampllfications of gages (Tr) and

(T3), see Fig. 3.11, a longltudinal pulse 1s sent Èhrough the

system of bars wlth the wedge and speclmen removed. Dlffer-

ent deslred loadtng rates can be achleved by differenÈ

lntttal velocltles of the strlker bar.

In the wedge loaded Epecfmen method, the effect of

frlctlon must be taken lnto account slnce the loadlng tenslle

force ls lnfluenced by the frlctton coefflclent p. wlth

lubrlcatlon uslng Hos, I en average value of p about 0.1 ls

consldered. Thts value 1s assumed to be ldentlcal ln both

dynamlc and quasl-stattc condltlons [92 r 9 3] '
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3 6 Stretch Zone 1{fdth Measurementg

An alternattve nethod Èo

toughnes s tra fs the measureuent

determlne the fracture

of the Btretch zone width

Íg4-g71. The sÈretch zone ts the translÈlon between the end

of the fatlgue pre-crack and the etable crack growth. It ls

characterlzed by an extenslve plastlc deformatlon prlor to

crack lnlttatlon. This zone can be dlstlngu{shed from Ehe

fatlgue pre-crack reglon and Èhe stable crack Erowth region

on scannlng electron ml crographs of the fracture surface.

Assumlng that deformatlon prior to crack tnlt{ation takes

place along 45' sltp llnes, the crltlcal stretch zone wldth

(1{szc) can be measured by ttlting a ftactured spec lmen an

angle of 45" and examf nlng it fn the scannlng electrotl

nlcroscope. ThiS measurement ls shown schematteally ln

Fig. 3.13.

Conslderlng a symlnetrlc blunt crack, Nguyen-Duy t95l

has derlved en equâtlon relattng the stretch zoîe width

(WSZC) to the crack opening dtsplacement (COD) ' If AB in

F1g.3.13 1s the crltical stretch zone wldth, {t can be shown

that the streEch zoîe wtdth and the crttlcal crack openlng

displecemenÈ are gfven bY [95]:

d (3.1e)t¡szc cos(0 ,.|, )

and

a I
G

(coD)c 2d
;" 4, - "t"A

o
I
c

(3.20)

where d ls the measured length of the sÈreÈch zoîe on Ehe

lncldent angle of the beam (ttlt-ml crographs, q, 1s the
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Figure 3. 13 Illustratlon of the stretch zone of broken speclmen half (After 95 )
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Btratn

related

Q - 45o, end G

condltlons, the

to the (C0D)C bY

fs the magnlftcatlon. Under

crltlcal value of J-lntegral (J

[98,99]:

70

plane-

lsrc)

JIC,= In oo(COD)C (3'2I)

where O fs the flow stress and m ls a constralnt factor due
o

tõ plane sEraln loadlng. It 1s usually taken aPproxlmately

to be equal to 2.0. SubstlÈutlng equatton (3'20) fnto

equation (3.21), wfth rn equal to 2, equatlon (3'21) becomes:

4ød
f-

"IC - cosù + stnQ G

Halves of broken 3-polnt bend and 1lllcT speclmens were

examinerl by a scannlng electron m1 croscope (super ì'1 inl-sEì',l

ISI) uslng mostly a tllt angle 0 = 3Oo and a magnlflcatlon

about 1oo to 300. The length of the stretch zone d was

measured at different polnts along the crack front and the

results were averaged. The value of JIC t"s calculated using

equat lon (3.22) .

3.7 Heat Treatment

A dtfferent microsEructure correspondlng to tempered

martenslte rdas obtalned through a heat rreatmenÈ Process '

speclmens of dlfferenÈ shapes and Seometrles lncludlng

Charpy, tenslle, bulge ducttltty and three polnt bendlng

speclmens machlned fron 1045 steel were water quencherl frorn

81 OoC and then tempered at a temperature of 54 0" C for 1. 5

hours. The resulttng hardness of the material. *a 23. As
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shown 1n Flg.3.14 the materlal had a tenpered Earrensltlc

structure. The relatlonshlp between fracEure toughness '

ducttltty and teruperature rras also lnvestlSated for thls

mlcrostructure.

3.8 Su mmafY

This chapter has descrlbed the different Procedures to

obEalntheexperlmentaldataforducttlttyandfracture

Èoughness under dt fferenE condit tons of tes t temperature anrl

loadlng raËe. Tenslle and bulge ducttltty ldere adopterl Eo

measure the material ducttllty whlle the tra crlterlon, rrsing

standardthreepolntbendingsPecl.menswasadoPtedto

charactetLze the naterial fracture toughness. A wedge loaderl

compact tenslon sPecf men (tJLCT ) was used to obtain the

fracEure toughness data over a wlde range of 1-oadlng rates'

Fracture ln the dynarnlc range was achleved by the sp1lt

Hopklnsonbartechnlque.ThemeasurementofthestreLchzone

wldth wfÈh the scannlng electron mlcroscopy, IJas used as an

alternatlve nethod Eo determlne the fracture toughness JIc'

andtoconflrmthose.resultsoffracturetoughnessJlc

obtalned from the atandard three polnt ben<tlng and wedge

loadedconPacttenslontesÈlng.Twomlcrost'ructureswere

tesÈed, nanely a Pearlltlc and a teropered martenslÈtc

structure. The exPerlmental results are described 1n the

next chaPter.





CHAPTER 4

EXPERIMENTAL RESULTS
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4.1 Charpy Inpact Toughness

The varlatlon of charpy v-notch touShness wlth

teruperature for the annealed 1 045 steel ls shown 1n Fig. 4.1 .

A ducttltty transttlon temperature corresponding to a Charpy

energy of 1 5 ft-1b occurs at about 0"C. UPper shelf was

obtalnerl at temperatures above 60oC whl1e 1or.¡er shelf was

obtalned at temperatures below 40oC'

4.2 Tensl 1e ProPerties

Results for the tenslle test as 'functton of

temperature of the annealed I 045 steel are shown ln Figs '

4.2, 4.3 and 4.4. Flgure 4.2 shows Èhe varlatlon of the

yleld stress oy, the flow stress (equal to (or, + Úy)/2) and

the ultlnate tenslle strength d.r, es a functton of

temperaÈure. Flgure 4.3 shows the tempereture dependence of

tenslle ductilfty, ln percent elongatlon and percent

reduction ln areâ. The variatlon of the straln hardening

exponent n wtth temperature 1s glven 1n Fl g' t+ ' 4 ' As

expected, there 1s a sfgntflcant tenperature dependence of

the yleld stress, ultlmate tenslle strength and consequently

the flow stress. The tenelle ductlltty shows also a

temperature dependence. Decreaslng the temperature' as

expected, decreases the tenslle ductl1lty and lncreases the

yfeld 6tress and flow Etress'
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4.3 Bulge Ductfllty

The varlatlon of the bulge ducttltty wlth terûPerature

for AISI l045 steel ln the annealed condlElon, 1s Presenterl

fn Ftg. 4.5. It ls shown that as the temperature decreases'

bulge ductlltty also decreeses. There ls a slgntflcant drop

fn ducttltty observed at 6O'C. The bulge ducttltty at 25oC

reaches a value of 0.55 whlle lt ls 0.16 at - 60oC. The

marked drop ln bulge duct tlt ty seems to take p1-ace below

-40'c.

4.4 Fracture Toughesss (Jrc) Results from the Compllance

M e thod

J-resistance curves, whlch are plots of J versus Aa

for the different testlng temPeratures' Itere obtalned. They

are shown ln Flgs . 4.6 (a) to 4.6 (f) for tenperatures 25,

10, O, -10, -20 and -4Oo C respect. lt."ly. The lntersection of

Èhe blunt tng 11ne ancl the crack advance 11ne glves Ehe JtC

values as shown. The values of Jtc obtalned for all the

speclmens tesEed neet the sLze requlrenent

J
IC (4.1)B, b > ø
ú

o

where c ls a nondlmenslonal constanE taken Èo be equal to 25'

Thus all the J values determlned can be consldered as valld
IC

of toughness of the naterlatr based on ASTM spectft-

8813-81.

values

catlon
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Ff g. 4.7.

a value of

elastlc

requlred

of the

JtC decreebes from

9 KJ/m2 at -6OoC.

temperature

value of 7 O

The relatlon

ls presented

KJ/m2 at 25"C

between JfC

The varlatlon of J wlthIC
1n

to

anrl

of

of

the

e

temperaÈure appears to be charactetLzed by the presence

trdo reglons. Nanely, f rom -6OoC to about -2 OoC, the slope

the curve of ,ra wfth temperature 1s much lower than 1n

regton

lated

from -2Ooc to 25"C. Whfle tt cen be lnlttally postu-

that this transltlon deffnes the change between llnear

and elastlc-plastic behavlor,

to determi ne the reason for thls

further analysls 1s

transltlon ln terfnS

followed by stabletero processes of crack blunt lng

crack growth.

The slope of the crack advance 11ne ¡ âs well as the

tearlng modulus t* def lnerl by Paris et a1 [1 00] as:

r = dJ . T (4.2)-R da 6i

as a funcÈton of temperature are shown 1n Flgs . 4.8 and 4.9

respect lvely . Both Ffgures show an almos È llnear relat lon of

t'hese pararne ters as a f unct,ton of temperature 1n the reglon

fron 25"C to -4OoC. It shouLd be polnted out thaC at -60oC,

the behavlor of the material ls entlrely elastlc and no

stable crack growÈh ls observed. Because the slope of the

crack advance lfne and T* varY llnearly wlth tenperature down

to -4OoC, lt can be deduced that the same mechanisms of

stable crack growth are present as long tts stable crack

propagaÈ1on takes placer ln Èhe range of -40oC to 25"e'
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ducÈt11ty .fb or

type of behavlor.

e-- ls llnear intb
1n Fig. 4.12.

The varlatlon of the paÍanetet A.", (crttical crack

extenston) wlth temperature 1s shol,rn ln Ftg. 4.10. Also Fig.

4.11 glves the effect of temperature on the crt tlcal load

llne dtsplacement U".. Both of these Paraneters show a

transitlon at about -20oC.

The varlatlon of Èenstle ducttlttY 'ft and bulge

e f , cr=l , g=O wtth Èemperature show the same

Actual1y, the relat tonship between tf a ancl

all the Eemperature range studierl as shown

The relatlonship between the fracture toughness ,rc

and the bulge ducttltty 1s glven ln Fig' 4'13' A llnear

relat lonshtp 1s obtalnerl {n Èhe range from -4 Oo C to 25" C ' A

quant ttatlve analysls of the varlatlon of JfC wlth bulge

ductlltty wt11 be PresenEed 1n the next chapter'

4.5 Quast-StaÈlc and Dynamlc Fracture Toughness (J )' rc

Results

4.5.1 Quasl-statfc Tests

Three wedge loaded pre-fattgued tenslon Epeclmens wlth

the notch machlned fn the longltudinal-transverse (LT)

orlentaElon rdere fractured. A typlcal load-displacement

curve as well as the slgnal of the straln gage whtch was

atÈached to the speclnen to rletect the polnt of onset crack

propagaÈ1on' are shown fn Flg' 4':I4'
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For each load-displacement curve up to the polnt of

onset of crack propagatlon, as determlned from the outPut of

the straln gage, the parameter h ""s calculated. The values

of thfs parameter are glven 1n Table 4.1 . An average value

for i" of 69 KJ/n2 vas obtained. Conparlng the fracture

t.oughness values of I{LCT speclmens wlth those obtained from

standard Ized three-pofnt bendlng specLmens lndicates that 1f

J = ku (4.3)"bB
then k has.a value of 2 f.or the three polnt bending speclmens

whtle lt ls around 1 for the WLCT sPeclmen. This an empirl-

cal callbratlon and thus k should be identtffed as one for

the I.¡LCT specimen. The value of k equal one may be attrlbut-

ed to the htgher stiffness of the WLCT speclmen compared to

the three polnt bending speclmen as shown ln Ffg. 4.15. It

wt11 be further assumed that k has a value of 1 for the

dynanic tests

for all tests on the I.ILCT speclmens.

4 .5 .2 Dynaml c Tests

Seven wedge loaded compact tensfon speclmens (WLCT)

were tested uslng the Spltt HoPklnson pressure bar. They all

showed sinilar behavlor, and typtcal- slgnals comprislng the

tncldent wave er(t), the ref lected wave e*(t), the

transmltted wave er(t), and the sPeclmen sEraln Sage slgnal

e are shown ln Flg. 4.16. Load and dtsplacement as a
SR

functlon of tlne were plotted. A typlcal example 1s shown ln

Fig. 4.17. Eltmtnatlng tlme from these plots results in

and thus the paraneter ft- wf ff be equal to Jra
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ABLE 4 .1

Pec lten

No

x1

x.2

X3

Type of

Testlng

Quast-Statlc
Quast-Statfc
Quast-SÈatlc

Dy nanl c

Dynarnl c

Dynanl c

Dynarnl c

Dy naml c
Dynaml c

IC bB

Ave ra ge

value

68 . s

27 .8

Crltlcal

Tlme

t usc

K IC

MPa/m 5- r

0.38
0.4
0.6

1.5 x 10b

1.33 x 10b

1.8 x 10b

2.5 x lOb

2.16 x 10b

1.32 x lOb

Reeults of I.JLCT speclmens under quaBl-statlc and dynarnlc

testlng

U U Equ fva lent *tJ
bB

KJ /nz

6s .7
77.5

62.L

28.1
22.5

30 .1
31.6

33

38

t c
Krc

MP a /ru

119.4
140.8

Itz.9

46

36.9
49.r
51.6

54

62 .2

3.12 x
3x
2x

10I
108

10I

x4
X5

X6

x.7

X8

X9

30

30

27

20

25

25

verage Quast-Statlc Testlng 68.5

a lue Dynamlc Testing 27 .8

124.5 2.66 x 108 0.5

50 26 3.1 x 10 b
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load-dtsplacenent P ( ô) curves such

Flg. 4.18. The ttme fnterval up to

propagatlon as lndicated by Èhe sPeclmen

as that shown ln

the onaet of crack

straln gaBe slgnal,

rras used to deflne the crlttcal
U

tlrne t .
c

The

Table 4.1,

value of ffi for all speclmens 1s also llsterl ln

to 27.8 KJ/m2.wlth an average equal

4.6 Stretch Zone I{tdth I'l easureEents

4.6.1 Three Polnt Bendlng Soeclmens Tested at

Df f ferent Te¡nperatures

Scannlng electron mlcrographs of Ehe fract.ured

surfaces of the three polnt bending sPeclmens tested 1n the

temperature range from -60oC to 25o C are shown 1n Fig. 4. lS.

The stretch zone wldth as well as the sLze of stable crack

grorrth are ldenttfled. Tt

Lncrease as a func E t on

4.21 for

of

the

ls evldent that these Pârameters

temperature. Thls 1s shown ln

stretch zone wtdth and the stabLeFlgs. 4.20 and

crack growÈh respect. lvely. I.Ihtle there 1s a marked

transltlon ln the varlatton of the stretch zone

temperature occurrlng at about -2 0oC, a change ln

the stable crack growth wlth ÈemperaEure occurs

teEperature' around -40oC.

The wfdth of Èhe streEch zone obtalned

wldth with

behavl or of

aÈ a lower

was used to

caLculaÈe the varlatlon of fracture toughnes" JIa with

tenperature. Thts ls ehown ln Ftg. 4.22. There 1s a
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(o ) T=25"C , 2OB X

(b) T= lO"C, 2OB X
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(c) T=OoC, 2OB X

Scannlng electron micrographs of the fractured three-point bending
specfmens at dl-fferent temPeratures

Eure 4. 19
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tranBltlon fron nostly llnear elasttc to elastlc-plastlc

behavfor taklng place at -20" C. The Presence of such a

transltlon 1s fn agreemenÈ wlth that. rePorted from direcE

measurements of JtC uslng the parÈ1a1 unloading method

Flg. 4.7 . However, the value of JrC from stretch zoîe

Eeasurements are generally hlgher by abou t 257. to 407

dependf ng on the temperature. This lncrease tn JtC is

explalned tn terms of uslng a value of 2 f.or the cons tralnt

f act.or m ln equatton 3.21 , However tf such a parameter is

ad justed for the variatton ln temperature ' 
m was found to

vary f rom 1.02 ro 1.6 as shown ln Ftg. 4.2i, úthere Jrc 1s

taken from J-reslstance curves obtalnerl from Partlal

unloading and COD 1s evaluated from stretch zoûe wldth

measurement s.

The relatlonshlp between bulge ductillty and stretch

zone width as well as stable crack growth are shown ln Fig.

4.24. From -4OoC to 25"C, the variation of bulge ducttllty

wlth etable crack growth ls ltnear, whtle the varlat lon of

bulge ducttltty wlth 6ÈreEch zone wfdth tndicates a

transltlon occurlng at -2OoC. It ls noted that at the low

temperature of -6OoC, the Eaterlal exhlbits an entirely

elastic behavlor wlth unstable crack growth.

4.6.2 f.Iedge Loaded Cornpact Tenslon Speclnens Tested

under 0uast-Statfc end Dynamlc Loa dlns Condf tlons

Halves of broken wedge loaded compact tenslon
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speclmens were examlned 1n

uslng noslly a t11t angle 0

1 00. The lengch of the

dt fferenÈ potnts along the

averaged. The values of

111

the scannlng electron nlcroscope,

= 30o and magntf tcaÈ1on of about

Stretch zone was measurerl at

crack fronÈ end the resul t s nere

Jra under quasl-stetlc an,l dynamic

testlng rJas calculated uslng equatton (3.22>. To calculate

o tn equaEion (3.22), the varlatlon of the flow stress o ls
o -1-- o

Jssuned to be sl¡n11ar to Èhe varlatlon of ytelrl strength wlth

strafn rates [101], namely:
m

o (e)
o

L 1
)(o ) (4 .4)

structure
o staEtc aEstatic

Temperature,

where (ó ) fs the quasl-statlc flow sËress, taken as' o'statlc '

450 l.lPa for AISI annealed 1045 steel at roon temperattrre'

; ^. -, ls the quasi-static straln rate taken as 10-3s-1, andstatlc
m. ls the straln rate sensltlvity nhlch ls deftned as

I
,ò LoB 6ì (4.5)tl = \::--..-......-J- ò log e Temperature, structure

Examples of the scanning electron ml-crographs showing

the stretch zones of quasl-statlc and dynamic tested WLCT

specimens ere shown ln Fig'ures 4.25 and 4.26 respectively.

These mlcrographs tndicate that the fracture behavlor ls

almost brlttle at hlgh loadlng rates'

The everage'value of rra Uetermlned fro¡o stretch zone

wtdth for quasl-etatic tesEs was found to be 74 KJ/m2, whlle

for dynamlc tests the average value was 30'5 KJ/m2'

4.7 Su E¡na r y

has descrlbed the experlmental results ofThl e chapter

the varlatlon of fracture toughnes" JIC "nd ductlltty
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rneasured under boÈh tenslle loadlng and blaxfal pLane straln

(bulge) loadlng 1n the transltlon tenperature range for

annealed 1 045 slee1. In thls temperature range there are

changes 1n behavlor from prlmartly llnear elastlc Eo elastlc-

plastlc. l.tedge loaded compact tenslon sPeclmens (Il¡LCT) were

adopted for quasl-statlc 8nd dynamlc fracÈure toughnes' the

analysls of the results was based on Èhe determlnatlon of the

U
Parameter 68.

Scannlng electron mlcroscope results for both three

polnt bendlng speclmens tested at dtfferenÈ tenperatÌrres ' and

wedge loaded corDpact tenslon 6pecimens tested at dtfferenE

straln rates, showed also the same trend of behavlor, namely,

nostly llnear elastic behavior at lor¿ temperatures or hlgh

loadlng rates, and elastlc-plastlc behavlor at high

temperaËures or 1ow loadi.ng rates. An analytlcal model to

characÈ.e :-Lze the relatlonshlp between the fracture toughness

J_ _ and ducttLtty for the 1lnear elastlc behavlor anrl the
TC

elastlc-plastlc behavlor w111 be treaEed in the next chapter'
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Quantltatlve correlatlon between ductlltty and

fracture toughness of englneerlng fûaterlals has been a maJor

obJecÈlve ln f racture reaearch. Whlle these tIJo Propert les

are lnttmately related, ln the 6ense that generally high

duct tltty correaponds to hlgh fracfure toughneas and vice

versa, the analytlcal apProach for esÈebltshfng relatlonshlps

beÈween these ProperËles has been rather dlfflcult' As

reporÈed 1n the prevlous chapter, the correlatlon between the

fracÈure Èoughness parameter rrc and bulge ducttltty for ATSI

1 045 steel ln the annealed conditlon ln the Èransltlon reglon

was experlmentally deÈermined. These two parameters were

neasured as a functlon of temperature ln the range -60oc to

25o C. By varying the temperature, e transitlon fron plane

strain llnear elastlc behavior to elastlc-plastic behavlor ls

obÈalned. The obJecÈlve of thts chapter 1s to develop an

analytlcal model to characterLze the relatlonshtp between JIC

and bulge ducttltty ln thts temperature range'

5.1 J
IC

Duc t1Ltty RelattonshtP

5 .1 .1 Llnear E las t I c B ehavi or

In the llnear elasttc reglon, a slnl 1ar analysis to

thaÈ leadlng to equetlon (2.2L) wt11 be used. However' as 1È

wt1l. be demonstraÈed, a eecond terrû ln equstton (2.21) is

necessary to account for the facÈ that, âs bu1-ge ducttlity

approaches ze:-o, the Eaterlal st111 has a measurable value of

fracture toughness.
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The fracÈure toughness G^ 1s def tned as the work

a unlt crack extenslonrequlred to form

ô l'I

c ôA

r¡h e r e o
F

equal to

f teld as

distance

v ls the

G (5.1)

and t.he work

plane strain

ðW conslsts of two Parts: the plastlc work ôW
p

requlred to create a new surf ace ò"'I-. For
s

fracture toughness:

J=Ç=Y- IC IC Y+

where y ls the r¡ork to create a new surf ece (surf ace or
s

elastlc energy) and

p

Y p

(5.2)

ls the plastlc work.

analys ls [3 ] , Y" can be wrl t ten as:

(1 - vz)lE (5.3)
Uslng Grlffith

22o r¡ L*
F

ls the f rac ture sÈress whlch can be es ÈimaÈerl as

YS

3oo (oo fs the flow

reported by Rlce

stress) uslng Prandtl sltP 11ne

[102], L* is a characÈerlstlc

microstructure of the rûaterlal,

1's the modulus of elasticltY'

r¡hlch depends on

Poissonrs ratlo

the

and E

For plane straln condlEton, with very smal1 plastlcity

aE Èhe crack tfp, the plastic work O"O acconPanying unlE

crack exÈenslon ls the plastic work required to advance the

plastlc zoÍLe by Àa, aa schematlcally lllustrated fn Ffg. 5.1.

In polar coordlnates (see Ftg.5.1), thls work lncrement ls:

dl,lp de x rd0dr (5.4)

effectlve stralnwhere ã arnd ã 
"te 

the ef f ectlve stress ancl

=aJx
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respectlvelY, 
^l{

ts glven bY
p

^'vl
2 !,P

o
I"
o

dtl p 2 I,PI"
oo

6 de rd0dr
P

ÂaxKS -n *1tr, o, P
I,P
o

r p* 'ì

t;*îEl
(n+L) I 2
dr

(5.5)
x

where

s I"
o

I (e) "[f (o) I
n*1 (s.6)

1J

Equatlon (5.5) applles to a power law straln hardenlng

dlstrlbutlon characterlzed bY

at the onse t of fracrure the
ci =KE

n
, and a strainmaterlal

-I/2the r singularlty. Thus

strain dlstrtbutionsstress and are glven by

( e)e(rr0) eFrd'F
rP*'ìLãr:I:ãr t ij

(s.7)

; (r, o) tFrorF t
p* nl2

I (e ) l
n (s.8)K f rjp*+2r

where p* ls Neuber's mlcrosupporr effect consÈant equal to

oz

"t 
t

o
3

0.025 nm (0.001")'

the princlpal stress

a and P are equal to

The effectlve

d= Ê o1 ' and ol, ó1 and "3 are

conponents. For plane straln conditlon

0.81 and 0.61 resPectlvelY [103] '

straln can be separated into a radial

and an angular comPonent [50] as

e(rr0) e(r) I xf.
g=0"

( e) (5.e)
rJ

The radlaL part of dW equetton (5.4) can be lntegrated arrd
p

p*
p*+2r

a-n ( for nÉ1

(5.10)

ytelds

(dwp)radral p*
p ;(t-n)/2 1l
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p* +2r
-Pan<l (dI^lp )radial E

g'
2

2 ( p* ) for n=l (5.11)
n

Substltutlng the plastlc zone length t65l

p*
T

Jr.o.u 2
1lr p t (5.12)

e
v

fn equatlon (5.5), thus J_
p

wrltten as:

(1) For a material

hardenlng law " =

whlch ls equal to ð!¡ lò/, can be
p

whlch follows a llnear sLrain

Ke

s\ p*
2 rr. o, u

t
v

Yp =l( EFra rB 
În (5.13)

(2) For a naterial whlch fo11or¡s a power straln

hardentng ã K
-n
t

K Sr p* -n* 1
t

!r. o. u )t-" -11 (5.14)Y'p 1-n tFrorF
E

v

(3) For a neterlal whlch has a rlgtd llnear straln

hardening o=ú+o
Ke

= p* ; Is
eF.arß

1) +K tt irrd,g ln 1,--
)I

P FrcrF
e E

v
(5.rs)

po\{er strain

v

(4) For a ¡neterlal whfch follows a rlgld

hardenlnglar¡6=oo+K
-n
€

ãr.o.Ê Kd tFrorg 1-n
+ -n ) -t Ì I1:ñ' e

T ;
v

o
E

v
t"t

P
P* tF ro rÊ Is o 1) o,p{(

(5.r6)



(5) Flnally, for e rtgld plaBtlc E¡aterlal

Y sp* 6
tFro.ß

P
v

In these equat tons, the

have thelr usual meanlng

parameters

deftned

t2r

(5.17)
o

Ê

P*, S, ut F, S'

and E earller, eFrcrÊ

crack tip under

stress state corresponding to a plane 6traln con¡l{tfon'

All the above expressLons for tO ere of the form

-2
Yn = sP* t',0,F' f (E' K' n' t,)

rn equation (5.18) ,o is ProPortlonal to Ii,o,U'

lng equarion (5.3) and equatlon (5.18) lnto equatlon (5.2)

gives

-2
Jrc = Sp* .rrorp f(E'Krt,.y

Equatlon (5.19) contalns a

whlch glves a value for

approaches zero. Jr 
ro rF 1s

)+2ornLä(1 u2)/x (5.19)

ls
v

the effecÈ1ve fracture straln near the d

second term

fracture

evaluated

(5.18)

SubsÈltut-

1n the rtght hand slde

toughness as ãrrorU

fron exÈrapolatlon from

the experluentallY deternlned

the followlng Procedure:

buLge ducttlttY .frõ=1,F=0 bY

(5.20)

(5.2r)

(s.22)

If

and

6

de=
P

õ

{f tc"r-
(o

+ (oz

3
)/3

0

2oz)

oz 6++

c l/2
o1)-lÌ2

og) + (o¡-

a.fl'lI'''

meân

Pde P
1

+de +
2

1

2t

lncrement of effectlve plasttc straln

lca'¡ a'!l (det ar!>2 + tae!+É

r¡lth

u'!

The fracture straln for a glven

for a

6tress state charac-

terlzed by a = orlo, and P É otl o, matertal following ú



s K -n fs given by

- l/n
rFrorF 3 (H Ìr) r .ft

wher. tft l" the fracture ductlltty tn tenslon'

H = !l(t+c+p) and M = [(1*a* g)2' 3(a+g+aF) ]t".

Uslng the bulge ducttl{ty ;F, o=1, F=O 
the

1n equation (5.23) becomes

1/nÌr) "Frc=l ,g=o
lonshlp beÈween

tFrorP

Thus, the

(2H

relat

t22

(5.23)

relattonship

(5 .2 4)

andttro=1rF=0

E Frd=0.81rF=0.6t ls:

tFro=O.81rF=0.6t

Substitutlng equatlon

J IC S p* (0.27 9)

(0,27 9)
I ln

'(5.25) into
_22ln

eF 
, cr=l , F = 0 ( 5 ' 2 5 )

equatlon (5.19) gtves

EF, c=1, Ê=O 'f(E'K'n' Êr)a

+2o\n
*

L
e

(1
2

,2) ls (s.26)

or form

cr. Frõ=1rF=0 "z
(5 .27 )

5 .1.2 Elastic-Plastlc Behavlor

In the elastlc-plastlc reglon, Rice and Johnson [1 03]

have descrlbed a regton of Lntense sÈraln at the crack ttp'

For senl-cLrcular bluntlng, thls reglon extends ahead of the

cracks to approxlmately twlce the value of the crack openlng

dtsplacement. Wlthtn the regfon of lntense straln' an

-iepproxlrûate r straln slngularlty exlsts. Crack ttp blunt-

ln general

J=
IC

2

e +
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ln8 occurs under e condltton of btaxial streBs and ts

observed on the ia""ture surface as a Etretch zone'

In thls analysls, the blaxlal Etress staÈe whlch

exlsts at Èhe blunted crack ttp 1s assumed to be analogous to

that obÈalned macroscoptcally 1n the bulge ductlltty

specl-men. Uslng the model descrlbert earller t1041 , the dist-

rlbutlon of the plasttc streln ã artd Che stress state {or/ã)
p

ahead of the crack ttp as a funcÈ1on of dletance ahead of the

crack x normalized with respecÈ to crack tlp openlng dis-

placemena ôt fs shown 1n Flg. 5.2.

The straln dlstrlbutlon;^ is related to ôr/x by:
p

ô

; = Ç 1 (5.28)
px

where C ls a constant whlch 1s determlned frou Fig. 5.2 '

a Èyplcal" J-res ls tânce curve [ 99 ] '
fracture

(5.2e)

Referrlng Èo

lnltlatlon of ductlle
*

ô. = $.II

-*tf

et

tip.

dis-
and e

P

J IC

whlch occurs at

1s also related to the
*

placeuent ôt by:

*
J =m6ôIC

-*
ef

L from the crack

crack tip openlng

a dlstance

crltical

*
p

o

Frc=lrÊ-0

the fracture sEraln

ls a constant whlch

(5.30)

(5.31)

to the bulge ductilltY

usualty less than one

I

trhere m fs a constralnt factor whlch depends on the material

and testlng condltlons t971. If tt 1s now assumed that

=tl
r¡hlch relates
-*-k"Fro-l ,F-0t
and whlch nay vary wlth temperature and neterlal cond{tlons'

-*tf

ls
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BLUNTED CRACK

INITIAL SHARP CRACK

5

o

o.5

o.oo.o o.5 t.o r.5 2.O 2.5

x/8
Flgure 5.2 Dfstributlon of plastlc straln (ãO) and stress

state (o^/õ) near craêk tiP (followlng Rice et

ar. þoal ) .

I
6

x
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Frotn

posstble to

f="lc k

equattons (5.28) ,

write the followlng

mú *
p

o

P

(s.30) and (5.31),

relatlonshlp:

EL

t25

tr ts

(5.32)

The

the

C Frc=lrF=0

orr ln general form

J to tFro=l 
rF=o
*

(5.33)
IC

whereC=(krnõ/C)Lpo
Equatton (5.33)

wlth bulge ducttlttY aF, o=1 , 0= O 1s llnear in the e'l-as Lic-

plasÈlc reglon.

Flgure 5.3 represents a sumnary of Èhe model showing

the relat ion between JtC and bulge ducttl-1ty and deflnlng the

llnear-elastlc and elastlc-plastlctransltion between

reglmes.

5.2 Appllcatlon of the Model

As lndlcated ln F1g.4.13 ln chapter 4, experimental

results of the varlatlon of fracture toughness exPressed as

Jla and bulge ductlllty were obtalned for AISI 1045 steel tn

the annealerl condltlons as a functton of Èemperature.

to 25o C and lncludes boch

ltnear elasttc and elastlc-plasttc

These experlmenÈa1 reeults

reglons for thls stee1.

lndicetes Èhat the varlatlon of Jtc

range of temperature was -60oC

constants ct and CZ 1n equatton

rtere used

(5 .27 > an<l

to evaluate the

c 1n equat lon
P

(s.33).

Table 5 1

The values of these constants are given ln
*

whfch also shows the calculaÈed values of L; and
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Jrc=Cp. €f,o=t,Ê
=Q

()
F

e

At

U'
ø\5

a? o\aa)
o
t-

Tronsition Poinl From
Elosric- behovior lo
Elostic -plostic

ct)
Y

u.J I
É. Behovior

€f COl- (r
()

É, (9
É.
l¡Jz
¡¡J

l¡l
(9

s
l¡J
J
C)

tL

1G I
Jrc=C, €fra =t,F=o+ CzI I

I
I
IC2

BULGE DUCTILITY € f, c=l , Ê=o
Figure 5.3 Dfagrarnatlc rePresentatlon for the proposed nodel

to correlate Jlc and bulge ductillty .F,o=l 
, ß=0 tt

the transltlon regfon.
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TABLE 5 1 Valuee of constente fn Eqne . (5.27) and (5 '33)
for annealed 1045 eteel

Constant Valu e

c I
2

fn Eq.
1n Eq.

AJ
IC

(5 .27 )
(5 .27 )

49

8.6

310

50

75

178

kJ/n2
kJ/n2c

c

d

L

I fn Eq. (5.33) kJ/n2
P Âtf ,o-1rÊ-o

= pearllte colony dfaneter

om Eq. (5.26)

ln Eq. (5.32)

PTD

*
e

l.rE

* pm (evaluated at 25"C)KL
P



*kL (evaluated at
p

L28
**

25oC). The determlned values of L" and 
"O

ehould be compared wfth the elze of the Pearllte colony

dlmenslon ã, for thfs 6tee1 whlch was found to be about 50¡rn.

The value of L* of 75 pn compareB favorably wtth d
e

*
while kL_ = 178 pE (at 25"C) lndfcates that plastlclty ahead

P

of the crack wt11 extend from three to four times Ehe slze of

the pearllte colony before ductlle tearlng takes p1ace.

5 .3 Su tnmary

In thls chapter, a rnodel relattng the fracture

toughness Jra and the bulge ducttlity ;Fro=1 
,B=O 

1s Proposerl'

It 1s based on the tsotroplc behavfor of Ehe maÈerta1. Thls

model showed Èhat 1n the linear-elastlc region, Jr^ varies
IC

-2!tlth .rrc=lrF=0 while ln the elastlc-plastlc reglon, 'tra

varLes llnearly wlth ;F, o=1, F=0. The t\{o equatlons developed

for the llnear elastlc and elastlc-plastlc region conÈaln

constants whlch are evaluated experlmentally for a glven

materlalr speclmen geometry and Èestfng condltlons. From

these constanÈs, tt ls posstble to evaluate a characterlstlc
**lengrh (t; or kL;) whfch ls related Èo the mlcrosÈructure ot

the materlal and whlch descrlbes the fracture process at the

crack tlp.

In the next chapter the Ëemperature dependence of

ductl1lty, Btrength and fracture toughness JrC for a materlal

undergolng predomlnantly llnear elastlc behavlor at low

ternperat,ures and elastlc plastlc behavlor at htgher

temperaturea w111 be examfned.



CHAPTER 6

TEI'{PERATURE D EPENDENCE OF FRACTURE TOUGHNESS

DUCTILITY(J ) AND
IC
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Because of the strong dependence of the mechantcal

propertles of BCC metals on tenperature' thetr fracÈure

toughness w111 be gresÈ1y lnf luenced by varlatlon l-n

teroperat.u!e, partlcularly fn the transltlon reglon where the

Uàhavlor changes from brittle to ductlle fracture. lfht1e 1n

the prevfous chapter a model relaÈtng the fracture toughness

JtC and ductllttV ãrrdrF, for a materlal exhibttlng a

transttion fron llnear elasttc to elastlc-plastlc behavlor

was developed, the present chapter wt11 exami ne a morle 1

relatlng fracture toughness ,rC r¿ith temPerature' Such a

nodel 1s applicable to BCC rnetals, partlcularly steels, whlch

show a sErong varlat lon in mechanlcal Propert les as well as

fracture behavlor with tenperature'

J and Ductlltty-Temperature Relationship
IC
Because of the strong dependence of frac Èure toughnes s

on ductlllty, partlcularly 1n the elastlc-plast1c reglme, Èhe

approach for determlnatlon of the temperature dependence of

J relles on Èhe examtnatlon of the mlcrostruct.ural evenEs
IC

whlch control ductlle fracture. Previous lnvestlgatlons have

shown that ducttle fracture lnvolves two successlve danage

processes, naruely the nucleatlon of cavltles at lncluslons

and graln boundarles followed by cavity growth and void

coale6cence.

I6
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As reported fn Chapter 2, ln the case where cavlty

fnttiatlon takes place after large plastlc 8Ëralns, Argon er

a1 t35] have found that the tnterface 6tress normal to the

lncluston maÈrlx lnterface o ls gfven by:rr

6 +6 (6.1)rr m

where v(ãP) ls the f low stress 1n the reglon of the

for vold nucleation and e
p

lnclusfon,

1s the mean

(ãPlY

Because Y

equatlon (6.1)

required for vold

Õ (r) o

o ls the nean sÈress
m

plasttc straln.

(;P) has

tndtcates

t emp e r a t ure dependence,

crttlcal mean stress

a strong

that the

nucleaEion varles with temperature âs

(r) Y(eP, t) (6.2)
rr

Thts equâtfon assumes that or. varies only noderately wlth

decreaslng temperature (ltke Youngrs uodulus), much less than

the flow stress (or yteld strength).

For a maÈerlal obeylng the equatlon

K 3 f (a, F) (6.3)e
n

6 dt'

where ã ls the effectlve stress, e is the effectlve sfraln, n

fs the 6t,raln hardenlng exponenÈ, K fs the strength

coefflclent, and f(ar 9) 1s the functlon of stress state, the

straln f or vol,il nucleatlon ?r, o, U whtch 1s obtalned by

equattng E = .lrorp ln equatton (6.3) becornes a function of

o only tf the stress state (ørF) remalns Èhe sane. It is
m

worth notlng that the etraln necessary to nucleate cavitles

e lrtrF, le snal1 as compared wlth the straln at faflure.



The growth of cavltles ln a materlal

ca1ly deformed has been analyzed and revlewed

Among these analyses, McCllntock t50l and

[44] are the most wtdely used. For the trrlo

growt,h node1, ÈlcCllntock t5Ol obÈalne<l an

coalescence of the form
-L/3(f - n) ln vE

t", o, F= o slnhI Ct-n) ( o1+ oz) l2 ool ( 3)
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whtch ls plasti-

1n chapter two.

Rlce an<1 TraceY

dlmenstonal vold

equatlon for vold

Lt ¿ (6.4)
l

wh e r e v- ls the volume fractlon of voids. Examlnatlon of
t

equation (6.4) shows that, for glven madertal and constant

stress staEe, the straln requlred for vold coalescence ;^ - acrGrLl

1s lndependent of tenperature. The prtnclpal lnfluence on

E 1s the vold densitY v . For a typlcal BCC material, a
crGr0

coalescence straln
f

t", o, P
between 0.01 and 0.,5, dePending on

the crack, ls exPecÈe11 t5ll.the stress state ahead of

Slnce the tr.to ualn cortrponents of the fracture straln

straln;. ^ an¿l the coalescence
ltCrPrFrorF are the nucleatlon

straln E
CrGrÊt

these two stralns are additlve, Èhus

FrdrÊ lrcrF crõrÊ
(6.5)

Using rhe equarlons (6.2), (6.3) and (6.4), equatlon (6.5)

can be t¡r 1t t en ln the f orn

ã.,o,u (T) = J,,o,p Ior.(T) - Y(T,n) ] + J", o, Bl 
u¡,nl (6'6)

wher" ãf ,o,p(T) ls the fracture straln as a functlon of

temperature, Y(Trn) 1s the flow stress as a functton of

ternperature, and orr(T) 1s the lnterface stress norTual to the

lncluslon-natrlx lnterface es a functton of temperaLure'

e +€Ê



o (T) lsrr
uodulus.

essumed to vary wtth temperature elml lar

The ÈemperaÈure dependence of o., can
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to Youngt s

be wrlÈten

es

6 (T) È o (0) crT
-rr rr

where e Frø=1 ,Ê=0
havlng a value less

(6.8) ts JusÈlfled

temperature should be Parallel

tenperature, displaced upwards by

:t"rorF'

It fs next assulled that

fracEure straln ãrrorU for the

the relat lon between the

stress staËe ahead of the

es Èhe tensile

two chapters.

(6.8)

(6.7)

of trrorp versus

corresponding to

k ls a constant

o

where o ( O) 1s the lnterface Etress at 0"K, T ls the
rr

absolute temperaturer and oo ls a constant'

In equatton (6.6) , 1t 1s evldenE thaE the dependence

of the fracture straln on temperaÈure ls slmtlar to that of

the straln for void nucleatlon since the cavtty coalescence

strain ls only dependent on Èhe volume fract. lon of the volcls

as well as the stress staÈe. Thus a plot of !r,orU versus

to that

an amount

crack ls proportlonal to the bulge as well

ductlllty described prevlously ln the last

Name 1y , thts relat lonshlp ls of the form

tFrorP k ttro=1rF=0

1s the bulge ducttlttY and

th an unl ty. The assumPt lon ln equat lon

conslders the bulge ducttlitY as1f one
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representlng the straln correspondlng to the total fracÈure

process uh11" Ëf rdrF 
corresponds to the fracture 8traln

easoclated wlth a slng1e stable crack growth event.

As reported in chapter flve, the relatlonshlp betl,reen

fracÈure toughness JtC and bulge ducttltty ifrd=lrp=0 ls:

(a) For low tenPeratures

* I /n
sp (0.27e) eF, t=l , F= 0

f(ErK,n,e )J o

IC

* ¿

+2 n L (le' ) /x

and

(b) For htgh temperatures

mo

J o
IC Frd=lrF=0

where S, p*, m, õo, Cr k, L

been def fned earller.
Substttuttng equatlons

(6.9) and (6.1 0) glves the

name ly
(a) For low temperatures

2

Jrc(r) So*

-

2lo.'(0.27 9) -' --Lr 
r, o, gIo.r(T )

tenperatures

P
[ãr,o,pIo.r(T)

* *
Le' nt ty t v, E, a and P have

(6.7) ancl (6.8) lnto equattons

temperature dePendence of JIC'

Y(T,n)l+ t",o,F

* 2

v

of (6.e)

(6.10)eLk
*
pC

p

k

(vrrn) I a f(ErK,n, er) + 2 ornL" (1 )/s (6.1r)

and

(b) For htgh

k¡no
o

Jrc (T) = -ñ- *
L

* I",o,F(vr'n)l

Y(T,n) l

(6.r2)
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In equat tons (6.1 1 ) and (6.12 ) , tt cen be obeerved that the

dependence of JrC on temperature follows that of the volrl

nucleatlon step 1n the fracture Process. Thus, lt {s necess-

ary to determlne experlmenÈa11y the variaÈlon of the flow

stress Y(Trn) an<1 the lnterface stress orr(t) wtth temper-

ature ln order to obtaln relatlonshlps of the varlat lon of

J_- wlth tenperature 1n both llnear elastlc (at 1oç¡
IC

temperatures) and elasttc-plastlc (at hlgh temperatures)

regimes for a glven materlal and stress state'

6.2 Applicatfon of the I'lodel to Fracture of AISI 1045 Steel

The experlmental study carried ouÈ on ATSI 1 045 steel

ln the annealed conditton to determlne lts mechanlcal

descrlbed inpropertles

Cahp t er 4

Figure 4.

In equatlons

the rtght-hand side

the varlaÈ1on of 6

equatlon (6.7).

tempereture s lml1ar

Ior.(t = 298'K)]lIo,

as a function of temPerature and

nas used to verifY the ProPosed

2 shows the varlatlon of õ anrl Y(=
v

model. Thus

6 flow

6 varies wlthrr
namelY that

) as a

functton of temperature r¿h11e Figure 4.4 glves the varlaÈton

of the straln hardenlng exPonent n wlth temperature for thls

steel.
(6.11) and (6.12), each of the terms ln

w111 be consldered separately' First'

wlth tenperature T ls obtained from
rr

It ls assumed thaÈ

to Youngrs modulus [51];

r (T = O'K)] = 0.8. For 1045 steel 1n the
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annealed condlttons or"(T - 0oK) ts esttmated to be equal to

1082 ÞlPa. lt ls posstble to determln" oo 1n equatlon (6.7)

whi ch then become s:

o (T) =.1082 0.72 T MPa (6'13)
rr.

' Uslng equatlon (6.13), es well as the data for Y(T)

an<l n(T) ln Ftgs . 4.2 and 4.4, . the ratlo [;1, r, F(T) ]/

f !r,o,Ê(T = 298"K),l r" calculated as a f unctlon of

temperature. Thls 1s shown ln Ftg. 6.1. It 1s notlced EhaE

lE conslsts of two dlstlnct reglons whlch lntersect at a

ternperature T = 25OoK (-23'C). This ls ln aBreement wlth the

previous experimental results on Èhe ÈemPerature depenclence

of JrC for thts naterlal as reported in chapter four'

The coale6cence straln ; - ò ls almost lndependent of
ct cr P _

temperaÈure. Thus, the total fracture straln eFrcrB t'1111

vary wlth T 1n the same way as ir, o, p excepÈ for a shift

upwards as also shown 1n Ftg'6'1'

NexÈ, {t 1s now po6stble to determine the varlatlon of

J
IC

for

wlth T ln both llnear elastlc an<1 elastic-plastic regimes

thls materlal.

(a) At 1ow temperatures

sp *
k¿

2ln 2
12 f(E,K,n,e )J (r) (0.27e) r1 a a

IC v

* 2
+ 2 ortt L" (1 v )ln (6.14)

ewhere nl FrcrF lt fn the 1ow temperaEure range (213
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(arbltrary)F,a I

o Calculated data on 1O45 steel
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250oK om

J

rrhere

J

and C

Flg.

IC(T)

c( o)

rc(0)

is a
e

propertles and mlcrostructure

experlmentallY.
(b) At hlgh

kmo

of the steel and ls determlned

temperatures

L n^ . T (6'16)
p¿

in the hlgh temperature range (250

Tn more general form

138

(6.r7)

determlned experimentallY.

constants, namely .IIC(0)'

J I

6.1) or ln rnore general form

= JIC(O) + t"t' (6'15)

ls the fracture toughness at T = 0"K
*

= 2o, r L" (1 -,2)lu

constant whlch depends on Èhe mechanlcal

oJrc(T)

¿

Jrc(r)

kc

wh e r e n
2

30OoK in Ftg.

where C ls

TabIe 6

rr*r3/T
6.1).

=ÇT
ep

a constant whlch 1s
ep

1 gfves the values of these

for thls stee1.
epc e and C

6.3 SummarY

In this chapter, a model for, the temperature

dependence of tra in the transltlon reglon for Bcc materials

has been presented. The model suggests thaE the temperature

dependence of ducttltty and fracture toughness arlses ln the

vold nucleatlon phase of ductlle fracture. When the model ts

applled to the case of a cârbon steeL ln the annealed

conditlon, such aa AISI 1045 steel, it ls found that'T'.
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TABLE 6.1 Valuee of constants ln Bqne. (6.15) and (6.17)
for ennealed 1045 8Èeel

Conetant Value

J IC
(o) ln Eq. (6.15)

ln Eq. (6.15)

9.88

0.0005605

KJ/n2

KJ/n2 ¡"x2c
e

AJ IC KJ/n2 /"Kc t ln Eq. (6.17) 1.0
eP ôT
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varles irlth 12 1n the predomlnantly lfnear elasttc reglme

whtle lt depencls llnearly on T tn the eLasttc-plast tc reglme.

A transtt{on temperaÈure, whlch ln the case of ennealed AISI

1 045 sfeel has a value of about -2 0o C, is observed. Above

such a transitlon the materlal has an elasttc-plastlc be-

havlor, whlle below thls temperature Èhe behavior 1s rnostly

llnear elastlc, this 1s shown ln Flg. 6.2. Such a transltion

temperature

well as the

ancl ae ems Èo 6uggest that

the strength

ls also related

flow stress Y

to the varlatlon of ti,o,B as

teroperature for thls materlal

conÈro11tng factor of fracture

ducttltty tenperature

wl th

the

andtoughness is

dependence.

Sfnce the teruperature and the loading rate âre the

main factors affectlng strengEh and ducttltty of the

materlal, {t 1s lnportant to sÈudy the straln rate (loading

rate) dependence of fracÈure toughness and ductl1lty, thls

wt11 be descrlbed tn Ehe next chaPter'
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In moBt. caaes ln englneerlng Practf ce, f racÈure

lntttatlon ln metals and al1oys 1s experlmenÈa11y determlned

under slow loadtng condltlons. Hor¡ever ' for materials wlth

strong tenperature and straln rate dependence, the fracture

toughness usually decreases wlth decreasing temperature and

fncreaslng loading raÈes. It 1s thus lmportant to obtaln a

quantltatlve correlatlon between ducttlity and fracture

Èoughness of. these maÈerlals as a functlon of temperature and

through a r¡fde range of loadlng rates. Experimental daEa ln

these ranges generally reveals a transl tlon reglon from high

to low value of fracture toughness '

In thts present chapter, a model re1-atlng fracture

toughness, expressed as JIC, and ducttllty wfth straln rate;

or its equtvalent loadlng rate i, ls developed. Such a model
I

ls appllcable to meÈa1s and al1oys r¡hlch show a strong

variatlon in mechanlcal properties as weLl as fracture

behavi or wlth strain rate

7 .l The Model

The approach for the determLnatlon of the straln rate

dependence of fracture toughness rra relles on examination of

the mlcrostructural events whlch control ductlle fracture '

Foll-owlng the same approach as repor ted 1n Chapter 6 , it ls

posstble to develop a model for fracture toughness rrC and

ductl 11ty dependence on sËrain rate, namely, it is assuued

thaE ductlle mechanlsms such as nucleat ion of voids aE
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lncLusfons or graln boundarlee takes place at 1ow sEraln

rates when elther the lncluelons or the matrlx lncluslon

lnterface ls subJected to crltlcsl normal streas o . Thtsrr
Btress can be \Jrltten a6

p + o (e) (7.1)Y(e
a

e

where o Y ;p and o have the same meanlng as deflned
rrt m

m

earller.

Because v1ãP, d¡ has a strong straln rate

equatlon (7.1) tndicates that the crltical

requlred for vold nucleatlon varles wlth straln

p

lncreaslng
For

straln rate.
a material obeylng the equatlon

o (e)rr

o (e )rr(e )o )e

dependence,

mean stress

rate as:

(7 .2)Y (e

This equation assumes thaE 6 varles moderately withrr

m

-n 3o f (a , d ) (7.3)Ke m

where ã ts Èhe effective stress, e is the effectlve straln, n

o

is the sÈraln hardening exponent, K ls the strength

coeff lclent and f (<r, ß) is a functlon of the stress state.

The straln for vold nucleatlon ãr, o, ß "nt"h 
ls obtalned by

equatlng e = elrarB ln equation (7.3) becomes a functfon of

o only tf. the stress state (o, Ê) rernaf ns the same. The vold
n

coale6cence straln E crurÉ can be expressed as

e crgrÞ
Equatlon (7.4)

t-"ro,g[v¡ 'n) Q '4)

tndi cates thaE, for a glven materlal and



constant

coaleaceûc

lnf luence

are

stress state,

ls lndependent

on ; ls thectcrÉ

the

of

straln requlred

etraln rate. The
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for vold

prlnclpal

volume fractlon of the volds v

components of

f

the

and

fracture straln

the coalescence

eThe two maln

the nucleatlon
Fr<rrß

strainstraln c
crqrß

These two sÈralnB ere additive, thus:e

r¡here

straln

straln

cr0rÉ

eFrarß = elrarB + ecrcril

Using equatlons (7.2),

rate dependence of the fracture

as

(7.3) and (7.4), the straln

straln can be wriEten

+ (7 .6)

the fracture straln as a functlon of

is the flow stress as a functlon of

be expressed as

(7.s)

Ë
FrcrÉ

'-r,o,ÊLo t.(;)trrorg(;)

(; )

v(J,n)J t 
", 

o, g(v¡ 'n)

e 1S
FrctÉ
rate, Y(ern)

rate which can

m
e I

Y( e ) Ystatrc I Temperature, structure (7.7)
Est.atlc

where tl ls the straln rate sensttlvity' defined as

ä Log o (7.8)

and range s

ä Log ê

from 0.01, 0,02 for most steels and htgh strength

alumlnum a 11oys. and o ( e ) is the lnterface stressrr
to the lncluslon-matrix lnterface as a function of

rate. It 1s assumed that o varies wlth straln rate
rr

norma 1

st.raln

AS

+ (7.e)

where cr ts a constant much smaller than one.
I

)

m I

o 1t(otr)srarlco (Ê)rr



L46

Examlnatlon of equat lon (7 .6 ) shows that the

dependence of fracture straln on straln rate ls slnllar to

the sÈraln for vold nucleatlon since the vold coaleÉicence

straln ls only dependent on the volume fracÈlon of volds as

well aa the stress state. Thus, a plot of ;Frorß versus

Btrain raÈe should be paral1e1 to that of ;, ^ a versus ;
lrCl ,Þ

displaced upwards by an amount correspondlng to Ecrcrrß.

The relatlonshfp between fracËure Èoughness Jtc and

ducttlttv ;- can be written as:
!'rtrÞ

(a) For low straln rates (elastlc-Plastlc behavlor)

(7.10)

(; ) f(E,K,n,e + 2o nL (l-vz)/n (7.11)
v F eFrcr rB

Substltutlng equation

(7.14) gives the straln raÈe

(a) low strain rates

kno
o-r.lr.(e)

sp*

tFrorß(e)
*

L
P

and

Jrc (

and

J ( e)
IC

For

kno
o

T

(b) For htgh straln rates (predominantly llnear elastic

behavl our )
*

)Jrc(;)

*-.
Sp le- [o (e)

Lrc rÞ' rr-

-2
e

;)
tc . - . .

L;t;i,c,B IorrtLl- Y(;,n)]+ Ë.,o,g(v¡,n) J
(7.12)

(b) For htgh straln rates

Y(e,n)l + ãa 
r o r ts(tf "') 'J 

2'

f (ErKrnrey) + 2otnL" (1 v2) /E

(7 .9) fnto equatlons (7.13 ) and

dependence of J IC, nanely:

(7.13)*
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In equatfons (7.L2) and (7.13), tt can be observed

that the dependence of JIC ot straln rate follorvs that of the

void nueleatfon step ln the fracture proceas. Thus, 1t ls

necessary to determlne the varlatlon of the flow stress

Y(Ë,n) and the lnterf ace streas o (e) wlth strain rate torr
obtafn relatlonshtps of the variatlon of JIC with straln rate

1n both llnear elastlc and elastic-plastlc reglmes for a

glven material and 6tress state.

7.2 Applfcatlon of the Model

The data from the experlmental results, whlch were

glven ln Table 4.1, are used ln thls sectlon. In equatlon

(7.7 ) ,"tatl" ," evaluated to be 450 MPa at sEraln rate ;
.J -Icorrespondlng to 10 S and tl ls taken 0.018, while ln

equatlon (7.9 ) (orrJ srarl" l" estimated to be 866 MPa for

FerC parÈlcles in 105 ateel at ; = 1O-J s-I , also o1 1n

equation (7.9) 1s assumed to be 0.002, thus equatlons (7.7)

and (7 .g) become:

Y( e ) 450
*=T

0.018
MPa ( 7 .14 )

and

866+0.002;MPa (7.1s)

Uslng equatlons (7.14) and (7.15) it

c

t

o (e)rr

calculate the ratlo of e

as a functlon of

thls ratlo wfrh

of two straight

eos (ê/to-i).

is posstble to

lo-3 "-l )

the varlatlon of

that lt conslsts

(ê/to-3) = 3.3.

straln
lrcrB
raËe, Ftg.

It

"(; =
¡P

shows

notlced

{ð)/ãr,o
7 .t
ls

llnes whlch lntersect at !'og



The coalescence

straln rate, thus the

o.lr.(e) kc
(7.16)

range

ls:

(7 .L7 )

depends on the mechanlcal

the steel and Ís determined

strain

total

€.
Crcrrß

f racÈure

ls almost

st raln aF
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lndependent. of

q rB
wt 1 1 vary

wl th log (Ê/10-3) ln the same IJay "" 
;i, o, ß excePt f or a

shtft upwards whtch ls also shown ln Flg' 7 'l'

Next , lt ls now poss tble Èo determlne the varlat. ion of

J wlth ê ftt both llnear elastlc and elastlc-PlasÈlc regimes
IC

for LO45 steel 1n the annealed condltlon'

(a) For lorv straln raÈes

kmo *
Lp

r Àl . n

¡¡here À
1

,r,o .B/Log G / 10-r) tn the low straln rates

and n Los (i/ro-c). In general form equatlon (7.16)

J (e) =l( . n
eP

a constant which

IC

r¡here K ls
ep

properties and mlcrostrucEure of

experlrnentallY.

(b) For hlgh strain raÈes

2
'¿

2
Jrc(;)

*
Sp* À n f(E,K,n,e )+2a nL (1 u2)ln (7.18)

v F e

e Fr<rtd

f orm

/ Loe (e /10-3 ) ln the hlgh strain rate range.vhere À
2

In general

K K

tra(e) =

and K

K +K \¿
o e

constants whi chare

(7.le)

are deEermlned experl-

Their values are 1.11'

pLotted tn Fig. 7 .2 -

(equation (7.17)) and

value of Iog (ê/tO-3)

ep o e

mentally uslng the data ln table 4 ' 1 '

2.2.5 and 20.0 f.l/n2 resPectlvely.

. EquaÈlons (7.17) and (7.19) are

The lntersectlon of the stralght llne

the parabola (equatlon(7.19)) shows a
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nhere a transltlon 1n fracture behavlor wlth Btraln rate wt11

OCCUE o

7 .3 SummarY

A quantltatlve relatlonshtp whfch characterlzes the

varlat lon of fracture toughnesa ¡ êxpressed as JIC' wlth

straln raÈe ls glven for low and htgh loadlng rates

equarlons (7.12) and (7.I3) respectfvely. I{hen this model

applled to a speclfic materlal such as 1045 stee1, tt

1n

ls

is

ratesshown that ,ra varies with log (ê/fO-3) at 1ow straln
.'¿

and r¡lth l¿og (e/LO-3)J .. hfgh strain rates.

The relatlonshtps between the fracture toughness

parameter JIC,

are summarlzed

J IC

J
IC

Jrc

c

c

Jtc

where C cz'

*"n,o, (JIro-".¡ (low

*o * *" Lsoe{.3tto-3)l straln raÈes)

and K are
e

bulge ductlllty, temPerature and straln rate

Jtc

as f oll-ows:

bulge ductflitY relationshlPs:
'z

= cr trro=1 
rB=0 

* c z (elasÈlc behavior)

= Cp ;r ro=l rÊ=0 (elastic-plastlc behavfor)

Teruperature relatl onshlPs :

(T) dr!O, * a" tz ll,ow Ternperatures)

(T) = f, T (Itigh TemperaÈures)
ep

straln rate relatlonshlPs:

J

J

I

I

rrc(;) straln raÈes)

(hlgh

,Ko

are functlons of mechanlcal propertles and

of Èhe ûaterlal

next chapter the apPll cabi 1t ty of the mode 1s

chapters 5 and 6 to a tempered martenslÈic

be demonstrated.

'l ,a( e)

ep
c,

ep
(0), cJ

eIp1

=

c K
c

constants whlch

mlcrostructure
In the

shown through

atructure wt11
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CHAPTER 8

FRACTURE TOUGHNESS AND DUCTILITY STUDIES OF

TEI'IPERED I'IARTENSITIC AISI 1045 STEEL
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The effect of metallurglcal factorsr such as mlcro-

strucEure, lmpurltles and gralrr etze on the value of fracture

toughness fs of great lmportence. The mechanlsms leadlng to

the nucleatlon and propagatlon of a crack are closely related

to the presence of Becondary phase Partlcles, as well as to

Èhe parent metal matrlx ltself. The metal matrix, wlthln the

dlmenslons of a slngle graln, determlnes wheEher deformatton

wt11 take place by s11p, twlnning or cleavage and whaL the

dtrectlon of propagatlon of that deformation wt11 be [1 05] .

The phenomenon of fracture at the graln slze leve1 1s deter-

nined by the stress sÈate, the crystal'Lography of the matrix

and the presence of PrectpiÈates. Preclpltates along graln

boundary wt11 tend Èo cause lntergranular embrtttlement whlle

prectpttates wfthln a glven graln are resPonslble for

fracture by cleavage tf 06] . Tempered martenslte ernbrlttle-

ment has an lmportant role on plane straln fracture toughness

K ft07-110t.
IC

In the Present chapter' fracture toughness JtC and

ductlltty studles ln the transltlon tenperature range for

tempered martensitlc AISI 1045 steel wt11 be described'

8.1 Experfmental Results

The same experlmental procedures descrlbed prevlously

ln Chapter 3 were adopted to obtaln the experlnenÈal results

for ternpered martenslÈ1c AISI 1045 steel. The corresponding
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sequence of the experimental results, slmllar to that

reported fn Chapter 4, 1s ehown ln Flgs' 8 '1 to 8 '11 '

Ftg.S.lshowsthevarlatlonofCharpyv-notch

toughness wf th ternperature. A ducttltty transltion

ÈemperaÈure correspondlng to a CharPy energy of 15 ft' 1b

occurs at about 8oC comPare<1 wlth a transltlon ternpereture of

0oC for Èhe annealed condltlon. IIpper shelf was obtalned at

temperatures above 6OoC whlle lower shelf was obtalned at

teúperatures below -30'C. These temperature ranges are

almosÈ the same for 1045 steel 1n the annealed condltlon'

F.l gs. 8.2 and 8.3 show Èhe tenslle ProPertles of the

tempered martensltic AISI 1045 steel as a funcEton of'

temperature. Fig. 8.2 shows the varlatlon of oy, o., and

Õ - - as a functton of temPerature' whl1e Flg' 8' 3 shows Èhe
t I oul

tenperature dependence of tenslle ducttltty tn percent

elongatlon and Percent reducÈlon ln area' It ls observed

thaÈ there ls a notlceable temPeraÈure dependence of oy, ou

and consequently of 1or. The trend of variatlon of these

propertles wfth temperature ls slrnllar to thaE obtalned for

1045 steel tn the annealed condltlon but shifted up to higher

values of 6-,, o,, and oflo*' Tenslle ductlltty shows also a

v

temperature dependence slmllar to that obtalne<1 for 1 045

steel tn the ennealed condltlon, but wlth lower values ln

both percent elongeÈlon and percent reductlon ln area'
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Ftg. 8.4 ehows the varlatlon of. the bulge rluctlltty

wlth temperature for AISI 1045 8Èee1 1n the tempereri

martensltlc condltlon. It ls ehown that e rDarked drop 1n

bulge ducttllty seems to take place below'30'C. The values

of bulge ducttLlty for the Èempered martensitlc

mlcrosÈrucfure, are lower than Èhose obtained for the

pearllttc structure.

F1gs.8.5(a) to 8.5(g) show J-reslstanc/e curves, whlch

are the plots of J versus Âa, for dlfferent tesÈ1ng temPera-

tures of 25r 10, Or -10, -20, -30 and -40oC respecttvely.

The lntersectton of the blunttng l'1ne and the crack advance

ltne gives Èhu .IIC u"1ues as shown' 
'ra 

variatlon with

temperature ls presented in Ftg. 8.6. Jlc decreases frorn a

value of 60 kJ/n2 al 20oC to a value of about 9 kJ/n2 ^t
9 0o C. The relat lon between tra and temperature for Èhe

tenpered marÈensltlc structure eppears to have Èhe same trend

of Ehat obtalned for pearltttc mlcrostructure' but the values

of tra are generally less than those obtalned for AISI 1045

steel ln the anneal-ed condltion. There are two

characterlz lng the relatlonshtp between fracture

and temperature' namely fron -10OoC to abouÈ -15oC

o'f the curve of Jra wtth tenperature 1s much lower

the reglon fron -15oC to 25o c.

Flg.8.7 and 8.8 show resPectlvely the stope

advance 11ne as well aa the Eearlng modulus T* as a

reglons

toughness

the slope

Èhan ln

of crack

functlon
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of ternperature. Both flgures ehow the same trend as those

obtalned for AISI 1045 Eteel- ln the annealerl condltlon.

Spectftcally, 8û almost llnear relatlon of these Parameters

r¡fth temperature, has been observed ln the range from 25" C to

-40oC. The values of the stope of crack advance 11ne and the

t,earlng modulus are less than those values for the same

parameters, obtalned for AIST 1045 ln the annealed

condltton.

The varlatlon of the crittcal crack extenslon Ou", and

the critlcaL load 11ne rttsplacenent ô". wlth temperature are

shown respecrtvely ln Figs. 8.9 and 8.1 0. BoÈh of these

paraneters are tess than those obÈained for the pearlltfc

microstructure' but they have the same shape with a

transltlon Èemperature of about -15oC'

The relatlonshtp beÈween the fracture toughness ,ra

and the bulge ducttltty for the tempered Í¡artensitlc

structure 1s presented 1n Ftg. 8.11. A Llnear relationshlp

1s obtalned 1n the range fron -3 Oo c to 25" C. The trend 1s

slrnllar to that obtalned for AISI 1045 steel' but the slope

of the llne for the tempered martensltlc 1045 steel is higher

than the corresponding one obtalnerl for the ennealed 1 045

steel.
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8.2 Dlecusslon

The experlnental results for the tempered marEensltlc

AISI I045 steel show the same tr:enrl of behavlor obEalned wlth

AISI 1045 steel ln the annealed condltton. Generally, the

fracEure toughness tra and ducttltty have decreased, whlle

the sÈrength has lncreased 1n conparison wlth the values

obtalned for the annealed 1045 stee1. More specfftcally '

there 1s e fransltlon tenperature of about -15oC 1n the

relatlonship between fracture toughness and tenperarure.

thât obtalned forThis transltlon temperature

1 04 5 s t e e 1 .

1s simllar to

the anneale<1

temperature ls attrlbuted to the varlatlon of the fLow stress

with ternperature f or both teropered and annealed 1045 sEeel

(see Flgs. 8.2 and 8.4). Therefore, the model- descrlbed 1n

chapter 6 can be applled for the tenpered 1045 steel. The

values of the constants ln equatlons (6.15) and (6.17) for

the tempered ÀISI 1045 sÈeel are shown ln Table 8'1'

As lndtcated ln Ftg. 8.11, the variatlon of fracture

toughnes" JIa wfth bulge ducttltty ef, c=l r 0=O 
was obtalnerl

for tempered martensiÈic AISI 1045 steel as a function of

temperature. The renge of temperature ls -75 to 25" C and

lncludes both the llnear elastlc and the elasltc-plastic

reglons. These experlmental resuLts were used to evaluate

This varlaElon of JtC with
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the cons tanÈ s ct and cz

(5.33).

Table I .2.

In

elastlc to

The values of

equatton (5.27) and aO 1n equatlon

these constants are glven ln

ln

concluslon, the transttlon ln behavlor from 1lnear

elastlc-plasttc, {n the relatton between ftacture

toughnes" JIC 
"nd 

t.enperature f rorn one hand ancl ln the

relat lon beÈrdeen JtC and bulge <luctlllty f rom the oÈher hand,

for the tempered martenslttc 1045 steel was shown to be

similar to that obtalned for 1045 steel ln the annealerl

condlEion, since the flor¡ stress as a functlon of temperature

for both mlcrosEructures appears to exhlblt the same

behavlor. However, the values of fracEure toughness 
'ra 

for

ternpered martenslÈic Structurer are leSs than those velues of

fracture toughness obtalned for Pearlitic structure' slnce

Èhe ¡lucEtltty values, whlch control the size of the process

zone ahead of the crack, are less than those ductlltty values

of pearlltic strucEure.

8.3 S umma ry

Inthlschapterfracturetoughness',.anrlductl1tty

etudles 1n the transltlon regton of tempered martensltlc AISI

I 045 sÈee1 have been presented. The same Èrend as ÈhaL

obtalned for annealerl 1 045 steel has been observed' Thls 1s

malnly because both mlcrostr-uctures show slmllar trends of

the varfatlon of the f10w stress as a function of

Èemperature.



Table 8.1: Valuee of the consÈante ln Eqne' (6'15)

' for temPered Earteneltlc AISI 1045 eteel

176

and (6.17)

Constent Va lu e

J IC
(o) ln Eq.

fn Eq.
aJrc

! -ãF ln

(6.15)
(6.rs¡

Eq. (6.17)

8.2
0.0002

x¡ /n2
g¡ ¡g_2 ¡"x2

KJ /n2 / oK

c
e

c 0.8
eP

Table 8.2 values of rhe cons tants ln Eqns , (5 .27) and ( 5 .3 3)

for tempered ttart,ensltfc AISI 1045 steel

Cons tent Value

ct
c

2

c
p

fn Eq.

ln Eq.
aJrc

(5 .27 )
(5 .27 )

t76
9

x¡ /n2
xJ /n2

r¡ /n2I ln Eq. (5.33) 292
otfrc-1rF-o
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The models deecrlbed earller ln Chapters 5 an{ 6 have

been applled, and the correspondlng experlmentat conatants

have been calculated. It has been conflrmed that the

fracture toughness and ductfl-tty relattonshlps ln the tran-

s{tlon reglon for both pearlttlc rnicrostructure ancl tempered

nartenslÈlc microsÈrucÈure can be descrlbed reasonably well

by these nodels.

In the next chapter a general tlfacusslon and a maln

concluslons of the enttre study ls Presented'



CHAPTER 9

DISCUSSION AND CONCLUSIONS
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9.1 General Dfecuesfon

The experlmental results descrlbed earller lndlcate

two dlfferent trends: (a) There 1s a transltlon tenperature

(about -2OoC for the ennealed 1045 sÈee1, and about -15"C for

the tempered nartenslttc 1045 steel) in the relatlonshlp

between tra and temperature and (b) The variation of tensile

ducEtlity and bulge ducttltty wtth temperature lndtcates a

transltlon only taklng place at abouÈ -40oC for the annealerl

1045 steel and about -3OoC for the terûpered martenslÈlc 1045

sÈee1. To furEher explaln these flndlngs ' lt 1s necessary to

examlne the effect of temperaÈure on the dlfferent mechanlsms

contrtbutlng to the value of tra. tra 1s determlnerl by the

fntersectton of the blunttng 11ne and the crack advance ltne'

The coordlnates of thts polnt of lnteresectlon are of course

J_ - and Âa The slope of the blunttng llne ts <lef lnerl as 2
IC cr

of1o". Referrlng to Figs. 4.2 and 8.2, 1t ls clear that down

to a Èemperature of about -20oC, there ls no signlftcant

varlatlon ln oflor. Below -20oC, the varlaElon between

6 - - and temperature T 1s nonllnear and o-- tncreas es-f low tlord

sharply as T 1s further decreased. It ls thus essumed that

the blunt lng llne wt11 renain wlth almos È the sarue slope as

temperaËure varies between about -2Ooc to 25"C but will

increase ln slope as temperature ts below -2 0o C. The

varlatlon of ofloro t¡1th temperature ls typtcal of l-ron and

steels and was reported elsewhere ln the llterature t1 I 1 ] '
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The lntersectlon of the bluntlng llne and crack

aclvance 11ne 1s also controlled by the positlon and slope of

the crack advance 1tne. The varlatlon of the slope of the

crack advance tlne, âs well as the Èearing modulus T* wlth

temperaÈure (shown ln Ftgs . 4.8 and 4.9 f or the annealerl

l045 sEeel and Ftgs. 8.7 and 8.8 for the tempered martenslttc

1 045 steel) show an almost llnear relaEton of Èhese two

parameters as a funcÈ1on of teruperature ln the reglon from 25

to about -40'C. Because the slope of the crack advance line

an<1 T_ vary 1lnear1y r¡lth ter0peraÈure down to -40oC, 1t can
R

be deduced that the same mechanlsms of sEable crack growth

are present as long as stable crack propagatlon takes place '

It was also found that the stretch zone rvldth sho'"ts

the same type of transitlon as tra varies r¡1th terûperature'

Thus, lt ls conftrmed that the observed change 1n slope of

the J-^-temperature curve 1s due to the crack btuntlng
IC

process whlch ls affecterl by the lnheren! strength 1n the

materlal as expresse,l bY of1o".

A model reLatlng JIC an<l bulge ducttlity !r,o=1 ,f=O
I''as proposed. Thts model ehows that, 1n the ltnear elastlc

regloo,, trc. tarles wlth ;:,r=l 
, ß=o

whf 1e tn the elastlc-

plastic reglon, JtC varles Iinearly r¡lth tF, o=l , F=O The tvto

equattons developed for the 1lnear elastlc ancl elastlc-

plasttc reglons conÈatn constants whtch are evaluated

experlmenÈa11y for a glven maCerlalr sPeclmen geometry and
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testlng condftlons. For these conBtantsr tt 1e Posstble to

evaluare a characrertsttc length (t: or kL;) which fs related

to the rolcrostructure of the materlal and whlch describe the

fracture proce6s et the crack tlp. These mlcrostructural

parameEers has been prevlously LnvesElgated 1n the 1lnear

elasÈfc case. Rltchte et al- [f12] found that they nay

correspond to twlce the ferrlte graln diarneter ln mtld sÈee1

whlle ln 45338 pressure vessel steel- lt was related to the

prior austlnlte graln slze t1131. Also CosEln and Duffy [75]

have sÈated that 1t corresponds Eo the presence of carblrle

partlcles at the ferrlÈe graln boundarles. In the elastlc-

plastlc case, the crttlcal fracture straln wt11 occur at some

dlstance ahead of Èhe crack tlp where vold nucleatlon takes

place. It was reported that the crltlcal straln r¡t1l be

reached over the mean spaclng of pearllte colonles that

nucleate volds ln 1018 and 1020 steel [75]. In 45338, thls

mlcrosÈructural parameter 1s of the order of between one and

slx or seven tlmes the planar lnter-lncluslon dtstance I113] '

The experlmental resulÈs obtalned tn thls present

study seem to lndlcate that, for 1045 steel ln the annealed

condttlon at low temperature, the mlcrostructural Parameter

ls of the order of t.he slze of a pearllte colony, while {n

the elastlc-plastlc reglon' the reglon of lntense strain

extends over 3 or 4 of these colonles (at roon temperature) '
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The results lndfcate that, es etable crack growÈh takes

p1ace, the perameter tra becomes ltnearly proportional to the

bulge ducttltty, thus fndlcatlng that bulge rluctilfty

measurenents correspond to both crack blunttng together with

stable crack growth.

A model for the terûperature dependence of JtC in the

transltlon region of BCC Eaterlals ls proposed. The model

suggesÈs that the temperature dependence of ducttlity and

fraccure toughness arises ln the vold nucleation phase of

ductlle fracture. The vold nucleatlon straln {s strongly

affected.by the variatlon of the flow and yielrl stress of the

mâterials with temperature. Thus a coherenE relationship

beÈween fracture toughness, ducttltty and strength 1s

establlshed 1n both the llnear elastlc and the elas Ètc-

plasttc reglme. Knowledge of the temperature dependence of

the mechanlcal propertles (strength and ducÈtltty) ts hence

suff lcfent to determlne J as a function of teruperaÈure ln
IC

both reglrD€s.

The results of the dynamlc fracture testing have shown

that the WLCT speclmen 1e a vlable alternattve for fracture

toughness' determlnatlon of maÈertals whlch exhlblt elastlc-

plasttc behavlor under loadfng raEes varylng from quasl-

staclc to lnpact. I.Ifth thls Bpeclmen geometry tt 1s Posslble

to determlne the load-dlsplacenent curves obtalned ln dynamlc

testlng. The use of a stratn gage as a nethod for determlna-
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tlon of the onset of crack propagatton 1n thts partlcular

geomeÈry ylelds a reesonabLy accurate value of Jra provlded

an approprlate value of the constant k 1n equatlon (4.3) is

taken.

It has been thus demonstrated, both Èheoretlcally and

experlmentally, that for Bcc matertals, whfch exhlbit a

variatlon of flow stress 'tlth teroperature as well as straln

rate, that a quantttatlve analysls of the transltion reglon

can be formulaterl . The use of AISI 1045 steel as a typlcal

materlal for the exPertments r¡hlch were carrted out ln thls

study provides a case study for the general behavl-or of BCC

metals. The derlved models, wlth Ehe approprlate

experlnenEal constants are able to characterlze the

relatlonshlp between f.racEure toughness and ducttlity'

temperature and straln (loadlng) rate'

9.2 C onclus lons

(1) A study of the varlaEton of fracEure toughness

J-- and ductlltty fneasured under boÈh tenslle 1-oadlng and
IC

blaxial plane straln (bu1ge) loading, 1n the translEton

temperature renge for a typlcal BCC materlal, dellneates the

changes ln behavlor frorn llnear elastic to elastlc-plastlc

behavlor. These trends 1n behavfor are nalnly affected by

the flow stress of the materfal.

(2) A quantttatlve correlatlon relatlng fracture

toughness expressed as JtC and bulge ducÈ11tty ãfrd=1rF=0 for

a Itraterial exhlbltlng llnear elastlc behavlor ancl elastic-
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plastlc bel'ravlor nas developed. Thts correlatlon shows a

var let lon of J- - wlth ;'- - for linear elasttc behavlor
lta F, c=l, Ê=o

and ,r, wlth ,rro=1rF=O for elastic-plasttc behavlor' The

correlatlons contaln three constants fo be determlned

experl-mentally for a glven materlal, sPeclmen geometry and

testlng condltlons. The experlmental results help ln

determlning the slze of the fracEure zone ahea<1 of the crack

as well as the mechanlsms for crack bl-untlng and crack

growth.

(3) The temperatúre dependence of ducttllty, strength

and fracture toughness for a BCC naterial undergolng

predominantly linear elastlc behavlor at 1ow temperaÈures ancl

elastlc-plastlc behavior at hlgher tenperature was examlned'

A node1, based on ducttle fracture mechanl-sms lnvolvlng void

nucteaÈton followed by cavlty growth anrl vold coalescence'

was <leveloped to relate the fracture toughness. parameter ,ra

vrith temperature. Two general equatlons for linear elasÈic

and elastic plastlc reglrnes of tra versus T \{ere obtalnerl'

Appllcatlon of this model to exPerimenÈa1 daËa obtalned on a

carbon steel show that rra varles wtth 12 at low temperaLures

and filth T at hlgher temperatures, thus deftnlng a transiÈion

temperature.

(4) The correlatlon between fracture toughness, bulSe

ducLtltty and streÈch zone wtdth fractured spectmens has

been lnvestlgated as a funct.ton of temperature 1n the
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.:t.

:.

tl

transltlon

translrl0n

zone wtdth wlth temperaÈure. Such a translElon ls lndicatlve

of the blunttng process at the crack ttP. However' the bulge

duct tltty appears to be related to the process of stable

crack growtl't Process durfng frecture'

(5) A study of the varlatlon of fracture toughness

J in materlals r¡hlch exhlbtt elastlc-plastic behavlor aE
IC

the crack tlp, wlth 1-oadlng rates ranglng from quast-static

to dynamlc condltlons was I'nvesLlgated' A wedge loaderl

compact tens lon (l.ILCT ) speclmen geometry was f ound to be

suttable for fracture toughness Jtc determlnatlon under

loadlng rates varytng from quasl-statlc to lmpact. The

exp_erimenÈa1 results tndicaEe that a slgntf icant rlecrease ln

fracture toughness occurs under hlgh loading rates for I 045

sÈee1 ln the annealed condltton.

(6) The straln rate dependence of ducttllty, strength

and fracture toughness for marerials wlth hlgh straln raÈe

sensftlvtty such as steels and alumlnum alloys was examtnerl'

A uorlel, based on ductlle fracture mechanisms' was developed

to relate the fracture toughness Parameter JtC with strain

a

rare ;. Appllcatlon of thls model to experlmenLal data

obEalned on a carbon steel show thaÈ tra verles wlth 1og

(Ë/ro
higher

3

) at low straln rates and wtth Irog<ålro-3)]2

reglon. The results shoì,t

1n the varlatfon of fracture

Èhe exlstence of a

toughness and sEretch

straln rates.

at
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( 7 ) It was evldent fron the observat lons of the

fracEured eurface uslng scannlng el-ectron mlcroBcopy and

measurement of the streÈch zone widt,h, that there 1s a

transltlon ln fracture behavlor wlth straln rate, namely

fracture ts predominanEly ductlle at low strain rates with

slgnlflcant plastlclty et the crack tlp resulting tn

excesslve macroscoplc bluntlng, whlle the ftacture behavlor

is mostl-y elasttc at hlgh straln rates an¿l the corresponding

stretch zone ahead of the creck tip 1s very llmltert'

(8 ) The trans I tlon 1n behavlor from llnear elas t lc to

elastic-p1astic, ln the relatlon between fracLure toughness

J and temDerature from one hand and in the relatlon beteteen
IC

tra and bulge ductlltty from the other hand, for the tempered

nartensltlc mlcrosÈructure was shown to be simllar to that

obtalned for pearlltlc microstructure, âs long as Ehe flow

stress es a funct{on of temperature for both olcrostructures

exhlblts the sarne behavlor.
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