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Roll back the curtain of memory now and then,

Show me where you brought ne fron

and where I couLd have been;

Remember Irn human,

and humans forget t

So remind me, remind me,

dear Lord.



ABSTRACT

A sLudy of the f ract.ure behavior of mater ia 1s aÈ

Loadíng rates ranging from quasi-static to st.ress wave was

under taken. Mo re specifica1Ly, a Eesting procedure was

designed and implenenÈed for the determination of a

charact.erizing frâcture energy paraneLer, similar to the J-

integral in quasi-static loading, using standardized compact

tension specimens. This testing procedure uti l ize s tensi 1e

loading and sLress triaxiality Lo characterize quasi-static
t.o stress wave induced fracÈure. Its nain f eat.ure is the

use of a dynanic tensile test as semb 1y that adapt s an

existing compression SpLit Hopkínson bar for dynamlc t.ensile

tesLing of compac È Lension specinens, Simp l ici ty in design,

assenbly and cal ibration are the nain features of this
dynarnic Lensi 1e test assembly.

Specificall-y, standard ASTM cornpact tension specinens

are l oaded in simpl-e tension, aÈ rates ranging from quasi-

statíc to at.ress wave loadings, using a standard servo-

hydrauJ-Íc test frame and a stress wave loading arrangernent.

The Load during Èesting is nonitored by a load ceLl for the

servo-hydrauLic Lest frame case and by insLrunenled Loading

gríps in the stress wave loading arrangenent. Crack

initiation and l oad- 1ine dispLacenenE at aLl speeds are

deÈerEined using a s pec imen face-mounted high frequency

crack opening dispLacenent gage.

Fracture toughness based on this tesÈing procedure is
expressed in terns of a characlerÍzing fracLure energy

parane ter, Jq, derivable fr om eilher the load/load-1ine



dísp l acenent test record or f rorn a microscopic examination

of Lhe fracture surfacers stretch zone uslng scanning

electron microscopy. The loading rate during testing Ís

expressed in terns of iq, the fracLure energy parameter

divided by the crack initiatíon time.

A study of the variation of fracture toughness, Jq, of

an AISI 104 5 stee 1 in the annealed condition, !¡ith loading

rate ranging fron quasi-static to stress wave loading, was

undertaken using conpact tension specímens of three

different af w ratios (0.5,0.6,0.7). The experimenral

results based on stretch zone measurements and load / l oad-

l ine dlsplacement records both indicate a significant.

decrease in fracture toughness for this steel at high

loading rate. In addítion, frâcture toughness is seen to

decrease vith increasing a/w raLio for these two methods of

fracture toughness det.ermination. Howe v e r, fracLure

toughness based on stretch zone measurements indicates a

lesser dependence on speclmen af w r atio than the method of

l oad/ l oad- l ine di sp l acement records.

Specifica 1- 1y, the fracture toughness, Jq, of Lhis steel

based on l oad / L oad- 1ine dispLacenent. records decreases Ín a

concave, bilinear f ashj-on with increasÍng 1og fiq).
SÍmi 1ar 1y, the f racture toughness of this stee 1 based on

stret.ch zone measurements decreases bí1inear1y with

increasing 1og (Jq), though in a convex fashion. This

slight discrepancy in results in terms of

concavity/convexity can be expJ-aÍned in Lerns of Èhe

variabiLity in both specimen a/w ratio dependence and

l1



experimental errors associated wi th each met.hod of Jq

determination.

CorreLaÈion of the fracture toughness obtained between

these t!¡o ne thods of Jq determination indicates that the

fracture Loughness- l oading rate relationship of this steel
can be fur Èher sírnplifíed to a 1Ínear 1y decreasing f unction

of the loading rate that spans eight orders of iA.
Specifical ly, Jq is seen to range from 69 kJ/¡n2 (quasÍ-

static) !o 5 kJ /n2 (dynanic) whi 1e l, ranges fron

lo-1 LJ/n2s-1 (quasi-sr.aric) to 107 kJ/n2s-1 (dynarnic).

1].1
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CHAPTER ONE

I NTRO DUCT ] ON



Wi th the ad v ent of technoLogy comes mor e st.ringent

denands on naterial performance and application. 0ne

perslst.ent problem is a neta 1rs Íncreased !endency tovard
catastrophic clevage fracture at tensile loading raLes

approaching Èhe stress ¡{ave regine. Survey of t.he

l-iterature indicates that there have been nuch theoretical
and experimental investigations into the use of dynamic

f ract.ure toughness pararneters for c h a r a c t e r i z a t i o n of this

loading rate effect. The estabLishment of a dynamic

fracture Loughness parameter r¿ou 1d be the l ogica 1 first step

to a systematíc investigation and subsequent contro 1 of
dynanic material properties.

Howe v er, the same sur vey wouId al so indicate that
current experimental research efforts into dynamic f ract.ure

toughness characterization are on t.he whole disjointed, \{ith
tests results from one experi-menter not imnediately
correlatable Lo othersr. This disjointness is due, on the

nost part, to the f act. that !here is at. present no agreed

upon test procedures, specimen conf iguration or
Ínt.erpretation of experimenlal ly obtained val ues. A1so,

nuch of the present experínental research efforts is

directed aL high speed compressíon testing, while
engineering failures of interest are mosL 1y tensile ín

nature. In addition, mosL test condítions do not include

stress t riaxia 1íty, a serious test defici.ency in view of Lhe

presence of cracks in aL l. engíneering sLructures.

Consequently, there is a cLear and present need for an

experínentâ1 f ract.ure toughness testing procedure that



utÍ1izes tensile loading and stress triaxi.ality to

characterize quasi-static to stress wave induced fracture,
This study at.ternpts to address this fundamental need

through a testing procedure based on an author designed
dynamic test seL-up and s t a L e - o f - t. h e - a r t fracture toughness

neasurement nethods. This original experimenta 1 set-up
ínvol ves the adaptation of an ex j-st.ing compression Split

Hopkinson Bar to simu 1at e stress wave loading under tension,

using conpact tension specimens to incorporate their
associated stress triaxia 1ity. Simplicit.y in design,
assernbly and data interpretation are t.he main features of
this ner+ design, Thi s testing procedure yields a fracture
toughness parameter Jq, r+hich Ís proposed as a candidate to

characterize the l oading rate effects of fracture toughness

f or rnetals.

ExperimentaL procedures, described in Chapter Three,

were adopted to ín v estigate the l oading rate dependence of
fracture Èoughness of AISI 104 5 steel in the annealed

condition. Fracture Loughness testing using an Instron
servo-hydraulic test.er at quasi-static, slor+ and high speeds

were perf ormed. In the stress wave loadÍng regime, tests
were performed at two additional l oading rates using the

author designed apparatus. Fracture Èoughness in terms of

JQ at. t.hese five loading rates r,¡ere evaluated using the

experimental load/1oad-J-ine displacernent curves. Compâct

tension specimens of three different crack l engfhs (a/w

rat.ios) r+ere used t.o evaluate specimen dependence of JQ. In



addition, a standard ASTM E813 J1ç fracture toughness test

was performed to estab l ish a base l ine quasi-static f racture

toughness value for comparison purposes. Stretch zone

measuremenEs of fracture surfaces !/ere performed using

scanning elecEron microscopy. Jq values evaluated based on

stret.ch zone llleasurements were used as reference fracture

toughness values for all r emaining test speeds,

Experimental results for the five l oading rates are

presented in Chapter Four. These results include the

variation of Jq with loading rates, the dependence of JQ on

specimen geonet.ry and stretch zone neasurement results,

Discusslons on the experimentâ 1 results and Lhe various

assunptÍons and models used in data int.erpretatÍon are

presented in Chapter Five. In addiEion, an evaluation of

Lhe genera 1 test methodology is a 1so inc 1uded.

Fina 1 1y, genera L conc l usi ons deri v ed from thi s work are

presented in Chapter Six.



CHAPTER TLr0

L]TERATURE REV]EW



Current interesLs in dynamic fracture toughness

characterization represent one of the newest and leasL
understood branches of fracture mechanics. Howe v e r, the

fundamenLa 1 object i v e of dynamic fracture ana l ysis, similar
Lo the general field of fracture mechanics, ís st.i1l the
desire to quantit.atively and qualitatively assess the
process of fracture wi th lhe ultimâte goa 1 to control the

f racLure process. Sinilar birthpains were experienced by

Linear Elastic Fracture Mechanics (LEFM) and Elastic-plastic

Fracture Mechanics (EPFM), with the e v enLua 1 standardization
of K16 and J16 t.est procedures to châracterize the quasi-

s¡aLic fracture process.

fn thÍs chapter, the concepts of LEFM are brief 1y

de scribed, and the three mosL prornising EPFM techniques are

discussed. A review of the current understanding of
fracture toughness dependence on specimen geometry is also
gi v en, Fo l l owing these quasi-static crack consicleraLions is
a bri-ef discussion on t.he f undament.al s of stress wave

analysis. Thi s in turn Ís fo l l owed by some theoretical
dynamic crack consi derati ons, and the current understanding

of fracLure toughness dependence on LoadÍng rate. Fina11y,

at.tention is directed at the historical developrnent of
dynamic f ract.ure !oughness testing techniques. It will be

shown that t.he author desi-gned dynarnic frâcture test setup

represent.s a natural extension of past efforts, and

therefore distinguishes itself as the latest experimenLal

technique Ín dynamic fracture toughness c h a r a c t. e r i z a t i o n ,



2,7 Linear ELastic Fracture Mechanics

Línear Elastic Fracture Mechanics (LEFM ) is the

ear l iest attemp! at applying continuum mechanics principles

to the solut.ion of fracture problems. The solution

methodology is essentía11y that of identifying the field

var iab 1es (stress, straín and displacement) as a functíon of

the dislance ahead of a crack típ. The major short.corning

of LEFM is t.haE the solutions are on 1y va1Íd at distances

noderately far away from the crack tip \,rhere the matería1

response is basica 11y e l astic.

2.L.I Continuum Mechanics ,ApÞroach of LEFM

Fundamental to the ana L ytic solution of all fracture

problems is Lhe formulation of an appropriate sLress

function, a concept originated !¡ith Aíry. Given the r,¡e11

known equi l ibrium and conpat.abiliLy equations, the problem

faced by Airy rvas to find a suitable function, , in two

dinensions which satisfies these conditions from continuum

mechani cs, and thereby enab l ing the s tresses to be related

to the applied 1oads. Airy f irst demonstrated tha L such a

function existed in 1862 [1], and he proceeded to use this

function to solve for the problem of an infinite plate

(p1ane stress) with a hoLe in Ehe cenLer.

Some 50 years 1aLer, Inglís in 1913 [2] applied Lhe

Airy sÈress function prínciple to the solution of an

e1-1iptica1 hole in an uniformLy st.ressed p1ate. It was

observed thât, by increasíng the rat.io between the rna jor and

rninor axes of an e11ipse, one wouLd approach the soLu!Íon to



a crack in an infinite p1ate.

Westergaarcl in 1939 [3] was ab 1e to do precisely the

above and pro v ided the fÍrst v igorous so l ution for the case

of a crack in an infiníte p1ate. Westergaarclrs soluÈion
consisLed of speci fying the stress state âhead of a crack in
terms of the nominal st.ress and crack l ength in the form:

o 
t j = f. r a IlJ \ w ,/ ( 2.1

By con v enti on, the

K = o J-ì-ã
and t.heref ore o

Stress Int ensi ty Factor, SIF, is denoted

K

ii= 
¡". 

fi¡'{o ) (2'2)

. As can be seen, Èhe SIF is used to represent the
intensit.y of f he stress f ield in f ront of a crack vhere LEFM

applies, and exhibits the wel l knovn singuLaríty property
(l / ..J?l, As a Daterial fracÈure Èoughess parameter, â

critical va 1ue of K, KC, represent s the 1Írniting conditions
of appLied stress and crack size at the onset of brittle
fail ure. fn genera 1, there are three separate modes of
failures and theref ore three va L ues of K6: KIC, KIlg ancl

KlllC. Figure 2.1 shows the three nodes of fai l ure and Flg.

2,2 f.isEs the associated field functions.

2.I.2 Enersv Approach 0f LEFM

Aside from the progress of a continuum stress analysis

that seeks to idenÈify the fie 1d va¡íab1es in the vicinity
of a crack tip, a para11e1 developmen! in Èerms of
understanding the basic energeLic requirements for crack
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propagation and failures was underLaken by Griffith in 1920

t4l.
The con v entiona 1 stat.ement of Gr i ffíthrs thermodynamic

crack propagatíon cri terion is as f o11ow:

1) an exi sting crack will propagaLe if thi s L eads to a
reduct.ion of the toLaL energy of the systern

or 2) the increment.al- elastic energy l oss (We) due to thepropagation of a crack shou 1d be )= the wo rk needed
t.o develop a new crack surface (W" )

By taking into account t.he plastic rvork needed to create a

new surface Ín a real naterial, Irvin [5] and 0ror+an [6]
Èrans 1a ted Griffithrs crack propagation criterion into t.he

fornl

ofzrc=2EGc

vhere tc = critical crack extension

% = failure stress
C = crack length
E = Youngrs ModuLus

By noting that the ríght hand side of Eqn 2.3 is a mat.erial
quanLity, il Ís apparent ¡hat the 1ef t hand síde must also
be a material quant.ity, and one then arrives back at t.he

con v ent i ona 1 d efini tion of the crÍtica1 SIF in rnode I as

K1ç= or..l 1rc (2,4)
Fur ther, it can be shown that t.he energy and the stress

requirênent.s for f ract.ure are sinpJ-y reLated:

K2
G = ---- where Er = E

EI
E
-;

1-v' plane strain
FinaJ. 1y, it nusL be kept in ¡rind that the Griffith

criterion is onJ-y a necessary but not a sufficienÈ condition

( 2,3 )

force,/crack length

plane stress

( 2.s )

1I



for crack grovth. As an energy críterion, it does not take

into consideration the path dependency of crack growth.

ALso, as a thermodynarnic approach, t.he Griffíth criterion

a 1so does not account for the irreversibility that is
inherent in any crack init iat ion and gr owth phenomenon.

2.7.3 Plastic Zone Correction

The formu 1at ions and so l utions of prob l ems as out. l ined

in the previous two sectlons are applicable on 1y in the
realm of LEFM. Hor,,ever, true brittle failure occurs only
for cert.ain materiâ 1s such as glass, ceramics and diamond.

Therefore, the fracture toughness predicLed for nost
engineering materia 1s using LEFM ana L ysi s are conservative.

To extend the accuracy of LEFM analysis to real
materia 1s, the ear l iest attempts had been the use of plastic
zone size correcLion factors to accounL for material

yie 1d ing before fai 1ure. The genera 1 so 1ut ion methodol ogy

was to first esLimate the plasLic zone size ahead of a real
crack creat.ed as a result of the l oading siÈuaEion. This
pl-astic zone wou 1d Lhen be used to calculate an ef fective

crack length, aef f, that is great.er than the orí gina 1 crack

length, ao. Field variable calculations woulcl be perf orrned

using thís adjusted c rack l engÈh, and t.he so l utions applied
to distances moderate 1y far awa y f rorn Lhe crack tip. Two

such approaches wou 1d be given here.

I2



f rwin I s Correction

Assuming plane stress and no ma teria 1 strain hardening

(tne lack of natería1 strain hardenÍng effectively

overestlmates the actual plastic zone size), Irwin further

assumed the p l astÍc zone wou 1d begin where the stress in the

nâteriaL exceeds the yield stress (Fig. 2.3). frwÍn !ras

âb 1e to show that t.he plastic zone radius takes on the f orm:

Dugdale's SolutÍon

Assuming a 1so plane st.ress and no material hardening,

Dugda 1e [7] approached the problem from an equivalent SIF

point of view.

He 1et the plastic zone be l oaded by a continuous

distribution of yield stress l oad poÍnts for a crack of

original dimensions 2a (Fíg,2.4). Applying Hestergaardts

solution he was able to show that

( 2.7 )

obtainable from an

This then yields:

(2.8)
t- 2 2-1lr Õ ¡

- t- ¡

lno 2 |r__

r fx -¡z
rv l-l for plane stress (2,6a)' 2" fr-l

1 I K l¿t_iry = ; LÇ_l 
for Plane strain (2.6b)

2 o u [-"-lK- =+J-i-"o"-' l-lrc ,f--__ 
, 

L.J
He t.hen equâted thís SIF vit.h that
originally elasLic crack of length 2c.

u f-¡ o-l
= ccs l_l

" Lzo v)
and as o/ o y becomes srna11, a/c --) 7

13
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Formation of plast j.c zone,
First estination of plastic zone size,ItNot.ionaltt elastic ciack.

Fi gu re 2.3

Graphical representation of the
plastic zone correction. (after

Figure 2.4
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TK2
and by letting 2r = c - a , t"v =' 76Õ ¿

v

( 2.e )

2.2 Elastic PlastÍc Fracture MechanÍcs

In LEFM, by assurning negliglble yiel ding or â plastic
zone si ze correclion, one uses a stress/force approach t.o

arrive at a fracÈure toughness parameter, K. In Elastic
Plastic f'racture MechanÍcs (EPFM), one recognizes that in
most real-1ife sÍtuations where fai l ure is ductile in
nature, some strain energy released from the fracture
process goes into plastic zone fornation (crack bluntlng)
ând not crack propagation. Therefore, the general- stress
and sÈrain fields cannot be accurately nodelled by LEFIf .

The purposes of EPFM are therefore two folds:
i) a better understanding of the process of ductilefracture

2) to circumvent the problem of LEFM (1arge specimens are
needed t_o qualify for LEFM test procedures -for ductilemateria 1s) by correlating EpFf test results (using
snal L specimens) wi th the conventionaL LEFM fracturãparameter, K.

In the f ielcl of EpFM, there are currently Èhree
approaches that. seek Èo account for crack bluntíng.

2.2.7 Crack 0pening Di.splacement and Stretch Zone l,lidth
In 1960, bot.h Corrrell IB] and We11s[9] inclependenrly

proposed that the amount of crack opening prior to crack
extension, for a given na ter ia I tested under a given seÈ of
condÍtions, âs a pârameter to characterize Èhe crack tip
region. According to Dugdalets so l ution for plane sÈress

15



based on West.ergaardts stress function, the CTOD (Crack Tip

0peníng Disp l acement) at faÍ1ure is given by:

8oy f nof -l
CToDC a ln I sec (-; Ir E L 2 oy _l

(2.10)

t9] or assumingr¿hich f rorn

Õ- ,. a ¡t " yL

cT0Dc (2.11)

by letting

eit.her a geometric argurnent

101 yields
Õf2'u 

K2

oy E oy E

We11s was able to show further that

4K
cT0Dc (2.12)

and usÍng Irwinrs p l astic zone correction factors (Eqns 2.6)

72 m = 0,785 for plain stresscroDc (2.13)
n orEr m = 1.36 for plain strain

Dawes[11], by assuming l inear elastic material behavior
( Eqn 2.17), extend ed Eqn 2.13 Èo

J
CTOD

t oy
(2.14)

where m is estínated to range f rom r/4 to greater than 2

(Figs. 2.5) 112).

It is reasoned that even if an exact nunerical

relaEionship bet\a,een CT0D and fracture toughness is not

known, !roof of the uniqueness of CTOD as a naterial
pararneter vould stiL l a11ow for a neaningfu l qualitâtive
comparÍson of results from smaL 1 laboratory specÍmens to
real 1i fe l oad ing si¡uâtions.

2r
ll
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Ma thena t ica 1 nodel s of crack tip opening
displacement (CT0D). (after Ref. l2)(a) Summary of resulÈs,
(b) Graphical models of crack rip used ín 2.5a.

Figure 2.5
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The rnain difficulty in using CT0D, however, has been

the practica 1 measurement of the onset of crack initiation,

CTODi. Various f ormulae wer e introduced to correlate the

values from a specinen face nounted crack opening
dispLacernent gage (C0D) ro CT0D [10,13],

Älthough problerns exist. in the exacL deterrnination of

CT0D at crack Ínitiation, the underlying pr incip 1e of crack

b l unt ing and subsequenL naterial constraint Lo c rack growth

Ís valid enough. Therefore, i! would seern reasonable to

examine a mat.erial process vhich concentrates more closely
on crack initiation for fracture characterization.

Spitzig [14] was the first researcher to notice the
correlation between CT0D and a rrsLretch zonerr - a relatively
feature l ess, slightly rippled regi on, obser v ed be twe en Lhe

fatigue-cracked and the overloadecl fracture regl on (br1tt1e

or stable crâck growth) of fracture specimens (Fig. 2.6),

The change in contour associated with the stret.ch zone

(SZ) facilitates the determination of j.ts boundary under

stereoscopic viewíng of scanning electron mícrographs.
Spítzig had found a typica 1 SZ variaLion of 25% to 507.

across the fracture surface.

For the tk'o known cases where the SZ wiclth(w) and

height(h) were independent. ly measured, the stretch zone

slope angle 0 vas found to be ..,370 (Fíg. 2.6) 11,2,14). yer

conventionå11y, 0 is assurned to be 450 [15]. 0b v ious 1y, 0

is aÈ l-east a function of the flow propert.ies of the
rnatería1, the orienÈatíon of 1oca1 sl,ip planes and the

18



Figure 2.6 Definition of stretch zone based on actual
width of streLched fracture area. (after
Ref. t2)

Illustration of the
based on a dÍagonal
Ref. l5)

stretch zone width
definition. (af¡er

=45.

Figure 2.7
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st.ress stale (p1ane stress/strain), r,¡Í th the relative

inportance of any one of Lhese facLors uncertain.

A 1so, the stretch zone vidth is known alternately as

the actual widrh of the SZ (Fig. 2.6) [14 ], or rhe diagonal
of the SZ measured at. 45 to the plane of fatigue crack
propagation (Fig. 2,7) l15l, Currenrly, rhe JSME (Japanese

Society of MechanicaL Engineers) uses the ac.Luâ1 r+idth of

stretch zone to determine JIC [16].
Although SZ rneasurement. represents the rnost direct

record of the fracture process, SZ det.errnination requires â

high capital investment in a scanning electron rnicroscope
(SEM). In addition, a SEM requires neticulous specimen

preparation after the fracture process before micrographs of

the fracture surface cou 1d be taken. Therefore, this rnethod

of fracLure toughness charac ter Ízat ion cloes not l end itself

to automated data ana 1y si s and is also time consuming.

2,2.2 J-integral

In contrast to SZ neasurement, J-integra 1 determinat.Íon

represents Lhe s tate-of-the-art automâted fracture toughness

testing pr ocedur e. Since its int.roduction l ess than twenty

years ago, the J-integra l has f irrnLy extabl ished itse l f as

an elastic-plastic fracture toughness parameter.

2.2,2,1 J-int.egral Theorv

The J-íntegra1, as proposed by Rice[17], fs a path

independentt!¡o dimensional energy line lnt.egra1 thaL

20



evaluates as a fracture parameÈer for l inear and non_linear
elastic maÈerial s subject to proportiona 1 l oading and

deformaEion plasticity constraints, Wi th reference to
Fig. 2.8,

(2.1s)

!rhere W is the strâin energy density, Ti is t.he surface
tracÈion v ec tor ( oi¡n¡), Ui is the displacemenL vect.or, ds

is a differential element of an arc length along f and n¡

are t.he direction cosines of a unit vector ñ. proportional

Loading implies d e1, = c ei j, such that the l oading process
in Èroduce s no inhornogenity into the naterial. Defornation
plastÍcit.y impLies oi j = f (. i¡), or thaÈ no unloading or
hisÈory dependent deformatíon is a 11owed. With the
deformation plasticity assumption, hr =,t o ljd.rj. The crack

tip region is t.reated as a stress/strain singularity.
With lts path independence, J cornputed on a contour

remote from the crack tip is seen to directly control the
near tip stress/strain distribution and magnitudes bef ore
the onset of fracture.

Knot.t[10] has shown that J can be seen as the net
energy reduction (change in pot.entÍa1 energy) f or the case

bounded by a sharp c rack (J = .f Wdy) and thar of a stricrly
bLunted crack (J = I 

tt âui A"du;. SimilarIy, paris [18]'ã*
has shown Jda to be the energy change in crack exLension
(Fig. 2,9) !¡rrh

t=df t{ay-riôuids )tl -â,.

Jda = I Hdyda - ó rt fu.La" ¿",^ J f âx

21.

( 2.16 )



î'

Figure 2.8 Graphica 1 Defi n i tion of the J-integral. (after
Ref . 50)

J around contour
Ref. 18)

tt

rtt

\
I ¿.

Figure 2.9 I aL a crack tip. (af ter



,.
JWdyda = the strain energy gained (and l osL) by moving to

the new contour (for non l inear elasticity) and

Jri ði Ssda = work done by traction on the contour in
â x noving

Rice [17] has further shown that for the l inear elastic case

X2
J=G=

E' ( 2'r7 )

and thaÈ for nonlinear elastÍc cases, J=G due to Jrs
potentiâ 1 energy change definition.

Rice and Rosengran I19l and HurchÍnson IZO) borh

i.ndependently shoved that J, analogous to K (Fig. 2.2),
cont ro 1s the sLress/strain fields for a power 1aw hardening

naEerial in Lhe vicinity of the crack tip (the HRR

solution). McCl intock [21] further showed this relationship
ín an explicit form:

orr(r,e) = ", ,*;, Fh 
õii (e) ( z.tga )

n
ÑT

crr(r.e) = (ù ¡rh- t,, t'r
( 2.1eb )

ì

)ilÏ

where In is a function of lhe work hardening exponent n, and

!he rnode of crack opening. For the case of linear
elasticiÈy, these t.v¿o equat.ions transform into the equations
listed in Fi g. 2.2, and thereby extending an analytical
stress/strain sol-utíon to a previously unchartecl region.

ZJ



2.2.2.2 J-integral Deterrnination

Providing the sLress/strain fields of a body are known,

the J-íntegral can simply be evaluated using the line

integra 1 definition (Eqn 2.15). Thi s is rhe rypical J-
int egra 1 e va l uat ion rnethod for finite e l ement anal ysis, The

major considerations are the proper rnodel llng of material_

behavior through the use of constitutive equations and

accurate model l ing of t.he crack tip region, the crack

bluntíng process and crack advance.

Experirnental ly, the e va l uaLion of J has its first basis

in J!s definit.ion as t.he potential energy decrease rate/unit

crack l ength, J = -dU/da. Beg 1ey and Landes [22] perf orrned

the first experimental evaluation of J in I97 2 vÍa this
definition. Their methodo l ogy suffered in that a nunber of

specinens of dif f erent a/w ratios we re needed to identify
Jf C. However, the most. serious disadvantage of this nethod

is the fact that crack initiatíon .l,¡as not identified ín any

of these tests, Crack initiation lras taken Lo be coi_ncidenË

wi th max inum load, Prnax, which for any rea L engineering
rnateria 1 that contains b l unt ing of the crack tip, this would

yie 1d an optimistic JIC.

Subsequently, J-integraL esLirìation f ormul,ae were

developed Lo estimat.e J for different specimen shapes. The

most important one is the estirnation formula for all

specirnen shapes, subjected to a bending moment, where t.he

onLy signifícant specÍnen dinensíon is the remaining

l igament. r,'idth. Rice [ 23 ] showed that for Lhis case J can

be evaluated exact. 1,y through

24



2U
1_

b
( 2.re )

where U = the area of the l oad displacement cur ve per unitthickness
b = remaining f-igarnent length

AppLied to a Compac t Tension Specimen, Eqn 2.19 takes
on the forrn [24]:

1 +o 2 U
J = 

- 

( 2.20 )
7 +a2 b

where û = geometric factor for compact. tension specimen

Currently, â standard f or J16 tesling has been issued
by ASTM (Anerican Soclety for TesLing and Materials) under

E813-85. The J-inLegra 1 Resistance curve method is
illustrared in Fig. 2.10,

For alL real deformaLÍon cases, Jrs interpretation âs

Lhe change in potential energy lencls itself as a

characterizing energy parameter that enconpasses the overal l
energy requirernent of the fracture process. It is this
interpretation tha t is ut.ilized as the theoretical basis f or
int.erpretating the load/load-1ine displacemenL curves
generated in this vork.

2.2.3 S train EnergV Density Factor

In generaL, duct.i le crack initiation ancl propagat.ion
ínvol ves the creation of many microcracks along the path of
the nain crack (cracks), and therefore dí1atíonal and

distort.ionaL energy must be considered. The conventional
approach of using Von Misests yield criLerion (plastic
defornation (deviaÈoric sEresses) leading to faiLure) is

25
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ato
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Figure 2.10 ll Lustration ancl diagramatic deÈai1s f or
J-integral R-curve technique. (after Ref.
s0)
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ete as it does not account for t.he dilationaI energy

creation of microcracks. Therefore, il seems

bLe to use the total strain energy function

ijd eij to charact er i ze f racture.

incompL

or the

reasona

w = loJ
As noted in section 2.7, in Èhe elâstic region,

oi:' =*+f ij ( e ) and thar in the elasric plasric region
{2rr

(section 2,2), õij = Ji cij ( e ) vhere X + I/2. fr is
rÀ

apparent that a stress discon¡inuity occurs over the

e 1 a s I í c - p 1 a s t. i c interface, and therefore åny f ract.ure
pararneter based on a sLress criterion has unk nown errors,
However, t.he straj.n energy density for both K and J

control led regions exhibit a 1/r singularíry llg,20 l , and

t.heref ore strain energy density prornlses to be an anaLytical
basís for examining both Èhe elastic and elastic-plastic
regions, Sih[25] therefore proposed a strain energy density
function, dl{/dV such rhar

dI.J S

, S = s t rain energy densíty f actor
dV r

S is a f ínite quantity def ined by the area under the curve

at. a distance r (Fig. 2.11), and dW/dV is the area under t.he

true stress and Lrue strain cur ve.

The fracture process is assumed t.o be governed by a

naterial achieving a criticâ1 strain energy densit.y f unctÍon

as a crack propagates to g1oba1 faí1ure, or

l-¿wfo Sr 52 Sj S.o SOo
tl
| - | = 

- 
or 

- 
= const

LdVJC 11 rZ rj ..* .0n

27



Figure 2. 11

FÍgure 2.12

Figure 2.13 Crack
path.

wi th yielding along the
Ref . 25)

Graphical definitÍon of the strain energy
density function. (afLer Ref . 25)

Crack growth in elastic portion
elast.ic-plastic stress fie 1d. (after
25)

of
Ref.

growth
(after
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2.3 Specimen Geometrv and Fracture Toughness

0ne of the most important goals of experimental
f ract.ure nechanics Ís t.he rrnegaLivetr goal to define the

l imi Ls of test and specirnen configurations to arri v e at a

consistent fracture parameter, In this sense, any rneasured

differences in f ract.ure toughness values (K,J,G) are
índications of dependence on Lest.ing variab L es rather than

actual nateria 1 toughess variation. Specifically, specimen

geonet.ry variables t.hat should be investigated are the

overal l specirnen configurat.ion, the specimen Lhickness B,

and the remaining specimen l igament b, or equÍva1enÈ1y the

a/w ratio. Àn ídea1 fracture test shou 1d be independent of

all these varÍab1es,
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2.3.7 0vera11 Specinen Shape

Ear l ier works on experimental evaluation of the J_

integral- by Beg 1ey and Landes [22] indicated Lha t bend bars

and center crack pane 1s yield approximately the same J1ç

vaLues. Howe v er, !he validity of Lhis assessment Ís
uncertain due to their use of max imum 1oad, pr"*, as the
poinL of crack íni t iation. More recent 1y, works by penelon,

Ba s sim and Dorlot [26] showecl Lhat the J-Íntegral from

precracked Charpy size specimens are rnuch 1or.¡er Lhan those

from three point. bend specimens.

At present, ASTM sti pu l at es the three point bencl (TpB)

and the cornpacL tension specimen (CTS) as standard specimens

for J-integraL and K e va l uation. Intuitively, ít couLd be

seen that results fron these two specimens shou 1d be

different. St.andard quasi-static fracture toughness tests
rely on servo-hydraulic test. frames to generate both the
l oad and stroke signa 1s, The inf l uence of t.he overal l Lest

frame comp l iance (test jig and uncracked specinen) is hì.gher

in the TPB due to its cantiLever configuration, and

therefore higher J values can be expected f or TPB vs CTS

Èests. At present, Lhe auÈhor is not avare of any direct.
cornparison of TPB Èo CTS results.

2.3.2 Specinen Thickness

With reference to Fíg. 2,15, region A is knor¡n as the
pl-ane stress fracture region where t.hin sheets fail in slant
fracLure profi 1es, Fracture toughness has its highest value
in region A due Èo Lhe higher plasLic zone a 11oved by the
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l ack of stress constraints (cf . Eqn. 2.6a), For region C,

square f racture in thick sections as a resul t of crack tip
Lriaxiality and a constraíned plastic zone occurs. The

stress intenslf icat.ion in regíon C can be âs high as 3 o y.
The size of the plastic zone is usua 11y assumed to be of the
form in Eqn. 2.6b.

In recognition of the need to clearly identify plane
stress,/strain fracture node, associations such as the ASTM

(American Socíety for Test.ing and Materials) stipulates
¡ .. t-specímen wíclth constraints in the form of B )= o I KfC l2L\j

for standard plane strain fraclu¡e t.oughness testing [27].

2.3.3 Cra ck Length or a/w RaLio

RecenL vorks by Gudas, Joyce and Davis [2g ] sholied that
a l though Èhe absence of side-groving tends to raise the
aPparent J1ç vai,ues due to the l ack of crack extension
constraint. and shear f.ip formation, J1¿ is on Èhe ¡+,ho1e not

a function of the a/w ratio. However, an inverse parabolic
variâtion of G, the strain energy release rate, with a/w was

found by Adans and Munro [29 ]. SÍmiLar1y, Kalrhof f er al

[30] have s hown that K1¡ is a function of a/w for clynamic

fracLure (Fig. 2,16). This was explained in terms of the
effective crack length.as ttsensedrt by a short duratíon
pu1se. The relat.Íon X = o Jii- írnplies a decrease in
fracture stress as the crack length, a, increases Lo

naintaÍn a constant X 16. Howe v e r, in stress wave loading,
as the crack l ength increases the envelope of the loading

.]-f



pu 1se becones of simi 1ar magnitude to t.he crack l ength and a

limiLing fracÈure stress is reached. This I imi ting f racture

stress translates into a rise in the critical fracture
toughness va1ue.

Furthermore, Dave s [10] reported that the critical
crack opening d isp l acement, C0D" , ís also a function of a/w

and specimen thíckness, B. In particulâr, for a/w (= 0.5,

a/B = 0.5, COD = CODCr,¡here

COD = 10 CODC ( lor+ a/w )

COD = 2 CODç ( high a/w )

Dawes I own vJork have shown that for any Lemperature, C0D"

decreased as afw increased, for 0,2(=a/w(=0.5, and a sÍni1ar
trend was ob ser v ed for J, Similar resul ts were reported by

de Castro et al [13]. They investigated the relationship
bet\ì'een C0D and a/v as a function of temperature (Fig.

2.I7). As a first âpproximation, one could view l-ow

tenperaÈure as similar to high strain rate in its effec t s on

fracture toughness.

From Knott. [10], it was shown that. ågreement of K and

J values using different specirnen geonetries depend

critically on the rela!íve size of the p1âstic zone and

crack lengÈh duríng test (Fig. 2.18). Al-though the
principle that underlies any crack length criterion
(alternatively the a/w ratio) shou 1d depend on t.he deviation

of the rea 1 stress distribution fr on that of a single term

approxination ( Eqn 2.1), Èhe standard criÈerion for K and J

testing is stilL not based on a percent de v iation of stress

a<<B

a>>B
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but on an arbitrary ratio of the plastic zone and crack
length.

2.4 SÈress l{a v e .A.na 1y si s

In ordinary engineering structures where the appliecl
forces or the reactÍons are eÍther time Ínvariant or occur
over a I ong period of tirne, a nacroscopic or quasi_static

analysis is adequate ín explaining and predicting all
actions and reactions using classical theories. However,

wave anal ysis must be used for Lhe class of prob l ems where

the finite tine required for a body to achieve equilibrium
is of similar order of nagnitude to the loading and reaction
times invol ved. À microscopic ana L ysis of the material in
the sense of analyzing the disequilibrium ítse1f as a

function of Lime is needed. A l though the basic action_
reaction classj.cal Lar,¡s are not violaÈed, the time dependent

nature of the disequi l ibriun yields results thaL are very
different frorn Lhose obtained q u a s i - s t a t i c a 1 I y.

DEFINITIONS

Àn e 1as tic wave or puJ-se is generated ând transnitted
through a body when different parts of t.he body are not in
equi 1Í br Íum. Ás a continuum, a finite tÍ¡ne is requíred for
any disturbance in a part of the body Èo be fe 1t t.hroughout

Èhe body. The rate at which a body will- respond to Èhis

d i sequi 1i brium is known as t.he characteristic sÞeed of wave

propagatíon, or the wave_s¡eed, which is a naterial
property. In genera 1, the wave speeds are differenÈ in
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dif ferent directions v¡ithin the body as a f unction of the
1atÈice structure.

Fundanental Èo wave analysis ís to nake the distinction
between Èhe wave speed and the psrticle speecl in a bocly.

The particle sÞeed is the rate at which incrividual mo l ecu 1es

are caused to de v iate fron their equÍ 1i brium position, and

is ob v ious 1y a function of the appliecl forcing situâtion.
Waves that travel through the nass of a body are callecl

bod y vaves, whereas those tha t travel over Íts sur fa c es are
surface waves. The rJaves thense l ves can be either
longitudinal or torsiona 1 waves. As l ongitudina 1 waves t.hey

nay be conpressive waves or tensile waves. In considering a

slationary bar, and neglectÍng poissonrs effect, a

longiÈudinal conpressive wave causes the indÍvidual
particles of the bar to displace or move in the same

direction as that which the wave travels; and in the case
of a longit.udinal t.ensil-e r.ra v e the particles nove in the
opposite directÍon to that whích the wave Èrave1s. In the
case of a torsional wave Èhe indl vidua L particles roove or
oscí11ate entirely in a plane which is transverse or at
ríght ang 1e to the direcÈion of the wave. The details of
wave propagation and the stresses produced are covered in
reference [31], For Later reference, the stress produced in
a rûaterÍa1 as a resuLt of stress wave propagation is:

oo = v {--Ë--%- ( 2.24 )

E
po

= partíc1e veLociUy
= Young I s Modulus
= naÈería1 densiÈy

where



REFLECTION AND SUPERPOS]TION OF WAVES

In considering a rectangular pu 1se in a bar, it is
understood that a configuration such as thaL of Fl g. 2.19

exists in t.he bar itself. The pulse is seen as a localized
evenL that noves withín its own en v e 1ope. Briefly,
1) a compressive(tensile) wave wou 1d be ref l ected at thefree end into a t e n s í 1 e ( c o n p r e s s i v e ) wave vhere Èheoverlapped portion would have doubled the orígina1particl-e speed and be stress f ree;

2) a c o m p r e s s í v e ( t e n s i 1 e ) wave at a fixed end r,¡ou1d beref l ected as a compressive(tensiLe) wave wi th theoverlapped region doub 1y sLressed and sLationary.

2.5 Theoretical Dynani c Crack Considerat.ions
- TradiEionaJ. 1y, dynarnic LEFM also assumes t.hat t.he body

in question is governed by sone forn of the SIF, Kç. fn its
extension to e l ast ic-p l astic ana L ysi s, e 1 a s t i c _ v i s c o p I a s t i c

nodels may be used. However, by and 1arge, all
ana 1y t i ca 1/ex pe r irnenta 1 nodels nerely assune numerous

nateria 1 simplifying assumptions, such as materiaL
homogeneity and an assurned dynamic yield stress va1ue, to
somehor" cornpensate for the average strain rate effect.

Early works in the area of dynamic nateriaL response
incLudes those by Achenbach [32] on elastic waves in britË1e
solid and Clifton [33] on plastic L,aves. A det.ail treatise
on crack propagation in an elastic solid under varÍous
loading rates Has presented by Freund t34-36].

More recent 1y, sma11 sca 1e yie 1díng in elastic/rate-
dependent. solids was investigat.ecl by Freund and Hutchinson

[37]. By inposing a crítica1 near tip energy release raLe
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Fígure 2.19 Definition of rectanguJ.ar pulse in bar.(afrer Ref . 31) -



as a fracture criterion, they wer e able to formulate a

propagation equaÈion for groving crâcks,

ln addirion, Freund and Doug 1as [3g] have studied the
case of steady-state anti-p1ane crack growth j.n an elastic
ideally-plastic material. Finite element nodelling
indicated that fracture toughness is very dependent on crack
speed due Èo the significant infruence of iner t ial effects.

Wi th the increased popularity of the J_integral by

Rice, there is rnuch interest in the use of dynanic line
Íntegrals to characterize dynanic crack initíation.

Extension of the traditional Griffith !ype energy
ba l ance to crack growth in naÈerials exhibiting non_linear
deformation characterÍsËics has been tried buÈ resulÈed in
physical ly unacceptable resuLts [39,40]. There is of course
no defect in the idea that energy must balance in the
fracture process. Rather, t.he inconsistency arises due to
Èhe fact that nacroscopic, cont.inuum mocleLs of crack growth

does noÈ take into account the energy relations in the
fracture process zone, however sna 11 that zone may be.

With reference to Fi g, 2.20, Rice [41] has shown that
the energy f l-ow to the crack tip shoulrl be properly modelled
as

'dô.rcu = .l _!, o. u ds - 
- 

f'w dA + ; f -tl n* asvt- dL uA ( 2,25 )

where ; = f,afw nx - 1.3, âu/ðx) ds

Rice further showed thaf G = Jf and are both naterial
constants if and on 1y if crack growÈh takes place under
condieons of steady sEate wi th respect to Èhe noving crack
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Figure 2,20 Nota t ion for discussing energy f 1ux to a
nathemat ica1l y sharp, structureless crack
Èip; Èhe xr, y axes, regÍon Á,, and
contour nove Èhrough the material vith
the tÍp. (after Ref . 39)

Flgure 2.21 Diagramic deta i Is of line integral .by
Rishimoto. Äend: fracture processr€gion,.r.end: Fóundary of A"n¿,
l: arbiî'r'ary curve'"rri.oi'iäi-ng Á and
l"t curves aiong crack surfaces,uoi direction of infinitesinal crackexrension. (after Ref. 42)
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rip, ie,
uf u(r) and "f *(r)

This then cast doubts on the use of the l ine integral
defini t ion of the J-integral as a d ynamic crack initiation
paraneter, since this static inÈegra 1 does noÈ take into
account the velocity of the crack tip nor the tine rate of
change of the strain energy densít.y.

0n the other hand, Kishi.moto et at [42] proposed a path

indepenclent integral, 1, tfrat they believe accoun¡s for the

fracture process zone, effects of plastic defornation, body

forces, thernal straín and inertia for a material of an

arbitrary stress-st.rain re l ation. Derived on an overaL l
energy ba l ance consÍderation of the form oi¡,r. + f, = ;i,
which recognizes t.he existance of a net resu l tant force,
they showed rhar (Fig. 2,Zl):

r=+.; 1,.,,[*^ - r&] o,. [ [ ̂ {"#: * - r#o]. o+ ( 2 . 26 )

with the fracture criterion being l¡here

^^^J = Jt cos 0 o + J2 sin 0o

J represen t s the rate of energy change in the fracture
process zone and is undefined expLicitly as conÈinuum

nechanics does not operate in the fracture process zone,

^They view J physically as the crack clrivÍng force. By

assuming elastic naterial behavior, and also that body

force s, inerÈia of ra ter ia 1s and crack sur fa ce traction are

absent,

^^J = Ji ( l'lent - Ti fui ) ¿r ( 2.27 )
axr

l_t
" - rc

t
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which is Lhe sane as the J-integral by Rice.

2.6 Loading Rates and Fracture Toughness

Contrary to specimen geonetry dependence of fracture
toughness, f rac ture toughness variation as a funcÈion of
loading rate is probably the nost sought after rtpositiverl

re 1at ion in current research, as l oad ing rate is one of the

tÌ,¿o nain factors that control cleavage vs ductile fracture
(transition tenperatur e is the other factor). Loading rates
from quasi-static to dynamic are experimentally ancl

numerica 11y generated to observe fracture toughness
variations.

Äs the fracture rnode changes from ducti 1e Èo cleavage

fracture, the energy required to fracture any specinen r¡ust

necessarí 1y decrease. Therefore, the usefulness of any

fracture parameter to characterize strain rate effecLs
depends on the parameterts abi l ity Èo reflect thís f racture
energy decrease \,rith change in fracture mode. WiLhin the
last ten to twenLy years, researchers are begJ.nning t.o rely
heavily on extension of the quasi-sLatic K and J fracture
paraneters to quantiÈatively characteríze dynanic fracÈure,

The usua 1 convenEion f or classif yÍng rate ef fects on

fracture toughness ís i = KIC/Lc, assuming LEFM conclitions

app1y. The critical tine, tc, is t.he Lirne from the time of
loading to the critical crack event as defined by the
experinent.er. It. is assumed that K =1 MPaJîs-1 constitutes
the static value [27]. FoJ. lowing Èhe staLic case:
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1) conventional fracture nechanics specínens
hydraulic nachines

:_^K up to l0rMpaJms-r

rn servo-

2) bending ímpact specimens using penduLum or drop weight

i = ro: to 105 Mpa¡is-l

3) sÈress wave Loading

K = 104 to 109 MPaJ;s-t

The dependence of K on loading rate is dif ferenL for

clevage and ductile fracture [43], In the clevage case K

general ly decreases as K increases. However, the trend as

depicÈed by Fig. 2.22 was observed by Klepaczo [44 ], Ef ris
and Krafft [45] and Radon and Turner [46]. Ir is
t.radiÈiona11y be 1ie v ed that as the rate of crack l oading is
íncreased, t.he deformaÈion nay becorne acliabatic with respect

to the p l astic zone, and the subsequent. gross re l axation at

the crack tip would drive up Lhe K val-ue. However, a

countering view hol-ds that the rising portion of Lhe curve

in Fi g. 2.22 nay act.ua11y be measuring crack propagation

effects rather than crack initiaLÍon energy requirenents

1431 .

0n the oÈher hand, vork by Costin et aI f47 ] inclÍcates

that thi s genera 1 l oading rate effecL nay sometines be

o v ershadowed by nicros truc tura 1 considerations such as void

coalescence. In their work using circular bar specimens,

they have found Lhat for SAE 4340 st.eel no strain rate
effect on either K16 or J1g was observed. Ä1ternate1y, SAE

1020 cold-ro11ed stee 1 vas found to exhibit a sharp decrease

of both J1ç and K1ç vith st.rain raLe.
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Joyce [48 ] deter¡ûined a d ynami c J va 1ue, J¡¡, for À5338

steel ar 15ooC an¿ ft -¿x103 Mpaft-s-1. The general
conclusion was that the slope of the J¡¡ curve was f airl-y
unaffected by rate effects but Lhat the 1eve1 was shifted
upwar d about 502 compared !o the standarcl J-Resístance
cur v e. Ïn another invesLigation on a nedium strengÈh a11oy

steel Joyce [49 ] found no significant rate ef f ects.

Bayoumi [50], on the other hand, found significant
decrease ín J values from 68.5 Eo 27.g KJ/m2 as t" Boes fron
2.66x108 ¡s to 26 Fs (equivafent ft fron 0.5 to 3.1x106

MPaGs-1). In hís work, Bayourni performed dynamic tension
tes.ts using a conpression Sp1it. Hopkinson Bar and Wedge

Loaded Cornpact. Tension specimens.

More recently, there is a renewecl interest in
invesÈigating shear band formation and the roLe of shear
bands in contro 11ing Ehe fracÈure Èoughness-loading râte
rel-atÍonship [51-53], Alt.hough a cornpleÈe understanding of
shear band f orrnatíon and its effects is stilL lacking, it
vou 1d appear t.hat high l oading rates sometímes result Ín
localized shear bands Èhat tend to lower the fracture
toughness of metals.

2,7 Bistorical Development of Dynani c Fracture Toughness
ParameÈers

Experinental ly, numerous difficuLties sti 11 persist
af !er a few decades of int.ense experinental research into
the area of dynanÍc fracture characÈerization. Although
progress has been nade in generating short l oading pulses,
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there is stiL l great difficul ty in accura te 1y neasuring the

l oad as sensed by a specimen and the subsequent specimen

strain. There is at present no agreed upon specimen
geomet.ry, Ínterpretation of experÍmenta 1 results,
deternination of crack initiatÍon or def i.nit.íon of effective
gage l ength in dynamic fracture ana l ysi s, De tai 1s of past

and current research wo rks are present.ed in thís section.
It is precíse1y this prob 1em Lhat has 1ed to the present
work - an attempt to st.andardíze dynarnic fracture toughness

e va l uat Íon through Lhe use of a specimen that possess es an

engíneering wise real istic sEress staLe,

2,7.7 Qualitative Dynanic Fracture Touphness parameters

Ear l iest attempts at dynamic fracture characterization
invol ved qualitative conparison of t.he conditions that
caused britt1e/ducti1e transit.íon in metar- fracture rnode,

These early att.enpts involved noLched bar t.ests using either
Charpy or Tzod, specimens [54]. These tesÈs provided a high

degree of plane strain, and fracture toughness was measured

in terrs of absorpÈion of inpact energy pro v ided by pendu l urn

strikers. These Lests suffered in t.hat the relatíve energy

absorption could not be used directly for design
calculations. A1so, the srnal1 specimens used in these tests
did not a l ways provide a realistic nodel of the actual
ser v ice condiÈions,

The Èransition Lo thicker specinens was pioneered by

Pel lini [55] and the Naval Research Laboratory. Tests such

as the Drop Weight TesL and Èhe Dynanic Tear Test used
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1arge, guided faL 1íng weights to provide the impac t. energy,

,{bsorbed inpact energy values were then used Lo

qualitatively compare the fracture toughness of netals.

A l though quâlitative test.s only provide dynamic
fracture toughness informaÈion in terms of Idegree of
ducLiliLytr, they have the advantage of simplicity in their
construction and data i n t e r p r e t. a t i o n,

2.7 ,2 Quantitative Dynamic FracÈure Touqhness Parameters

Al though qualitat.ive paraneters are econonical and

símp l e to obtain, they are inadequat.e 1n app L ications where

Low safety factors rnust. be naintained. Also, the Ímpact
ênergy leve1s obÈaÍnable from these tests are insuf f icient
to cause stress wave loadíng of their specimens. Therefore,

in modern engineering applicatíons r,¡here stress wave loading
and 1ow saf ety factors are present, Lhere is a clear need

for quantitative dynamic fracture toughness parameters f or

netal charact.erization. The no st promising candidates
todaÈe are varÍations of Èhe original Hopkinson Pressure

Bar,

HOPK]NSON PRESSURE BAR

fn No v enber 1913, Be r uram Hopkinson [56] released a

paper describing a sirnp 1e Lechnique whereby t'it is possible

to measure bot.h the duraÈion of (a) blow and t.he maximurn

pressure developed by itr'. The prinary contributíon of the

Hopkinson Pressure Bar (HPB) to fracÈure mechanics Ís the
consLructÍon of an essentia L l y compressíve/LensíIe wave
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without. sígnificant energy 1oss.

thus creaEed nakes the resu l tant
handle.

KOLSKY BAR

The one-dimensional wave

ana l ysi s relatively eåsy to

Ko l sky [57] was Lhe f irst person to apply Hopkinsonrs

pressure bar concept to dynamic fracture analysis based on a

design by R.M, Davies [58]. In his vork, Rolsky used

explosives to accelerate a strÍker to impact. his disc
specimens, The stress-strain signals wer e neasured using
condenser microphones. In his paper he gave an excêL 1enl:

description of the cornpressÍon stress wave phenomenon, and

out L ined some of the najor concerns thal are sEi 11 faced by

present day researchers. He vas able to neasure strain
signals of the order of 20 ¡s, and paved the way f or f uture
cor0pression Hopkinson Bar tests,

ConDression Hopkinson Bar

Nurnerous researchers have irnproved and nodified upon

the works of Hopkinson and Kolsky since then. f nprovernent.s

have been made in Lhe area of producing the dynarnic

compressive l oading stress and methods in recording the
Lransient signals accurate L y. For examp l e, C1-íf ton et a1

[59] have pioneered vork in plaÈe inpact, where high shear

stresses are produced to sinulate nateria 1 f Low properties
at high L oading rates. Gorhan [60 ], on the other hand, uses

hi gh speed photography to measure the fracture behavior of a

very snal1 specimen.



TORSION HOPKINSON BÄR

Due Lo the dispersive naÈure of the longítudinal
Conpression Hopkinson Bar, researchers have also turned to
the torsíon Hopkinson Bar to investigaÈe d ynanic materiaL
proper ! ies. The differential equation go v erníng torsional
stress wave is such that no dispersion ís present and the
solution is exact for Èhe gíven bar assunptíons t31].
TypÍcal of Èhls type of set up is t.he torsíon bar developed
by the lat.e Dr. Campbell I611. The dynanic rorque is
suppl-ied by a stored torque through a notor and pu11ey
system. Duffy er al 159,62,63I have since used this
technique Èo study strain rate effects and shear band

fornation.

TENSION HOPKINSON PRESSURE B,{R

Not withstanding the advances nade in dynamic
compression and torsion testing, researchers rea 1Íze that a

tensí 1e dynanic tester is of greater prac È icaL value since
Eost engineering strucÈures fail dynarnical ly in tension.
Efforts in this area include t.he use of crucif ormecl mesh

specir0ens by Albertini & Montagnani Èo achieve biaxj.al
tension [64]; dynarnic tensile test.ing of sna11, round
tension specimens by Nicholas [78] and modifications to the
Nicholas design by Ross eÈ a1[79]; and rhe use of
c i r c u m f e r e n t i a 1 1 y notched round bar specimens by Duffy et a1

l47 l to sÈudy rhe dynanic SIF K1¡.

As can be seen, there is anple interest in
understanding dynarnic EaÈeria L properties and dynamíc
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fracture toughness, Howe v er, aside f rom Duf fy et a1 [46],
few Ínvestigators have atternpt.ed to combine both tensile
l oading and stress tr iaxía 1i ty. In Duffyts case, the use of
precracked, l ong round bar specinens was bo th time consuming

and expensi v e, A 1so, Duffyrs system concenÈraLes on high
l oadíng rates, and does not l end itself to a sysLenatic,
spectrum investigation of f ract.ure toughness f rom quasi_
static to stress !¿ave speeds. Paris et a1 [65] were ab j-e to
perforn a 1inÍted spectrum in v est igation of dynamic K va I ues

usíng CTS and a hÍ gh speed servo-hydraulic test frame, but
the critÍcaL tine Ín these tests was only in the
neighborhood of 40 ns. Klepaczko [44] was rhe firsr
investigator that attenpted to construct a wi de spectrum
l oading fracture toughness system,

Wedge Loaded ComÞact Tension System

This wdege Loaded specir¡en configuration, devised by

K l opaczko [ 44 ], vas used to investigate the loadíng rate
effect on K1g. This test systen uses a conpress gas gun for
acceleratíon of its str iker, strain gages for stress_st.rain
neasurement and a nodífied ÀSTM compâcL Èension
specimen for its specinen(Fi gs, 2.23). This system turns
the traditional Compression Hopkinson Bar into a tensi 1e one

Lhrough wedge loading of the WLCT specimens. The advantage

of t.his set up is Lhat it of f ers a ví de loading spectrum f or
fracLure resÈing (1 < ¿I < 106 MpaJ;-s- 1), ,rhile using rhe

same Ioading mode and incorporating stress triaxiality.
Corran et a1 [67,68] modified r.he Klepaczo WLCT systen
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Figure 2.23

(.)

(b )

Wedge loaded cornpact tension setup.
( af ter Ref . 44)
(a) Geonetry of a wedge-Loaded spec inen,
(b) Device for quasí-static sloH and f ast

loading. The force P acting on Èhe
wedge is applied by a testing nachíne.

52



ðota¡ &

Figure 2.23 (c)

(c)

Sp 1it Hopkinson pressure bar app l ied
to f ract.ure dynamics. l,2A,2Bt
chanbers in gas gun; 3: strÍker bar;4: incident bar; 5: transmÍtter bari6z vedge; 7: specimen; Ti,T2,T3:
strai.n gage st.ations; Vl-V13: val ves;
M1-M5: nanometers; B1-83: ba!Èeries;
Di,D2: phoÈodiodes; S1,S2: light
sources.

Pl¿n.

lnp uf b¡¡ output bàr,

Disl¿ ncc lo. stîàin ! !uoc .

t(ó

Figure 2.24 Modifíed_ wedge loaded compact tensionseÈup. (afÈer Ref . 67)

I

I
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by replacing the WLCT specimen wi th a standard CTS, and

l oads the specinen through iÈs pin ho 1es vía an inpuL wedge

(Fig, 2.24), Corranrs modifications t.o the WLCT sysLem was

meant to ninimize the frictíonaL effects of KLepaczors WLCT

sysLen.

Bayoumí et a1[80-82], as a result of previous work on

coa 1 fracture by Bassin et a1[66], hâve extended the
Ki.epaczo WLCT concept to test for the dynamic J-integral
pararneter, J1¡. This r¡ork by Bayoumi et a1 represents the
on 1y attempt aE the experinenÈa1 deterninatÍon of the
dynanic J-integral. As this present work was in part
motivated by Bayoumirs invest.igation, it woulcl be helpful to

briefly dÍscuss the l,JLCT test methodology as used by Bayourni

to appreciate its advant.ages and possible short.comings.

J-Integral Deternination Using WLCT

The anaLysis procedure used in the WLCT system by

Bayouni et a1[80-82] is essenLially similar to Èhe

conventionaL conpressÍon Hopkinson Bar theory used by

KoLsky[55], and is based on these fundamentaL assumptions:

1) one dimensionaL wave anaLysis is appl-icable;

2) strain signals obLained on the inst.rurDented barsare representative of the strain fie 1d across the
specinen;

3) aL1 strain signaLs are Line shifted to Èhe sarne
origín, assurning that equi L í brium ís established in
the specirnen during the fracture process.

The uniqueness of this WLCT systen Lies in the ¡¡anner

that the Èensi L e force is generated and the de!erminaÈ ion of
the point of crack inítiaÈion.

5A



Thls WLCT syslem utilizes a compressive stress wave for
Lensi 1e l oading of its specimens Èhrough a l oading wedge

that has a wedge angLe slightly l arger than the not.ch angle

of rhe WLCT specinen (Fíg, 2.25), As rhe l oading wedge is
pushed forward by the conpressive stress wa ve, the L oading

wedgets sides sinultaneously separates bot.h hal ves of the
HLCT specimen and hence loacls the crack tip of the specinen

in Lension. Strain gages mounLed on Lhe incident and

transmit ted bars record Èhe l oad-time signals.
To detect the point. of crack initiation, a strain gage

is nounted just ahead of the fatigue crack tip on the
specimen. The point. of crack initiaiton is Èaken to be

coincident wíth a drop in the st.rain gage signaL. This
signal drop signifies strain relaxation ahead of the crack

t.ip and is associated rr'ith crack propagation (Fig.2.26).
The dynani c J-inLegral is taken t.o be proportionaL to

the L oad/ 1oad- l ine displacernent curve up to the point of
crack initiaition. Correlation with st.reLch zone

measurenent results indicates the J_integral using a WL CT

specínen is besL represented by Lhe equation:

where

0uJ = (cf . Eqn. 2.I9)
Bb

cl = 1, specínen geonetry factor
U = area under l oad/ L oad- 1ine dísplacement curve

up Èo Èc

B = specimen thickness
b = renaining specÍnen ligarnent

The effectiveness of the above tILCT system Lo

charact.erize the l oading rate ef fect s of Lhe J-inÈegra1 has
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INCIDENT BAR

ÏnstrumentaÈion on Sp 1iÈ Hopkinson Bar f or
-dynarnic fracture test using WLCT. (after
Ref. 50)

SPECh¡EN STRAIN CIAGE

STGNALwTHTIME (esdt))

CRITICAL TIME INTER1/AI-

TO AC AMPLIFIER
AND

OSCILLOSCOPE

Crack initÍation detectÍon on
strain gage. (af ter Ref. 50)

STRAINGAGE ¡-TRANSMITTER BARïlg,,l-_--_\ TSTRA¡N GAGE
suPPoRr \ \ Srarioñ

TO AC AMPLIFIER
AND

OSCILLOSCOPE

SÌRAIN GAGE
STATIOI.J

PULSE

Figure 2.25

TO AC Ar¡lPLlFlER
At'¡D

osctLloscoPE

¡q/EDGÉ

INCIDENT

Figure 2,26
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been d e rn o n s t. r a t e d [ 5 0 ] . Nonetheless, there are serveral
design consíderations thaÈ warrant closer scrutiny.

Fírst 1y, t.he experimenta 11y deri v ed geometric factor of
o = 1 Lacks theore tica l confirrnation, and is in constrast

\dith the accepted f actor of a, *,2.2 associat.ecl wi th t.he

standard CTS .

SecondLy, crack init.iation is determínecl using a

specimen surf ace -rnounted strain gage. VariabiLÍty in gage

placernent and crack advance across the specirnen thickness
section for each speci,nen introduces experimenLal
uncerÈainties.

Thirdly, the dynamic loading using the l oading wedge

necessarily introduces compressive loading stresses. fn
additÍon, the anount of friction beÈween the l oading wedge

and the specímen notch aLso needs to be nore accuratel_y
account.ed for and eLíminâted.

Fina1ly, it has been learned t.hat, wiÈhin experinental_

errors, mísalignment of t.he loading wedge wi th respect to
the specÍmen int.roduces significant scâtt.er to the
experinenÈa1 resul ts.

Às can be seen, !¡hi1e Klepaczkots, Ba youmi et aLrs and

Corran et alrs systems represent t.he current expertíse in
ÈensiLe dynamic fracture test.ing, the !redge loading of
specinens introduces compressive ând fríctional forces. Ás

such, these systens are not strictly tensiLe Lest systens.
In addition, the high degree of experinental error
associated wi th a s1íght nisaLignnenÈ of t.he strÍker with
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respecL to the I,ILCT specimen warrants t.he search for an

improved dynamic tensi 1e fracture toughness testing sysLem.

Ïn v iew of t.hese developments, a fracture Èoughness

Lesting system that loads standard CTS in an essentiaLly
Lensile manner, at. speeds ranging from quasi-static to
stress r+ave Ioading is proposed. This overcomes the major

shortconings associated wi th Ehe WLCT systen in terns of
connpressive loadíng, frictional effects and uncertainties
concerning the choice of specinen gemometry factor s . This

present system characlerizes fracture Loughness via an

energy paranet.er Lhat L ends itseLf fo design considerations.

ThÍs fracture toughness testing sysÈen thus represents a

forvard step in dynamÍc fracture toughness charact.erization.

2.8 Conclusions

fn sumnary, it can be seen that dynamic fracture
toughness Ínvestigation ís a l ogíca 1 exEension of LEFM and

EPFM analysis, A dynamic fracture toughness pâraneter must

have clearly defined specir¡en geornetry dependence, and nust

aLso be capab l e of ref Lect.ing the decrease in fracture
energy associated with a ductlle t.o brittle f ract.ure node

transÍt.ion. Due to the conp l exity of sLress wave anaLysls,

theoretical ana L ysi s of dynamic crack prob l ems are sub ject
Lo numerious naterial simpLifying assurnptions. The state-
of-the-art in experímenta 1 fracture toughness tes t systems

capab 1e of quasí-static to dynanic Lensi 1e l oading involve
Lhe use of wedge sLrikers. The conpressive and frictional
l oads associated wi th the wedge striker and the need for
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accurate alignnent of the entire !est system rDean

impro v enents are stí11 needed in the generation of a purely
tensi 1e dynamíc L oading siÈuation.



CHAPTER THREE

EXPER]MENTAL PROCEDURES
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3. 1 Material

An ÀISI 1045 sreel bar 12.7 nn t.hick and 76.2 rnm wide

was used. The chemical compositíon of thís st.eeL is gíven
in tab 1e 3.1 and the tensi 1e properties in tab 1e 3.2. Af ter
cutting the bar ínto 63.5 nn pieces in length, the short
pieces Ì,/ere ânnealed at 800¿C for l/Z horr to obtain good

ducti. l-Íty in the netal before testing.

3,2 Specinen

Specinens used in all Lests were standard CTS of
dimension 63 rnn x 60 rnm x 72.7 nn (Fig. 3.1). A notch was

nachíned in Èhe longitudinal-transverse (L-T) oríentatíon.
The specirnens lrere fatigue precracked, at room temperaÈure,

according to ASTM specif ications E399 to crack l engths of
a/w = O,5, O,6, O,7. For t.he lasr 502 of Èhe fatigue
precrack, Kmax was kept below 25 M p ar]rn', The final crack
l engths r¿ere neasured on bot.h sides of each specÍmen to
ensure adherence to the Èolerances set forLh in the ÄSTM

code.

3.3 Reference Fracture Toughness Testins lJIÐ
A Standard ASTM J resistance curve test t6g ] was

perf ormed at quasi-staÈic speed on a specimen of a/r+ = 0.6

usíng a servo-hydraulic fnstron tesLíng nachine (Mode I 1320)

to estab l ish a baseline quasí-statíc fracture toughness J1ç.

For purposes of computation, Lhe Load-Line disp l acenent was

neasured via the stroke feedback signa 1, vhile the l oacl was

measur e d via the l oad feedback sígnaL. These two signals
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Table 3. 1

ChemicaL Composition of ÀISI 1045 S!eel

(after Bayourni )so

Mechanical properties of Anneated ÀISI ,1045 Steel
at Room Tenperature

(Quas i -Srat ic TensiLe Tesr)

(after Bayoumi )50

<1> assumed ( 30, 000 ksi)

L Mn

0.6 - 0.9

P(min)

0.04

S (max ) Fe

0.08 baLance0.43 0.5

Þr^ñãr+,'

Yield stress oy
Ul t ima le stress ou
Flow stress ot=(oy+ou) /2
Young's Modulus E
Percent Elongation
Percent reduct ion in area

Value

300 MPa
600 MPa
450 MPa

2.07x105Mpa1
40
b5
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W= 50 mm

B =l27mm

Figure 3.1 Compact tension specinen geometry and
dimensions.

¿\"if'"
i\r-4
þ.zs-.I
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!{ere recorded on graph paper using an X-y plot.ter with Lhe

stroke sígna1 as the X-axis. The graphica 1 data were

subsequently nanua 1 1y digiLized for conputerízed anal ysis.
J1g was determined usíng the single specinen unloading

conpLíance method, vhere a series of approximately 102 load

unloadíngs were performed to monitor crack extensíon during

Èest, The J value at the first unloading r¿as evaluated
using Eqn 2.20, and, subsequent J va l ues correcLed for crack

growth were caLculated as per E813 recor¡mendatÍons.

A p 1ot of J-integral values vs a was constructed to
obtain the crack ad vance Line. The critical J-integral
val-ue, JIC r was obtained at Lhe intersection of Lhe

experimenÈa11y constructed crack advance l ine and the
Èheoretíca1 blunt.ing l ine original ly proposed by Landes and

Beg 1ey [70]:
J = 2 of Aa ( 3.1 )

. 6_ ø Owhere-f=(-y+-u)/2
of = f 1ow stress

úy = yield stress
ou = ultimate stres

Equation 3.1. was developed using l,/e1Lst model (Eqn 2.14),
wiLh m = 1r and flow st.ress vas used to account for t.he

p l astic behavíor associated with crack b l unting.

3.4 Quasi-Static to Dynamic Fracture TouRhness Testing (JÐ
Based on the J-i.ntegral es t ínation formula as proposed

by Rice and nodified by MerkL e & Corten and Landes & CLarke

(Eqn. 2.20), the J-integral can be regarded as a quasi-
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static characterlzíng fracLure energy parameter for a1l reaL

engineering rnaLerials where limited plasticiÈy occurs. As

such, it is clear thaÈ J16 couLd be det.ermíned f rom a single
load/1oad-1ine displacement record without. unloading,
provided the point. of crack initiation can be accurately
identified.

In the case of nonquasi-st.atic loading, Rice[41] has

pointed out that t.he quasi-static J-Ínt.egraL wouLd represenL

a simí1ar characterÍzing fracture energy parameter, provided

that neither ¡he crack tip displacement nor t.he strain
energy densiLy is a f unction of tine (cf. section 2.5). fn
st.ress rvave L oading where the process of crack tip b I unting
is of sirnilar duratíon to Èhe loacling event, neit.her crack

tip dísplacement nor the strain energy density can be

considered to be time invarianL. Hove v er, Rice[41] did not

poinL out the relative importance of this tine invaríancy
consideration in terms of percentage error to Ehe

charâcterizing fracture energy obÈained.

Past efforts at. dynamic f ract.ure toughness testing
using the tILCT systems díd not !ake t.hese f act.ors inÈo

considerations, and their ana l ysi s vras further compLicated

by their use of a non-standard CTS where a quasl-statíc J-
integral estimation formula is lackíng. The conbination of

Lhese consideratÍons nay in part account. for their use of a

geomeEríc factor o = 1.

The author designed test system exLends pasL efforÈs in
d ynamic fracture toughnes s t.esLing through the use of a
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standardized CTS and the generation of an essentially

Èensile l oading siLuation. The use of a sLandardized CTS

aL lows the use of an established J-integral estination
f o rmu 1a, and the presence of tensile l oading enab 1es the
appli.caLíon of this est.ination fornula Lo test results.
This original !est systen is able to determine a

characLerizing fracture energy paraneter, tentat.ively t.ermed

Jq, for quasi-stâtic to stress wave loading, and therefore,
represents a ne\r step in dynamic fracture toughness

characterization of netals. Thís fracture pararneter, Jq, is
st.rictly not the J-integral at nonquasi-static loading
rates, but approaches J16 at quasi-static loading.

The fundanentals of the aut.hor proposecl quasi-st.atic to
dynamic f ract.ure toughness testing sysLen is as f o11or,¿s:

1) províde tensile loading of CTS without unLoading at
the desired l oadÍng raLe;

2) const.ruct the corresponding Ioad/ load-1ine
dÍsplacernenÈ curve;

3) determine the point of c rack initiatíon using the
output of the Cr ack 0pening D i s p 1 a c e m e n t - t i m e
curve;

4) determine the area
displacenent curve
iniLiation

under the Load/ load-1Íne
up to the point of crack

5) apply Eqn. 2.2O Lo ca1cu1ât.e the corresponding
criticâ 1 f ract.ure energy Jq.

By providing the proper 1oa d transducers and crack
initiaÈion deLecEion systen, Èhe data recording \'\¡as

perforned âutonatically and data analysis was carríed ouL by

a corqputer.

The najor conÈribution of this sy stem Èo f ract.ure
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analysis is thât it provides dynamic tensíle loacling of a

standard CTS and a ne!¿ method of fracture toughness

characterization. By using a CTS, the experinentally
obtaíned fracture energy paraneter Jq l ends ítse1f to
quantitative desígn consideraLions sinilar to Èhe quasi-
static JI C.

The testing program can be sumnarízed as f o11or¿:

1) l,Iith the Instron tesL frame used in fatigue pre-crack
of the specinens, Jg would be deternined at quasi-
sLatic, slow speed dnd hi gh speed l oading, In the
renainder of this report, these tests wou 1d be
identlfied as Inst.ron quasi-static Lest, Instron slow
speed tesLs and Instron hÍgh speed tests.
Co1Lective1y, they are known as the Instron speeds
test.s.

2) With the sLress wave loading apparatus, tests would be
performed aÈ Lwo striker velocities. fn the remainder
of this report, Lhese tests ïro u 1d be identified as
Dynamic speed Eest s, S tress wave speed Lests or Impacu
l oading tests as used in the context of the reporÈ.

3) At all speeds, a conbínation of three a/w ratios (a/w =
0.5,0.6,0.7 ) wou 1d be used Lo investigate rhe a/\t
dependence of Jq.

3.4.1 Instron Speeds Tests

Photographs of the quasi-sLatic to hígh speed

experiment.al set-up are shown in Figs. 3.2. Compact tensi.on

specinens of three a/w ratíos (0.5, 0.6, 0.7) were ÈesLed

under sinpl-e tensi 1e loading at three different test speeds

using standard CTS test grips and conditions. The load

signal vas prov í ded by the Instronrs l oad feedback signa 1

The load-line displacemenÈ and the point of crack initiation
were obt.ained using a high frequency MTS Crack 0penlg

Displacement (C0D) gage. Thís C0D gage has a naxímum
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(a) CLose up of Instron speeds CTS grips and
c rack opening displacemènt. deteJtiôninstrumentatÍon.
(l) Ct ose up of InsLron test frâme controf Ier
and signal recording sysÈems.

Figure 3.2
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Figure 3.2c 0vervier¡ of Instron Speeds tesË setup.



frequency response of 50 kHz and a maxinun working range of
2 nm. The Instron high speed tests were subsequently
repeated using a MTS COD gage which has a 0-3 0O Hz f requency
response range and a maxinum workí ng range of 2.5 nm. The

Instron high speed tesLs ¡,¡ere repeated to further confirn
t.he resu 1Ès obtained.

Load- 1Íne dispLacement,ð1 1, was obtainecl from t.he C0D

signal by app l ying the correction factor, ô11/ ô0, given by

Saxena et a1 [7I], where 66 stancls for the displacernenÈ at
specimen face r,¡here the CoD gage was mounÈed (Fig, 3.3).

Crack inÍtíation is considered to be coincident with a

sudden rise in the slope of rhe C0D-r signal (Fig. 3.4 ). As

a crack bl.unts, ít is reasonable to expecl the slope of the

C0D-t curve t.o decrease due to t.he crackrs resistance to
opening up under l oad. 0nce crack initiation begins, the
slope can be expecLed to increase tremendous 1y.

The load and C0D signals were of f-loadecl direct.Ly to
Èwo Biomation Lransient recorders. These signals r,Jere then
pl-otted onto an X-Y plotter and rnanual ly digitized for
computerized analysis. The tentat.ive fracture toughness

Paramet.er, JQ, Ì¡as then taken to be the area under the load/
load-1ine displacement curve up to critical time tc.

When using two transient recorders sinultaneously,
there ¡+as the unique problen of ensuring the t.rÍgger leveIs
of each recorder were approximâte1y the sane. Since the
trigger leveLs !¡ere exÈrenely sensÍtive and r¡ere seL by

analog and noÈ digit.al dia1s, minor differences in t.rigger
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Figure 3.3 COD gage nounted on CTS.

T IME

Ideal C0D gage response to crackblunting.
Figure 3.4
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1evels would have neant that one of the signals would always

be delayed or 1ost. To círcunvent this probLem, the trigger
Levels were f irst set manua 11y. A function generator was

Èhen used to detect differences in trígger Levels.
,{pproximate ad just.ments we re then mad e t.o the individual
trigger 1eve1s to ensure that. both tri.gger Levels responded

to the same input signal 1eve1. For these fnstron Lests,
the trigger leveL difference was found to be negligible from

ínspect ion of the test records.

The fnstron loading rates were VO = 0.33 nm/min
(quasi-static), V1 = 1.2 nnfsec (s1ow speed) and V2 = 2g

mm/sec (high speed), wi th V2 corresponded to the highest
speed achie v ab 1e on the ser v o-hydrau f. ic machine. All Èhree

fnstron tes t speeds were generâted with the ramp function of
a digítal function generaÈor. Taki ng the cenÈer line
distance between the loading pin holes on a CTS as the
nominal gage length (27,5 mm), the noninal straln rates, a ,

are è¿ = t.SxtO-4s-1, e1 = 4.4x10-2s-1 and ê, = 7.3*16-1"-1.
The actuaL st.raÍn rates ahead of Lhe crack tip would of
course be considerably hi.gher, By using iclentical test
seÈup, the Instron t.ests ¡sere abl-e Èo detect fracture
toughness variations due only to changes in loading raLes.

3,4.2 fnÞacÈ Loadins !¡ Modífied å¿1it Hopkinson Bar

The fundanentå 1 aspects of Èensi L e sLress wave L oacling

system are shown in Fig. 3.5. The box diagran for the
experimental setup is shown in Fig. 3.6. photographs of the

experinental setup are shown in Figs, 3.7. The dynanic
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(")

(b)

(a)
gas
(b)

Conpress gas g un, l aunching chamber and
gun instrunentaÈions.
Cl ose up of dynarníc Lensile test system.

Figure 3.7
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(c)

(d)

(c) Amplifiers and s t rain gage bridges for
dynanic tensile tesL systern.(d) Nicoler digiral reàorders ancl dynamic
tensile loading outputs.

Figure 3.7
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Figure 3,7e 0verview- of dynamic t.ensile tesL systeD
and Hp 98458 mÍcroconputer.



testing system consists essentlal Ly of a gas gun, a striker,
the sh'ing arm assenbly, a heavy energy absorpt.ion anchor

b1ock, nodif ied and inst.runented CTS grips (for load
detection) that fiÈ j.nto the swíng arrn and the anchor b1ock,

and measuring and recording inst.runents.

Compact tension specinens of t.he same geometry as Èhose

used in the Instron speed Lests were placed between the

loadÍng grips. The swing ar¡n assenbly converts the kinetíc
energy of the inconing st.riker into a tensile loading pul-se

that propagates Èhrough the specimen and cracks the specirnen

ín the process.

3.4.2.1 Rationale for Desi gn

As explaíned in ChapÈer 0n e, the objecLive of t.his
thesis was to devise a tensÍ 1e fracture toughness testíng
procedure using CTS, víth Loading rates ranging from quasi_

stâticLo stress wave loading, It was therefore imperative
that the conditions of Inst.ron l oading shou 1d be maínLained

as closely as possibLe to ensure cornpatabilit.y of t.hese

d ynamic loading rate resul ts wi th those obt.ained f rom the
slower Instron speed s tests.

A conpression Sp1it. Hopkinson Bar was alreacly in place

aÈ Èhe UniversiÈy of Mani toba as a resuLt. of previous
research work. The task faced by t.he author was Lo convert

this compression t.est set.up to fit Èhe objectíves of this
present work, wi Lh as few changes as possible due Èo

econonics and tine constrainÈs, whÍ1e not compronising the
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integríty of the objecti ves and the validíty of tes t results
thereby obtained.

It becane apparent that any proposed system nust have

at least Èhe fol lowing components:

1) con v entiona 1 CTS grÍps as used on servo-hydraulic
test franes;

2) absorber block Lo dissipate leftover energy;

3) 1ow inertla t.o all noving parts;

4) load and displacement transducers to recorcl the
dynanic l oad/ l oad- l ine displacenenÈ cur v e;

5) crack initiation detection system.

It was then decided that Èhe simp l esL approach was Lo

l-eave the gas gun and its associated parts, as they vrere, as

the source of dynani c stress wave, and Lo use a sving arm

assembLy t.o convert the compressive force f rorn the incoming

striker into a tens í 1e l oading pul se that d irect 1y l oads one

of the grips, whi 1e the anchor gríp is safe L y anchore d in
Èhe energy absorber b 1ock. To mínir¡ize Lhe ínertia of the
swing arn assenbly, the loading grip need to be as

srna1l/shorÈ as possíb1e. Load signals would be recorded by

sLrain gages nounted on the grips ÈhernseLves. The high
frequency C0D gage used in the Instron tests woui.d again
pro v ide boÈh the l oad- l ine displacement signal and the time

to crack initiation.

3.5.2 Theory of 0oeration

In the present setup, the swing arm converts bhe

kineLic energy of the inconing sÈriker into a translation of
Èhe swing arnrs grip en d. The velocity of the grip end,
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depending on t.he striker velocíty, is able t.o set. up a

tensile loading wave prior to íts actual spatial
transLat.ion. The tensil-e wave then propagates down the
grip, fractures t.he specirnen and travels onto Lhe absorber
block,

The swing arm rotates free 1y on a hardened steel dovel

pin and has no discernable play in Íts rotation. The

loading grip is Laper fíLted to the swing arm and

constrained by a C ring a! the top. No vertical lifting
forces on the loading grip are expected, and the C ring is
merely there for safety reasons.

The anchor grip is precision sLott.ed into the anchor

b l ock, and Èhe tapered wedg e at the end ensures that Lhe

grip naintains maximum contact with lhe slot whiLe keepÍng

the grip down aL the sane time. The tapered wedge is
further secured into the block wi th a machine scre!¡. The

swing arm taper and !he s 1ot on the anchor block are f íne1y

machined Lo ensure that the grips meet the load_1ine
requirements of E813. Tr,ro strain gages each are nounted

LongitudinaL ly on the grips at the center l ine to recorcl the

dynamí c 1oad. The proximiLy of the gages t.o !he specimen

neans incident and ref lected signaJ-s are very 1Íke 1y to
overlap.

RecaL Ling t.hat a Iongitudinal wave is se! up as a

resulE of the rapid displacenent of one section of a

naterial \,¿i th respect to the rest of the material;
t.heref ore, it is the sudden acce l eration of Èhe swing arn
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grip end that sets up the longiÈudinal st.ress wave, and noL

the overal l translation of the l oading grip. The gross
mo v ernen t of the loading grip wou 1d introduce defornaLion
that l ags wel l behind t.he inítial sLress L oading.

In addition to this prinary l ongi!udína 1 tensi 1e stress
wave, nume rous ot.her secondary pulses are generated. The

ínitial inpâ c t of the striker on the swing arm sets up a

complex series of bending waves and víbration wi thin the
vertical swing arm and its immed iat e supporCs, before any

physical translaÈion can take place at the swi ng arn grip
end, Also, the area discontínuitíes of Èhe grips int.roduce

additionaL wave reflection and dissÍpat.ion effects inEo the

system. Any air gaps wou 1d tend to ref lect back the
incident wave and further impedes the Èransmission of the
loading vave. Consequently, iÈ ís very difficult to
theoretically predÍct. the overal l conËribution of these
secondary effecLs to the l oacl ing hístory of the system.

The CTS is loaded as a resu 1t of the swing arm roEating
through a srna11 arc, ¡,¡hile an essent.ially longitudinal
stress wave passes Lhrough the system. The swing arm

rotaEion ín the clynamic t.ests was Linited to 50 to ninimize
bending loads on the grips r¿hí1e a1lor¿ing for crack
init.iation at the crack tip. The sr,¡ing arm rotation
int.roduces L ímited bending nonent on the Èest assembl y of
magnÍ t ude proportional to the striker velocity and the

strength of the CTS. However, since this bending effect is
associated wiÈh the overall translation of the test.
assenbly, it does noL contribute Èo the initial sEress
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l oading of the specinen.

Depend ing on the force of inpact by the striker, the

sving arrn assenbly would tend to nove tov¡ard Lhe anchor

b l ock, even though the swing arm suppor t s are secured to the

test bed with four machine screws. Therefore, sÈee1 spacers

¡,rere placed between the swing arm assernbly and the ânchor

b 1ock, vrith 6naL 1 gaps fiLLed by forcing neta l shimes into
the gaps. The spacers r+ere further clarnped onto the test
bed wi Lh C c l anps. As such, no conpressi ve l oad could be

!ransmitLed to the specimen, except for Lhose due to Èensíle

!.¡ave reflecLion and Èhe elasÈic bending of the Èest
assernbLy.

Load-1ine displacernent and crack init.iation were again

measured by the high frequency C0D gage mounted on t.he

specimen in the sane nanner as the lnstron Èests. The COD

and sLraín gage signals were autonaLically recorded by two

Nicolet transient recorders and subsequent.ly off-loaded onÈo

a HewLett Packard 98458 nicro-compuLer for analysis.
,{npIif iers used to condit.ion the COD and strain signals were

checked for accuracy and cal ibraLed up to 50 kHz by being

subjected Lo a squâre wave generated by a function
generator. As such, distortion for signals up Èo 50 kHz r,'as

expected to be niníma 1. The hÍgh frequency COD gage was

checked q u a s i - I t a t i c a 1 1 y through it.s workíng range to verif y

its linearity.
The rna jor problem in settíng up these impact

experinenÈs was the presence of unexpectedly high l_eve1s of
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background noise in the roon vhere Lhe tests r,rere conducted.

0riginal1y, Èhe recording of all signals was t.o be triggered
by Lhe incident wave form. However, the high noise levels
nade this form of internal triggering impossib l e by

consj-stently false triggering the recordÍng sysÈern.

Fina11y, an optical diode was used as an externa 1 trigger
source. The diode was p l aced just ahead of the base of the
swing arrn perpendicular t.o the path of the strÍker. A

pencil f-ight. source shone acro6s the st.rikerts path vas used

to set up a reference voLtage h¡ith the photo diode. As the
striker cuts âcross the path of the 1ight, a voltage drop

was created and thís signal r¿as used as t.he triggering
signal. By placíng the diode close to Èhe base, an accurat.e

t.rigger source was produced by the passage of the striker.

3.4.3 Theory of Analysis

Conv entionâ 1 Compression Sp 1ít Hopkinson Bar analysis
ís based on these fundamental assumptÍons [72]:

1) one dinensional wave analysís ís applicable.
2) sLrain signa 1s obtained on the instrunenÈed barsare representative of the strain f ield across the

specimen

3) all strain signals are t.ime shif tecl to the sane
origin, assuning that equilibriun is es tab 1i shed in
t.he specinen during the fracture process

At firsL g L ance, it would seern Èhat conventional SHB

analysis cannoL be used here due to violation of conditions
1 & 2 as a resu 1t of area discontÍnuities and the secondary

wave effects. However, since for these impac! tests one ís
inÈeresÈed in the overal L energy dissipation associat.ed with
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the fracture process on 1y (ie. the l oad_ L ine loading
history), the nodified anal ysis for this part.icular test
set-up is acLual ly simpler.

Á CTS specimen is in essential conpression or tension
due to the l oad being t.ransnÍtted through the pin holes of
t.he grips and the speciren, and no significant. bending or
torsional effects are transmitÈed (the pins are free Èo

rot.ate wi th no discernable play in their roLatÍon).
Therefore, only L ongiLudÍna I stresses are transnit Led by the
grips. The longitudinal i.y p l aced strain gages are abIe to
pick up the overal l longitudinal strain wave loading in the
grips, and one dimensional wave analysis can thus be applied
as a f irst. âpproximation t.o obt.ain Lhe overaL L loading
history on the specimen. In Èhe evaluation of Jq, one is
interested in the loading history of t.he specímen at the
star È of stress wave l oading, and no! the comp l ete L oading

hisÈory of the enÈire assembly.

Load-1ine dÍspLacement calculat.ion

In conventional SHB anal ysis 17 21, rhe l-oad-Line
di spLacement is calculated using the following equation:

^tô (t) = co Jot Èr(r) - ER(È) - e1(u) J ar

where Co = l-E-Z-p-O
In applying thís equation, separation of the incident

and ref l ected wave signaLs on the loadíng grip is needed.
Howe v er, since in thÍs present dynamic t est seÈup load-1ine
displacement was directLy measured across the specimen gage
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face, Lhere was no need to achieve separatÍon of Èhese wave

f orrns. Nonetheless, Èhe C0D values wou 1d have to be

adjusted to yieLd actual load-1ine displacernent..

PB(È)

P(u)

where E
Ä

er,R,T

Dynanic Load Calculaiíon

Analysís of the l oading wave forns is
inLroduced by Kolsky and discussed
Specifical ly, with reference to Fig. 3.5:

PA(L) = E A [.1(t) + e¡(t) 
J

E A e.¡(r)

1/2 | PA(E) + PB(r) l
Young t s Modulus
area of gríp section where t.he strain gages
are nounLed
íncident/reflecÈed/t.ransnítted stress wavesrstrain signals

P¿,S = dynamic Loads on sicles A and B of specinen

P(t) = average Load as sensed by speci-men

A L though equilibriun in Èhe specimen is assuned., the
equí1íbriun equations

er * ER = e 
T

and P(t) = E AeT(t)
are noÈ used and t.he a v erage l oad is calcuLaÈed using
Eqn 3.2c to naxinize accuracy of the results. Similar Èo

the Instron tests, the crit.ical t ine to fracture, tc, is
related t.o a sudden increase ín the slope of Èhe COD-t

signal.

As nentioned previously, the proxinity of t.he sÈrain
gages on the l oading and anchor grips to Èhe specinen means

an overlap of the incidenÈ and reflecÈed signals Ís

simi 1ar t.o that
in [73,74],

( 3,2a )

( 3.2b )

( J. ¿C.,,

(3.3a)

(3.3b)
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expected. Noting that. the incident wave ís a posiLive
signal and the ref 1ec ted wave a negati v e signal, inability
to separate these two signals in È ine wou 1d resul t in an

overest.ímaÈíon of P¡(t) and therefore also the average Load

P(t). The degree of this overestination is l essened as the
ref lecLed wave approaches the incident wave. Wi th the
present dynamíc setup and strain gage positíons (Fí g s. 3.5,

3.8),

t¡ ( tg ( t6
Therefore, the o v eres Limat ion of p(t) approaches zero as tB

approaches t.1 .

No prior Èest calibration was done on the grips since
neiÈher a dynamic l oad ceIl nor appropriate fixtures were

avaí1abl-e on Èhe Instron for this purpose. Ás a naLter of
f act., no nechanical caLibratlon syster¡ capable of stress
wave loading is cornmercial ly availabLe, and this of course
was one of the reasons behind Lhis work.

To circumvent the L ack of prior 1-oad calibration,
certain assumpÈions wer e made with respecL t.o anaLysis
methodology. Keeping in nind the r+ave nature of a1L

signaL s, noise interference and dynanic nateria 1 properties
nusÈ be considered, Electrical noise in the signals
obtained woul-d be e l iminated Lhrough the use of a nulti-
order polynonial that best represents t.he trend of Èhe

signals. Às for dynamic naterial properLies, only Lhe yield
and f l-ow stresses would be Ioacling raÈe adjusÈed.
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Figure 3.8 Dynamic load overestÍnatÍon due
proxÍmity of st.rain gages to CTS.

to



where ß =

therefore

and o z =

Dynanic Mechanical- ProDerLies

Assuning a genera 1 relationship betvreen

sÈrain rate, at constant tenperaLure and

fo 1 l owing form [75]:

o = c ( ; )u 1,,,
toe ( oz/ Õt 

)

rog ( í2/ L1 )

o1

--?-( 'r )

î.2 ß
Õr r-l

"1

with C = constant of proportionality
_ß = strain rat e sensitivity f actor

of ,.9f = reference static stress and strain rate
o Z,.Z = corresponding dynanic strêss and st.rain rate

Wit.h reference to section 3.4, leL the static
naterial properties assume the following values:

í, = 1¡-3"-1, oy= 300 Mpa, ûf =450 Mpa and n=0.018

then the corresponding d ynarn i c va l ues are:

í, = 163"-t, oy = 4oo MPa, of = 6oo MPa

The choice of i2 is based on the st.aEic f Lov stress of the

steel and a nominaL gage length of 27,5 nn, and will be

shown Èo be a reasonab 1e, though conservative, first choice

in Chapter Four,

The grips and Lhe swing arm assemb 1y were made of high

strengt.h sEee 1s with a ful1y annea 1ed yie 1d strength of 480

MPa. .{ssuning síni1ar strain rate strengthening relatíons
app 1y Èo thi s stee 1, t.he dynanic yíe1d stress of the test

f 1ow stress and

strâin, of the

(3.4)

(3.s)

(J.O'

(3.7)
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systen is approxi-nately 600 MPa or a yie 1d l oad across the

grip sections of 300 kN. Load values exceeding 300 kN are

assumed to signify yi e 1d ing of the LesL grips.

Maxinun Load Calculation

The actual test strain sÍgna1s were converted into load

va l ues assuming Linear naterial response ( o = E e ) of the

test grips. A modified l inear elastic, perfect 1y plastic

natêria1 nodel (based on naterial flow stress) was used to

account for material stra j.n hardenÍng in the specinen as a

resu 1t of p l astic loading of the specimen,

i/hen considering the fracture of a CTS, the fracture
Load is a conbination of tensile and bending 1oads. In the

absence of dynanic l oad caLíbration of the grips, it ís
helpful to estimate the maxi¡nurn dynanic fracture load

sustainab 1e by Lhe CTS, Maxírnurn dynamic fracture L oad

calculaLions provide both a check of the anal ysis used thus

far and an approxinate upper bound to experinent.aL results.
P L asLic l imiÈ ana L ysis by Saxena et al [71] indicated a

lower bound plast.ic 1oad, PO:

Pp = oy B c (2a )

where B = specimen thickness
c = half length of rernaining specimen 1ígament
0 = geometric facLor for CTS

For the case of CTS with a/w = O,6, c = 0.123.

It nust be borne in nind that the above analysis by

Saxena does noÈ take into account either Lhe increase in
genera 1 yield stress due to stress tríaxiaLity, nor Lhe

poÈential notch s L r e n g È h e n i n g / w e a k e n i n g effecLs as a
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function of the fai L ure node ( d u c t i L e / b r i t t 1 e ) ând strain
rate [75], 0rowan [76 ] had shown thar. rhe longirudinal
yield stress in Lhe presence of a notch cou 1d be 2.5 times
that of the unnotched case, This factor of. 2.5 is known as

the plast.ic consÈraint f actor.
In view of these considerations, the naxinum allovabLe

dynanic fracture L oad for these tests is assuned not to
exceed the dynamlc f 1ow J. oad, Pf1, such that

Pft = odfl B 2c = 150 kN

where õdf1 = dynamic f l-ow stress

In sunmary, the use of sÈrain gages anrl a COD gage f or

load and load-1ine displacenent neasurenenLs enable
autonatic data recordíng and computerized daLa ana l ysis of
these f ract.ure tesLs at the desired speed. Deternination of
the characterizing f racture energy parameLerr Jq, ín this
nacroscopic nanner is therefore both fast and efficient.
Hovever, to verify the accuracy of the analysis and

assunptions associated wi th this nacroscopic nethod, a

microscopic exarnination of the fracLure surfaces was aL so

carried out as described in Lhe next section.

3.6 Stretch Zone Width Measurenent

Past work has shown that Lhe J-integraL is reLated to
the cri Èica L crack opening displacement. and, therefore, is
also rei-ated to the stretch zone widLh (SZW). Since Jq has

the same energy interpreÈation as the J-integra 1 in the
quasi-stat.ic case, it seens reasonable to extend the J-
integral/SZt.l relationship Èo the case of JQ. Stretch zone
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(SZ) measurements would be used to provicle ref erence
fracture t.oughness va l ues in t.he form of Jq obtained based

on microstruLural features. SZ neasurernents would theref ore
serve to assess the success of the macroscopical ly obtained
Jq in reflecting the change in fracture t.oughness (rluctile
vs brittLe) with l oadÍng rate.

As explained in section 2.2.1, discrepancies surround
t.he value of the sLretch zone slope ang L e, 0 (Fig. 2.7).
In Èhis work, scannÍng electron nicrographs of the stretch
zone at two tilting angles ( þ =37û, 45o) were taken.
Arithnetic averages of Lhe SZW as neasured on the
nicrographs at both these angles were calculaÈecl. SZW

assunes its highest value when r! = 0 With this in nind,
a better estinate of 0 for these tests coul-d be deÈermined.

SZHs based on t.his 0 were Lhen used to calculate Jq,

Calculat.ions show that the SZW is relatíve1y
independenL of the assumed SZ angLe 0 . Variations up to +g

woul.d on 1y nean a (1/cos 80) correction to Eqn 3.12b, or
approxinâteIy +I7. in SZW differeces. The concern with t.he

approprj.ate angl e of 0 used to calculate Jq is due to the
CT0Drs dependence on 0 via Èhe sine function (Eqn. 3.11).
For exanp 1e, using 0 =4lo introduces a +gZ error in CT0D

calculations if e is eíther 45o or 37 
o.

In accordance r+ith Phuc Nguyen-Duyts analysis [11], and

using the convention of desígnaÈing the diagona j. of the
sÈretch zone as Èhe SZW (îíg. 2,7), one geEs:
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szwc =

I
x- ( 3.10 )cos ( 0-V ) G

!¡here SZWc = criticã1 SZW aL crack initíation
L = neasured Length of SZl,l on micrograph
0 = angle of streÈch zone sJ-ope

U = angle of t i 1t / o b s e r v a t i o n

G = magnification facLor

With this definirion of SZW, ir f ol-1ows rhat
CT0DC = 2 SZWc sing ( 3.11 )

By using Eqn. 2.14 to relaLe SZW" wit.h Jq, and replacing oy
o!rith f to account for the elastic plastic nature of the

rea 1 naterial,
Jq = 2n o¡ SZW. sinO

L sin0 1
or JQ = Z n Õ¡ ¡¡ 

-cos (0-U) c

The value of n to be used in Eqn 3.13 r+ou1d be

experinental ly deternined. SZW measuremenLs and the
macroscoplc Jq values from corresponding tests ¡,¡ould be

conpared to arrive at the value of m thaL best represents
the dâta. The value of m shouLd fall beÈ!reen l and 2 as

explained ín section 2.2.

( 3.12 )

( 3.13 )
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4.7 FracLure Toughness (JIC) t.or ComÞliance Metho4

The J-resistance curve, obÈained using the ,{STM

standard (8813) for J1ç evaLuation as âpp l ied to the CTS

singLe specimen unloading method, is plotted in Fig. 4.1.
The inEersecLion of the crack advance line and the
theoretical bLunting line gives the J1ç value as 62 kJ/n2.
This compares well wiLh a Jlg of 65 kJ/n2 obtainecl by

Bayoumi t48] in his work on this same netaL under room

tenperat.ure using TPB specimen.

The value of J16 = 62 kJ/n2 meets the size requirenents
of B, b )= 25J1ç/ao (25 Jyg/a o = 3.4 mn). Therefore, rhís
value of J1g ís considered va1íd as Èhe fracture toughness

of this material based on ASTM Specificarion EB13-81.

The J- Aa curve was generaÈed by manua 11y digit.izing
Lhe l oad/ 1oad- L ine displacernent curve as recorded on an X-y

pLotter. An HP 98458 microconputer vas prograrnned to
calcuLaEe the corresponding J and a (crack extension during
test) va l ues based on Èhese digitized data.

4,2 InsÈron Speeds Fracture Toughness (JQ)

The characterizing energy parameter, Jq, for quasi_
sLatic to high speed Instron speeds test.s was calculaterl
using Eqn.2.20 based on t.he load/1oad-l-ine displacement.

cur ve of each test. at the desired speed. Results for the
fnstron tests are presented ín Table 4.1, The various
Instron test speeds are identified by theír respective
average tes E speed and nominal- strain raÈe. ln TabIe 4.1,

COD_CRIT refers Èo the adJusted Load-1ine displacenent aÈ
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Table 4. 1

INSTRON TESTS

TEST SPECIMEN
N0, N0.

a/n 4coD- CRITICÀL uJg ,Jq ro¡ 6K

çRIT rrME lxt/nr) - 
luea m]

lsmj _tc- [xJ/mzs-1] [¡,tpa ms-r]
Irs]

'HIGH
SPEED

2

3

6

A2 0.5 0,423
81 0.6 0.538
c1 0.7 7 0.541
c2 0. i 0.51 1

1.95x104 46,7
1.84x 10 a 30,4
'1 .8?x104 23,9
1 .55x 104 1?.8

2.4x103 103 5.3x 10 3

1.7x103 83 4.5x103
'1 .3x103 14 4.0x103
'1 .'1x103 63 4,1xl03

tb
18

À9 0.5 7 0.541
811 0.6 7 0.571

2,02x104 42,8 2.1x103
1.45x104 38,3 2.6x103

99 4,9x103
93 6.4x103

2 sLow
SPEED

7 À3
9 83
12 c4

0.5 I0.542 6.92x10s 4,84
0.6 I0.571 5.8?x10s 4,j'l
0.7 I0.595 5.02x105 22

3QUÀSI -

STAT1 C 1A A5 0.5 s 0.757 3.04x108 66,4 0.2 123 0.4

620.58',1 0
3 E813 15

<1> v = 20 mmr/sec, e = 7.3x10-1s-1
<2> v = 1,2 rnm/sec, Ê = 4.4x10-2s-r
<3> v = 0.004 mmr/sec, É = 1,5x10-4s-1
<4> COD-CRIT - load 1Íne crack opening displacement at tc<5> Jq = Z(1+o )U

<6>
<7 >

<8>
<9>
<10>

'1+0 2 Bb
J=J/tci K= K/tc
COD-CRIT - from estínated COD-t inflection point
COD-CRIT - expected value based on general !train rate effect
CoD-CRIT - estimated to sho$ probable value of Jq
K =iiE- , r, = 0.3

t----
Jr-,,



the point of slope change on t.he C0D-t curve, t".
AlL test plots associated with the Instron tests were

conputer generated. Exper imenLa 1 resul ts as recorded by an

X-Y pLoÈter were nanua 1 1y digitized and fed into a conpuLer

for further analysís and display.

The anticipated C0D-t behavior for critical time

determination was observed on 1y in the high speed lnstron
tests. For purposes of future ref erence, the interval it
takes for crack initiation to take p1ace, 0 to tçr wilL be

ca11ed the event wíndow.

4.2.7 Quasi-Static lnsÈron Tests

Two specimens of a/rv = 0.5 were Lested at thís speed.

Howe v er, errors in test procedures in va l idaLed tes t # 13. The

v arious p1oÈs associated wit.h test #14 are shown in Figs.
4.2.

.As can be seen, no definite slope change associated

r¿iLh crack inítiation ís observed in Fig. 4,2a. A Jq value
evaluated near Pr"* ( ô11-0.8 mrn) ylelclecl u JQ = 66,4 kJ/n2.
I,lhen compared to the standard conplíance J1ç vaLue of 62

kJ/n2, it is clear Lhar the actuâ1 COD_CRIT is -0.8 nm, and

therefore the event. window was indeed recorded by Figs. 4.2.

4.2.2 S1or,¡ Speed Instron Tests

Tvo specimens aÈ each of the 3 a/w ratios !¡ere tested
at t.his speed. Test #11 was abort.ed due to iniLial
conpressive l oadíng of the specinen. The various plots
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associated wlth tests #7 and #L2 are shown in Figs. 4,3 and

Figs. 4.4. The renaining test plots are included in
Appendix Â.

The experinental C0D signai.s as recorded by Lhe X_y

plotter were superímposed with a 60 Hz background noi-se, and

best fit curves were first. appLied Lo the COD signals before
digÍtizing Lhe resu 1t s. Again, the sudden change in the
slope of the CoD-È signal was noÈ cletected.

In addition, tesLs #7 to #10 exhibited
u n c h a r a c L e r i s t Í c a 1 1 y 1ow rise time for the l oad sígnaL
wi Èhin Lhe evenL windor¿s (Figs. 4.4a), and thís accounted
for the unrealistical ly low va l ues of Jq. Representative

experimenta 1 Jq val_ues for Lests #7 to #10 are l isted in
tabLe 4.1. These Jq values r¿ere det.ernined using COD_CRIT

va l ues that fa11 between Èhe quasi-sÈatíc and t.he high speed

tesL resuLÈs.

Load signa l s for tests #7 to #10 are seen Èo be

unreaListic for Lr,/o reasons. Firstly, the naximum loacl
leveL shou l d have varied inversely wit.h increaslng a/w

ratios. As the a/w ratío increases, the appliecl monent. to
the CTS is higher and l ess l oad Lo cause crack initiation is
expecLed. The fac t Èhat t.he maxímum l oad leveL for a,/w =

0.5 is hÍgher than rhar f or a/w = 0.6 valiclat.es thÍs
analysÍs (Fig. 4.5), and results for Lhe hi gh speed tests
showed c1-earLy r.he expected Lrend (Fig. 4.g).

Secondly, regard l ess of the exacÈ l oad variation Èrend

as a function of l oading rate, resulLs f or the s j-ow speed

tesÈs should faLl sonewhere betneen the quasi-sÈatic result
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(test #14, F]re, 4.2) and r.he hlgh speed resrs (Fig. 4.6).
This of course was not. true for t.ests #7 to #10. It should
be noted that test #12 díd exhibit the expect.ed strain raEe

dependence. The corresponding Jq was estinated to be 22

kJ/n2, based on the expec¡ed COD_CRIT value and t.he
esÈinaÈed coD-t inf 1ec tion point.

Therefore, it is clear that rûechanicaL failure of
eít.her Lhe l oad recording or generat.i.ng equipments was

responsíb1e for these unrea l isLic resu 1ts, and no conclusive
Jq va l ues coul,d be estab l ished. Corresponding Jq va l ues for
Èhese slow speed InsÈron test.s woulcl have to be est.ablished
Lhrough sÈretch zone neasurenenÈs.

4.2.3 Hish Speed Inst.ron TesÈs

Tvo specinens at each of Èhe Èhree a/w ratios were
tested at. t.his speed. The various plots for tests #2 and #3

are presented in Fig s. 4.6 and Figs. 4.7. The rernaining
plots are l is Èed in Appendíx B.

During this series of Lests, the slope change
assoclated with crack blunting !/as very cLearly observed in
tes¡s #I, #2, #3 and #6. For tesrs #2, #3 ancl #6, Lhe
COD_CRIT was determined as t.he difference between the two
cri tica I times identified. The initial portion of the COD_t

curve is assocÍated with the proper seating of the COD gage

onto the kni fe edges nounÈed on the specimen fac e.

Ä very defínite l oad-a/r+ relation is estab 1i shed (Fig.
4.8). The much l ower Load l-eveI of test #l is simiLar Lo
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that. experienced 1n the s1ov, speed t.ests, and is assumed to

be caused by simi 1ar mechanicaL prob 1ens.

COD signals fron test.s #16 and #1g r.¡ere recorcled using
a 1ow frequency gage wi th a 2.5 nm gage range. Àlthough
these Èwo tests did not provide a cLear crack initiation
Lime, tc, they did further confírm t.he load-a/w
re1-at.ionship. Jn values were further evaluated at C0D'v
signals based on the C0D_CRIT of rests #2 and #3 and the
estinated inflection points. These values further support
t.hose already obtained.

The Jq va l ues obtaj.ned in these tests exhibit a clear
inverse a/w reLationship. Nanely, Jq Èakes on the average
value of 45, 34 and, 27 kJ/n2 as a/w goes fron 0.5, 0.6 to
0.7. ïn addition, when compared to tests #12, #14, #I6 and

#18, these JQ values indicate a definíte decrease in
frac Lure toughness value with strain rate (Fig. 4.9 ).

4.3 Inpact Loading FracÈure Touehness (jq)
Seven specirnens of t!¡o a/w ratios were tested under two

striker velocities. The experinentaL results are 1isÈed in
table 4,2, while the Eest wave forns for test #4 are Listed
in Figs. 4.10. The renainÍng dynanic test results are
list.ed in Appendix C. Tests #1 and, #2 were invalidated due

to recording errors. Tests #6 and #7 were unsuccessful
because the sÈrain gages nounted on the loading grip had

devel.oped hair 1íne f ractures.

.An exLensi v e conpuLer program was developed to analyze
and display t.he dynanic Èest. results. The horizontal time

It2
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DYNAMIC TENSILE TESTS

STRÌKER TEST SPECIMEN a/y¡ COD-I CRITICÀL Jq Jq K KvELOclrY N0. N0. çRrT TrÌ,tE lxtinr) lrc¡Ãâs- 'l t¡lpa ml l¡lpa i s-lrml [!s]
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<1> C0Ð-CRIT - Load-line crack opening displacement
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ax j.s of the actual test records (Figs. 4.10a) was progranmed

to adjust for the rrf loatingrr zero point during Èhese tests.
The f 1oâting zero poinL is a direct result of the high noise
leve1 in the test ro on as expLained in section 3.4. The

verÈicaL axis ís in units of volts - the anplified output of
the COD and stra j.n signals.

ALthough the sanp l ing raÈes for all the signals of each

individual Èest were Èhe sane, the C0D signa t had Èwice the

stored nemory as cornpared to the strain signals. This was

done since iL was crítica1 that tc be determined accurately.
Therefore, Lhe tine scale of the COD signal was t.wice that.
of Lhe strain sígna1s.

SÍmi 1ar to procedures used in section 3.4, Lhe trigger
level-s for the COD and strain signals were set as precisely
as possible. The íntersection of al l signaLs \,¡it.h the tine
axÍs represenEs the t.ransítlon from compressi v e to tensile
loading. The trigger de 1ay difference is seen to be

neg l igib 1e, as the COD and straÍn signals Íntersect the time

axís at almosL exact 1y the sane i.nsLance in time.

AlLhough Èhe noise conÈribut.ion Èo the COD signa 1s were

significanL, the genera 1 t.rend of the COD signals are

unambi guous, The íniLial compressive strain sígna1s were

Lhe conbined result. of background noises and Lhe swing arm

assenb L y e1ast.ica1Ly noving forward due to Lhe force of
impacÈ as exp L ained in section 3.4.

The l oad response of this dynamíc tensi 1e fracture
sysÈem was v ery different f rorn those obtained in prevíous

1r6



conpression SHB tests usi.ng WLCT or cyl indrical specimens

[48]. The snooth loading pu l ses in !fLCT experlnenrs (Fig.
4.11) !rere not presenÈ in these dynanic tests. The

differences were due to the presence of plasti.c waves during
loading of the CTS, the loHer critical tine encountered in
Èhese dynanic tests and Èhe overlapping of incidenÈ and

reflected wave signals.
The fracture process could be better understood by

concentratíng Èhe analysis over a regÍon close Èo the
initia 1 tensi 1e loading region. The corresponcling regions
of analysis for test #4 are lndicaÈed 1n Fi g. 4.12, where

the boxed regions represenÈ the portion of the s igna 1s tha È

were digital ly expanded for c l oser scrutiny. Expanded plots
for tesr #4 is listed fn Figs. 4.13.

Focussing atÈention on the load-time plot for the
noment, it is seen Èha! rrapparenttt naximun tensile loads
fron 400 kN to 800 kN (tests #3 to #5) çere registered
vithin 4¡s of Èensile loading. These are considered
rrapparenttr load values because, as mentioned Ín section
3.4.3, Èhe maxinun dynamic fracture load sustainable by the

CTS is assuned Èo be 150 kN, whÍLe Èhe naxinurn elastic
tensile l oad susÈainable by the test assenbly is 300 kN.

These ma ximun load vaLues are based on the given strain
rates and materÍa1 node 11ig assumptions. fn view of these

high tensi 1e l oad s, it is safe to assune tha t the fo I l owing

four factors were responsib ì. e for !hese high l oad values:
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1) the actuaL dynamic straín rate and/or strain
hardening coeffícient. ß (Eqn. 3.5) val ues were
underestimated for the specimen materia 1 andoverestinated for the grip naterial i

2) slight. plastíc loading of the test grip sectionswhere the strain gages !{ere mounteã, and hencenonlinear response of the strain gages;

3) due to the geometry dÍscont.inuiLy of Lhe grips,parÈiaL sLress wave r ef l ection occured in the- grips
whi ch result.ed in a less severe loadíng oi ttuspecinens than indicatd by the strain gages. ThesimilariLy in strain signals fro¡n both Èhe loaaingand anc hor grips indicãt e s thaÈ the stress wavereflection ¡+as Limited;

4) overestinatíon of the dynamic loacl clue to parLial
ovelap of incident and ref l-ect.ed wave signais.

Nonethe L ess, it is seen that the previous estimate of
rnaxinum dynamic fracture load of i50 kN (or equivalently a

maximun dynamic fracture stress of 600 Mpa) for the CTS ¡¡as

conservative. Howe v er, engineering sense dicÈates LhaL t.he

acLual fracture load should be rveLL under 300 kN (equivalent.
fracture stress of 1100 MPa ).

Keeping in mind that reasonable assurnptions were made

in derÍvíng the maximum specinen fracLure load of I50 kN, it
seemed proper that a conservative yet. realistic estinaEe of
the actua L fracture energy requírenent would result. by

adjusting the l oad scaLe of these l oad-t pLoLs to ref lect
t.he dynamic fracture load based on a Linear elasÈic
perfect L y plastic mode l of t.he specimen nateriaL. Às such,

t.he naxinum fracture load rvas estinaLed to be 150 kN.

Resul ts from scanning electron nicroscopy in the next
section showed that. this analysis approach was only slightly
conservaLíve in íts estimate of the fraclure energy
paraneter Jq.

t27



0f equal interest is the response of the C0D gage in
1-ight of these i n s t a n t. a n e o u s It pLastic stress v¡aves. fn
Fig. 4.13a, the boxed region is the portion of the C0D

signal curved f it.ted vith nul-ti-ordered polynonials t.o best
represent. the trend of this signal (cf. section 3.5.3).
Both C0D sígna1s fron test.s #2 and #5 reached a rnaxímum

vaLue at approximatel-y L20 ys, weIl behinct the critical tirne

ot 2 ps as sensed by the strain gages. The crÍLica1
fracÈure time!¡as taken to be -2 

¡s since crack initiaLion
must occur before max imum Load.

From these two vastly dífferent values of critical
time, it r+ould appear that Lhe C0D gage \ì'as not responding
to the p1a6t.Íc l oading of the c rack Èip. Howe v e r, it will
be shown that Ehe C0D gage signal in fact correspondecl to
the average loca1 partícl-e velocity of the c rack faces at
yiei-ding, and was therefore a direct neasure of ¡he strain
f ield during crack initiaton aL the crack tip. AÈ maximun

COD, Èhe COD gage separated from Lhe specímen and LraiLing
osci l lation of v arying frequencies we re recorded. Äs a

firsÈ approxination, the disp l acement hÍstory at Èhe crack
tip is assumed to f o11or+, t.he Èrend seL by Lhe C0D gage. Ä

detai L ed examination of t.he COD signal is covered in the
next chapter.

Proceeding wíth the ana l ysis, the strâin signal s \{ere

further expanded digítaL Ly to nore accurate l y deternlne t.he

load-1ine displacernent hístory at Lhe crack t.ip aL the onset
of crack initÍatíon. The expand ed l oad-È plot for test #4
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is shown ln Fig. 4,14. In view of the background noÍse
associated with the C0D-t signals, a second orcler fiÈ of the

COD-L curve of test #4 was used as Èhe representaEive COD_t

curve for Èhese dynanic tests. Again, the COD_t curve \{as

adjusted for load-líne displacement.

From rhe l oad-t and C0D-t p1ots, Lhe load/1oad_line
dísplacenent records !rere constructed. Äs previously
nentioned, the apparenÈ naxinuo l oad va L ues were adjusted to
1s0 kN (Fis. 4.1s).

Based on the above ana l ysi s the dynamic characÈerizing
fracture energy paraneter JQ was found to range fron 1.5 to
5.7 kJ/n2 for a/w =0.6 and 2 srriker veLociries. TakÍng JQ

as a measure of the a v erage râte of fracture energy inputed
Ínto the test. system, the extrenely high JQ values refLect
Èhe severity of the loading situation.

4.4 Stretch Zone Measurenents

ScannÍng electron nicroscopy was used to neasure
st.retch zone vidths of fracture surfaces of specimens thaÈ

cover four nomina 1 straÍn raÈes and three a/r+ rat ios. These

stretch zone neasurmenÈs provided a direct record of the
fracture energy requirement based on n i. c r o s t r u c È u r a 1

details. In addition, examinatíon of the stable crack
growth regions Índicates whether the fracture processes were

ductil-e or brittle in nature,

Tilt.ing angles of þ = 374 and 45d ""r" used to examine

the fracture surfaces. 0n the who 1e, the stretch zone

widths aÈ þ = 37 ' r""" either higher or equal to Èhose at
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45' . Equal values of the SZW aL þ = 450 and, 370 neanr. rhe

actual sLretch zone slope angle ê = 410. Therefore, it was

reasonable to assume A = 4Iê. The ârithnâLic averages of
the SZI'ls at þ = 370 and 45' were Lhenselves averaged, and

aLong with 0 = 4lc , vere usecl ín subsequent calculat.ions.
The results of the sLreLch zone neasurements are

tabulated ín Èab1e 4.3 and graphical Ly presented in Fig,
4.16. Al l sLreÈch zone rDeasurements were conductecl using
stereoscopíc pictures at ú = 37c ancl 450 and at lgOX

nagnÍfication .

For the Instron speeds tests, the fai L ure mode was

ent.irely ductiLe (Fig. 4.17) and 1O-2OZ error in SZW

deternination is to be expect.ed.

fn the dynamic test.s, tests #l and #2 exhibited ductiLe
failure fracÈure surface profiles (Fig. 4.18), whereas tests
#3 to #5 were c1ear1-y brit.tle in naLure (Fig.4.l9). The

det.err¡Ínation of stretch zone boundaries was nore difficult
for Lests #1 and #2, and, a ninimum error of 207" is expected.

For ÈesÈs #3 Lo #5, an approxinate upper bound of 11 mm on

stret.ch zone neasurement was observed, as it. was inpossible
Èo det.ermíne SZW ¡nore precisely. The compLete set of
mì.crographs are presented in Áppendix D.

To experimenLa 11y determine Lhe proper val ue of m in
Eqn 3.13, JQ values f roro the 7oad,/Ioad-Line displacement
resuLt.s (UabLe 4.2 ) were ploEted againsL stretch zone vídths
fron Lhe corresponding tests (Fig. 4.2 O). Lines of constant
nts were drawn in as reference i.ines:
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Table 4.3

J r¡J¡JU TEST SPECIMEN a/w
N0. N0.

szl.¡

Szr Jqz Jq3
m=l n=2

lrm I lx¿/n l

tc Jq

Ips] [x,:/mzs- t ]

DYNAMI C 8,0x106
1.'1 x10?

1.0x10?
4,5x106

2
2

1

2

DE

B6

'I

2

3

4

A7
À8

0.5 19,1 16
0.5 28.3 22

12,8 10
0.6 11.1 9

B1 11.1 9 3.0x106

HIGH 26

26

3 81
OL¿

0.5 22.2
0.6 26.,1
0,7 21 .9

1,80x10¿ 1.4x103
'1 .84x'1 0a 1.7x103
1.55x104 1.7x103

50
48
50

sLoli 7 À3
bJ

12 c4

0.5 42,5
0.6 40,3
4,7 42.5

6,92x105 72
5.87x105 81
5,02x10s 100

QUÀS] -
STÀT] C

39À614 ôc 33. 3 3.04x 10 E 0.13

<l> 0 = 41
<2> stat-ic ofL = 450 Mpa
<3> dynamic ofl = 600 Mpa
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specinen naterial AISI 1045 s¡ee1
specimen no. ( eg. Al)
a/w ratio ( ee. 0.5)
test condlt.ion
INS# - fnstron speeds rest. no. ( eg. INSl)

HS - high speed
SS - slow speed
QS - quasi-static

ST!# - dynanic speeds resr no. ( eg. SHBI )tilt angle tP

acanning electron nicroscope nagnif icaÈionscaLÍng for nicrograph

Ir_9
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b-
d-

e-

c-

Figure 4.17
(a)

RepresentaÈive streÈeh zone micrographs
f or .I_nst_ron speeds tests illustiatingductile fracture mode (f rorn #INSI).
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Figure4.17b SEretchzone ni c rograph for Instron test
#INS1.
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Figure 4.18 Stretch zone micrographs for dynanic test(a)-(b) #SHB1 il lustrating- ducri t e fracrure node.
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Figure 4.19 Stretch zone nicrographs for dynamÍc Lest
(a)-(b) #SHB4 il lustraÈing bri tt 1e fracLure node.
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Figure 4.20 Relationship between the load/1oad-1ine

di sp l acement meÈhod and Èhe stretch zonenethod of deternining fracÈure Èoughness(JQ).
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1) n=2 is the general Ly accepted value of mthe 1iÈeratures based on fínite eLerûent
found ín
results(Fie. 2.6)

2) n=1.36 is based on
factor

Irwínrs plastic zone correctíon

3) m=L is used in ASTM EB 13 to deterníne t.he crackbl untÍng l ine

The Instron data appear to exhÍb i t quí te â scatEer in m

value dependence, wi th the best fiÈ n value being
approxlmately 2. 0n the other hand, the dynamic JQ vaLues
are seen t.o be best represented by the lower bound vaLue of
n = 1.

It wouLd appear, Lherefore, that increâsíng the 1- oading
rate fron Instron speeds Èo sLress wave loading resuLted in
a transilÍon of the fracture mode as characterÍzed by two

vaLues of m ín Eqn. 3.13: n=l for t.he dynanic case and m=2

for the s l ower cases. By usíng the proper m value and the
respective static and dynamic flow stresses, Lhe SZW6 values
we re replotted in the f orm of the characterÍzing fracture
energy parameter, Jq (Fie. 4,21). In Fig. 4,2.J-, Je is seen
to clear1y decrease wi th increasing strain rate and a/w
ratio. For purposes of comparÍson, these nicroscopÍc ( SZH)

JQ values were replotted using iq values to represent the
Loading condirion (Fig. 4.22), These jq values were
calculated using Èhe corresponding t." for each test fron
Tab 1e 4.1 and TabLe 4.2.
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CHAPTER FIVE

DISCUSSION OF RESULTS



The objective of this Èhesis work wâs to set up an

experimenLal fracture toughness testíng procedure that
util-izes tensile loading and stress triaxiaj-ity to
characteríze quasi-sLatíc !o stress wave índuced f racture.
In examining the fracture t.oughness resu 1ts obÈained using
both the macroscopic (Load/1oad-1ine ctisplacenent curve) ancl

the nicroscopic (st.retch zone measurenent) nethods, it is
seen that the objective of this thesis work has been

successfulLy rnet.

The success of this test system to characterize
fracture toughness through the energy pararneter Jq will be

discussed in its applicaEion to the testing of AISI 1045
st.ee1. This will be fo 1 l owed by a general discussion on the
test methodo l ogy used in this work. Thi s chapter r¿i11 be

concluded with a discussion on the re 1e vance and appl.ication
of Jq to fracture mechanics.

5.1 Macroscopic JQ Results

one of the goals of this thesis work was to est.abLish a

characterizing fracÈure energy pararneter that. refLects the
loading rate dependence of naterial fracture toughness. fn
addiÈion, this paraneÈer should pernit its evaluatÍon
through aut.omated data recording and analysis procedures.
Exami na tion of the quasi-static to dynamic test result.s
indicate t.hat this goa t has been successful ly ne t.

.4, clear decrease in the macroscopically obtained Jq is
associated wlth inci:easing loading rate, with the average Jq

ranging fron 65 kJ/m2 (quasi-st.atic) to 4 kJ /n2 (dynanÍc)
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(Fig. 5,1). In Èhis way, Jq confirns that i¡ indeed does
characterize the l oading rate effect of fracÈure toughness
by exhibitíng the we L l -known quaLitative relat.ionship
between loading raÈe and fracture toughness. The loadlng
raÈe in these tesEs is defined in t.erms of jq , which
represents Lhe average rate of fracture energy inputed into
the systen, or aLternatel-y a measure of Lhe severity of the
l oading situation.

The fracture toughness/loading rate relat.ionship for
Lhis stee1, f or Èhe case of a/w = 0.6, can be approximated
by a bi l inear function through eighE orders of nagnitudes
of Jq in the form:

JQ = 61 - 6.3 1og {jq) for to-l < jO < roa
and JQ = gS - tS rog (.lq) for L04 <.lq < rO7

with Jq in units of. kJ /n2 .na jq ín unirs of kJ/m2s-1

For t.he dynamic tests, the effects of striker velociLy
on Jq ís not evídent since Èhe critical time to max imum load
at bo Èh striker ve l ocities are approximately the sane.

Howe v er, a clear af w dependence of Jq ís observed.
i,lith reference to Fig.5.1, Jq is seen to vâry from 45

kJ/m2 to 21 kJ/n2 as a/w goes from 0.5 to 0.7 for Èhe case
of hígh speed InsEron Lests. In addít.ion, thi s Jq_a/w
dependence is seen to also depend on Lhe L oading rate, as Jq
resuLtsfrom InsÈron tesLs perforned at the quasi_static
speed were relativel-y specimen geomeLry índepenclenÈ.

The Jq-a/r+ dependence is clue partly to the significânt
dependence of lhe app l ied moment on a/w as a resul t of the
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shifÈing of the neutral axis on the compact tension
specimen. With a snaller a/w, a signÍficântLy higher
fracture L oad vou 1d have Èo be used Lo conpensate for the
reduced bending momenÈ available. In t.he inpact t.ests, Ehis
reduction i-n mornent was seen as a naJor cause for cluctÍle
f racLure in the a/w = O.5 case and brittle f racture in the
a/w = 0.6 case, as r¿i1L be covered in Èhe nexL secLion.

AlLhough t.his nacroscopic net.hod of fracture toughness
determination exhibits a strong a/r,¡ rlependence, by focusing
its use on standardized specimens (CTS ¡ af w = 0.6 ), a tirne
sa v ing, economical met.hod of quantifying the loading
rate/fracture t.oughnes re L ationship is possible.

5.2 Microscopic ;þ ResuLts

Determinat.ion of t.he fracÈure paraneÈer Jq through
sÈreÈch zone ( SZ) meâsuremenL pro v ides a nore direct, though

time consurDing, record of the f ract.ure energy requíremenÈ

based on nicrosLruturaL detai l s. Ä,s an alternate nethod of
Jq evaLuation, this nicroscopic approach serves to evaluate
Lhe accuracy of Lhe time saving macroscopic approach.

Results from SZ rûeasurenents confirm those obt.ained via
the macroscopJ-c nethod. In particular, SZ results
demonsÈrate a simi L ar loaclÍng rate/fracture toughness
relarionsht p (Fig. 4.16).

To convert these sLret.ch zone measurenent results to an

equivalent fracture energy pararneter, Èwo values of m in
Eqn. 3.13 was seen Lo be needecl to characterize the Inst.ron
and dynanic speed tests (Fig. 4.2 O), From the corresponding
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nicrographs of these tesL, it is evident that these two

values of m in fact differentiat.ed beLr,¡een ductile and

brittle fracture. Frorn section 2.2.1 , it is known that n

represents the degree of crack típ plasticit.y or consÈraint
associated with the crack blunting process. When Lhe

fracLure node changes f rorn ductiLe to brittle, the
associated plasEic zone ahead of Èhe crack tip diminishes
and a correspondi.ng drop in t.he value of n is to be

expected. f n this work on AISI 1045 sreel, n=2 is
associated with ductile fracture whereas m=1 best represents
bri tt 1e f racture.

EvaLuation of the microscopic Jq based on these two

values of m yields Fig. 4.21. Figur e 4.21 clearly
demons t ra Èes a biLin ear dependence of JQ on L oading rat.e due

to the change ín crack tip constrain! associ.ated vriLh t.wo

values of m. As mentioned in the previous section, t.he

loading sítuation can besL be seen through the l oading rate
paraneter Jq (Fie, 4.22). For t.he case of a/w = 0.6, rhe
fracLure Èoughness/ L oading rate relat.ionship is in the f orm:

JQ = zs.6 - 1s.3 1og (Jq) for 1o-l < ;O < ro3

and JQ = 45.1 - 5.3 log (Jq) for tO3 < .lO < tO7

with Jq in units of kJ/n2 ana J'þ in unírs of kJ/n2s-1
The fracture energy pararûeter Jq evaluated usÍng SZ

neasurement is seen to be l ess specimen geonetry dependent

as co¡npâred to the rnacroscopic method. Negligib Le a/w

dependence is seen for the fnstron speed Lests whiLe Jq is
seen to decrease f rom 19 kJ /n2 to 10 kJ/m2 as a/w goes f rom
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0.5 to 0.6 for Èhe dynarnic tests. The relatively l arge SZ

assocÍaLed rsÍth a/w = 0.5 and dynanic l oadíng correctly
ref l ects the greâÈer resistance to fracture offered by t.he

Larger renaining specimen ligament., and the ductiLe fracture
surface over the stable c rack grovth region (FÍg. 4.1S)
supporLs Lhe l arge SZ neasured. 0n t.he other hand, the nuch

Lower SZ associated with a/v = 0.6 and dynamic loacling is a

direct consequence of t.he transiÈion fron ductil-e fracEure
for t.he fnstron cases Lo the present britÈLe fracture node.

5.3 Ägreenent of Macroscopic,/Microscopic Jq Results
The reLative âgreement between the macroscopic and

rnicroscopic nethods of Jq determination can be seen in Fig.
5.2. A clear decrease of Jq is associated wi.th increasing
JQ for both nethods, r+hiLe !he nacroscopic roethod has a

greaÈer Jq-a/w dependence. The agreenent between Èhese two

nethods Èherefore confirns the genera 1 va L idiLy of the
assumptions and nodels used in Lheir determinaí!on of Jq.

By focusing attentíon on af w = 0.6, the f racLure
toughness/ l oading rate relatÍonship of this sLeel can be

f urt.her simplified. A L ínear function Lhat spans eight
orders of nagnitudes of J; loading can be used Lo

approxinate this reLatíonship in the f orm:

JQ = oz - e. z rog (J'Q) f or 1o-1 < .lO < ro7

with Jq Ín unit.s of kJ/n2 ana Jq in units of kJ/n2s-1
From Fig. 5,2, it is seen thaL the nacroscopic Jq

vaLues for Èhe dynamÍc J.oading tests are quiÈe 1ow. These

Lor+ Jq vaLues can be Èraced in part. to the rnaterial nodel
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used in their determination. In addi t ion, Èhese rnacroscopic
dynanic Jq values aLso depend on the choíce of naxinum load.
These two topics wir. 1 be covered in the nexL section under
general test rneLhodo L ogy.

5.4 General Test Methodologv

In this secÈion, a general cliscussion on Èest
meÈhodology wiL1 be given. This discussion wilL cover Lhe

Lhree main areas of 1) crack inltiaLion deÈection using COD

gage! 2) dynamic l- o a d / 1 o a d - r. i n e díspLacenent interpreLa¡ion
and 3) stretch zone r¡idÈh measurenent. This generaL
discussion wiLl evai-uate Èhe datâ inÈerpreÈation procedures
used and point ouÈ s ome of the possíb1e sources of errors
associat.ed \,rith Èhese procedures.

5,4.1 Crack Inj.tÍation Detection usine CoD Gaqe

The use of a C0D gage to deÈect. the onseÈ of crack
initiation was seen to be ineffective for the quasi_sÈatic
and s 1ow speed sing I e puLl tests perforned on Lhe ïnstron
test. frane. The inabí1ity Èo detecE c rack initiation in
these Èests cou 1d be explained in terms of the availabLe
tine for crack blunting, In essence, the COD gage measurecl

any sudden change in Èhe crack opening rate. The l ack of a

sudden C0D-t slope change for Èhese two fnstron speeds meant

the material around the crack típ had t ime to relax as Lhe

crack blunt.ing process progressed=

For the case of InsÈron high speed Loading, Èhe
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detection of a slope change implies a l ack of strain
relaxation around the crack Lip, and points to a change in
the crack blunting mechanl sms at the crack tip as conpared
to the slor¡er Tnstron tests. ft is expected that. this lack
of strain relaxation ís intensif iecl at clynarnic loading
rates.

The relatively slov rate of loading during Èhe fnstron
tests (quasi-static Èo high speed) rneans the crack
initíat ion process for Lhe rnstron tesLs was the result of
Lhe physical separation of the Èwo halves of the CTS due to
the hydraulic actuatorrs novement, and not a st.ress v¡ave

phenonenon.

0n the other hand, the crack initiation process in Èhe

dynanic tensile loading case was clearly a wave phenomenon.

In this case, the CoD gage is post.ulated to have rneasured

the crack edgesr average loca1 par!Íc1e veLociÈy. This
locaL parÈic1e velocity is causecl by plastic sLress r,¡aves in
the viciniLy of the crack edges (Eqn. 2,24). As COD_CRIT is
a function of the loca1 par tic 1e velocity and therefore the
stress staÈe, CoD_CRIT directly re l ates to t.he critica L time
to fracture, and differs fron the critical t ine based on

naximum Load by a constanL factor relaterl to specirnen
geonetry considerations,

It is postulated that the CoD gage was siuply pJ.aced

too far away from Èhe crack tip to response Èo the 1oca1

st.raining at the crack Èip. By being positioned on the
spec ímen face, the C0D gage on 1y responded to the average
physical ÈranslaLÍon of Èhe crack faces clue to the
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substantia 1 area thab t.he gage was nounted on, and not the
fracLure process over the crack tip fracture process zone.

Based on a linear elastic perfectly plastic material
node1, one dirnensional tensile waves Lravel Ling toward the
free surface of the spec inen crack tip wou 1d, at yielding,
result in a local particle velociLy of 15 m/s. This
v el oci ty, app l fed over the COD gage working range (-1.5 nm) ,

yields an event time of 100 us. This corresponds weJ. 1 wit.h

the average COD_CRIT time of 120 us, considering the fact
thaÈ a conplex wave ref Lection pattern existed wi Lhin the
specimen (a cornbination of the initial conpression due t.o

the elastic bending of the sving arn assembl-y ancl lhe naLure

of the incoming tensil-e wave). This sane yield velocity,
when applied near the crack tip, l.rould obvÍous1y cause crack
Ínitiation in nuch less t.ime since the region of interest is
nuch sma L L er.

Analysis based on stretch zone results (tab1e 4.3)

indicates a dynanic C0D/CT0D ratio of approxinately g0X.

This translat.es into a crack tip c riLica 1 fracture tíme of
1.5 ¡s, which compares very ¡,reL 1 r.rit.h the experimental
critical t ine of 1-2 ¡rs based on maximurn loacl (tab1,e 4.2).
In addition, Èhe notch in the specimen tends to increase the

1oca1 st.rain rate ahead of Lhe notch, and thereby f urt.her
affects t.he cr i ticâ 1 t ine at the crack ti p.

The effects of loca1 parÈic1e yield vel-ociLy on the COD

signâ1 is easily distinguishable f r.oro the naLural background

60 Hz noise, Á 60 Hz signal has a perioct of -16 ms vs t.he
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100 ¡s associated wirh

The background nolse

record (Appendix C).

specimen yie l ding under na x i murn 1oad,

is seen very clear1y in test #1rs

5.4,2 Dynanic Load/Load-line Displacement Interpretation

Mat.erial Modelling

In evaLuating the dynamic Jq values using Lhe

mac roscop i c( l oad / l oad- 1i ne diaplacenent curve) nethod a

modified L Ínear eLasLic perfectly plastíc rnodel for Èhe

specinen naterial was used to arríve at a naximum dynanic
f ract.ure stress. This rnaterial model was used since the
microscopic merhod of Jq determination (Eqns 2.14, 3.13) Ís
based on this model. Flow stress is used in pLace of yield
st.ress t.o accounÈ for ¡oaterial st.rain hardening.

Ïn the application of this model to anal,yze Èhe dynamic

load/1oad-line disp l acement cur v es, a l i.near inÈerpolation
be tween the origin and the naximur¡ l oad poÍnt was used.
WiÈh reference to Flg. 5.3, t.his inÈerpolation procedure is
seen to be necessarily conservative. The degree that. this
ÍnÈerpolation procedure underestiaates t.he actuar f ract.ure
energy Jq depends on the degree of naterial strain hardeni.ng

during t.he fracture process. A finer tine resoLution on the
digital transient recorders usecl to record the load sígnai-s
woul-d be needed Èo nore accuraÈe1y det.ermine the nacroscopic
J6.
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Dynamíc MaÈeria1 Properties

In addiLÍon to the choice of nat.erial model to account

for naterial st.raín hardenÍng, the dynanic JQ vaLues aLso

depended on Lhe value of the naxinum dynanic fracture
stress.

EquatÍon 3.4 was used to account for the strain rate
strengtheníng of material propertíes (yield and f Lorv

stresses) since it applies to quasi-sLaticaL Ly ductiLe
nateria 1s in general[75], and had been used ín past work on

¡,ISI 1045 steel [48]. The choice of ß= 0.01g represenrs
the on 1y va 1ue referenced in Èhe 1 i t e r a t u r e s [ 7 7 ] . In
estabLishÍng the dynanÍc straín rate, ít was necessary to
assume" a similar defínition of gage length (27.5 mm) as that
used in the fnstron !est s, and lo use the partic L e velocity
corresponding to the static f Lor.¡ stress (as a f irst.
estimate) to deternine the dynanic strain rat.e. The

resultanL dynamic sLrain rãt.e was Lherefore 4x102 s-1.

With the above analysis, the use of 150 kN as a maximunr

specimen fracÈure load was a reasonabl-e assumption basecl on

available dat.a. The relatively good agreement between the
nacroscopic and nícroscopic results verifies Èhe general
va1ídit.y of the ana 1ys i s used.

Nevertheless, a beÈt.er understanding of the dynamic

Èensile properLies of the test material through aclditionaL
experinentat.ion is needed to enhance Lhe accuracy of the
analysis. The generally lower values of the macroscopic Jq

points to ã need to verify the use of ß = 0.01g ancl a

dynanic strain rate of 102 s-1.
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The dynamic atrain rat.e was det.ermined assumíng the
same definition of strain rate app L ies equal Ly to the slower
Instron tests and the stress wâve loading test.s. AL

present, there is no agreed upon quasi_stat.ic or clynanic
strain rate definition for the CTS, and therefore the
definition used i_n this work represents â necessary
assumption. However, it seems reasonab 1e Lo assume Lhat Lhe

dynamic strain rate used in this work was a conservat.ive
estinate. ThÍs assunption is based on the fact that ïrith
stress wave 1oåding, mat.eriaL out.side thè crack tip region
was noL abLe to response to Ehe stralning at the crack tip
as quickly as the slower speed Tnst.ron tests, and Lheref ore
the acÈua1 strain rate shou 1d be higher Èhan assumed.

0f equaL importance 1n influencing the dynamic maÈeria1
properties of Lhe specimen naÈeriaL were the stress
intensification effec¡s of the notch. As explaíned by

Dieter l7 51, the general yield stress of the noÈched

specinen (based on Trescars yield criterion) was higher than
Lhe uniaxia 1 yíe1d stress due to the confining nature of
triaxiaL st.resses on the pLastíc zone, whil-e t.he basic
maÈeria1 yield stress renained unchange d. ln addition,
depending on the striker veLocity or Lhe app L ied strain
rate, the notchrs st.reas intensifícation effecÈs were
greater for the brit t 1e fracLure than the duc ti 1e f racture
case.
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5.4.3 SÈretch Zone Measurenent

There is no doubt t.hat stretch zone mea surement is a

valid fracLure characÈerizing paraneter. The fact Èhat it
Loo exhlbits the ve11 known qualitative strain raLe and a/v
effecLs va l idates its use. Howe v er, it is import.ant to
apprecíate the potenÈia1 sources of errors in using SZ

measuremenL s for this r¿ork.

Stretch zone measurerûent depends on subjective
interpretaÈion or operator dependency. The firsL basic
dependency is Èhe operatorrs choice of a representat.ive
stretch zone for meaaur enent. As strelch zone is knov¡n to
vary fron 125-507. in width, Lhe choice of the sLretch zone

location is therefore a source of error.
Second 1y, the choice of SEM magnification determínes

the exEent. t.he details of t.he f ract.ure surface appear and

consequenÈ 1y the choice of the stretch zone.

Thirdly, the conventional approach of using arithnatic
averages of st.ret.ch zone widÈhs, based on an arbitrary
samp L e size and samp l e select.ion, Ís aLso a source of error.

Fina11y, a ducÈi1e or briÈtl-e fracture mo de carries
t*'iÈh it different amount of SZ neasurement errors. Contrary
to the relatively sharp out L ine of t.he SZ in the case of
bri Lt 1e fracLure, duc tí 1e fracÈure resu l ts in a very jagged

SZ out l ine. St.ereoscopic pictures are of l- imited hel p in
this case due Èo t.he ext.reme unevenness of ductile fracture
surfaces. Depending on the exÈent of ductiLe Èearing near
the streLch zone, t.his inage enhancemenL nethod may be

relatíveLy inef f ec¡ive.
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NotwithstandÍng the above criticisrns of the stretch
zone neasurenent net.hod of fracture toughness determination,
its use in fracture toughness testlng is unquestionably
needed. Äs an invesÈigative too 1 aimed aL the fracLure
surface, stretch zone neasurenent represents the nost direct
record of the fracÈure process. Any quantítative f râct.ure
paraneter nusÈ therefore be able to refLect the changes in
stretch zone appearance as a function of Èhe testíno
variables.

5.5 ReLevance and Applicatlon of je to FracÈure Mechanics

0ne of Èhe current issues in the fie 1d of dynamic
fracLure study is whether a one paraneter, macroscopic
dynamíc fracture toughness vaLue exisbs. To answer t.his
quest.ion, it is helpful to brief ly reviev the prÍnciples
behind current statÍc fract.ure toughness parameÈers.

In the case of static loading, the use and valiclity of
both KJç and J16 have been flrmly established both
ÈheoreÈicaL 1y and experimental ly. K¡6 is essentiaL ly an

idea1, critical sLress/crack size f.initing pararDeter that
accounts for the breaking of atomic bonds in naÈería1s
without significanÈ plasticiÈy. In design situatíons, a

geornetric facLor, o. , is added onto Ehis necessarily
conservative value to yieLd critica j- design st.resses.

The use of J16 as a f racture paraneter is based upon

the sane philosophy, except thaL Jts formulat.ion is based on

a minimal energy requirernent for fracture. In practice, J16

is convert.ed into an equivalent K1ç value and usecl to
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approxinate the design sLresses needed.

one is then inc l ined t.o say that a paral leL situation
of dynamic Ks and Js nay exist for the dynamíc Loadíng
sÍtuation. However, stress wave loacling inEroduces rDore

conplex theoreÈica1 questions which can be considered only
for a very 1ínited number of geonetries and boundary

condit.ions, and poses numerous additíona1 problens in t.erms

of Lhe experínental evaluation of a dynamic fracture
paraneLer.

Fundamenta L 1y, fracLure invol ves Lhe initial breaking
of atomÍc bonds. Therefore, a g1oba1 energy consideration
is valid for crack initiation for cases of quasi-static to
stress wave loading. The question Ís then how one accounts
for t.he differenÈ r¡odes of r¡ave loaclíng when sÈress waves

impinge upon a crack f ront.. The ¡¡athenaticaL answer Lo the
above queslion Lies in the rea j-m of appliecl mechanics.
ExperimenLaL ly, it is possibl-e Èo obtain this g1oba1,
criticaL fracture energy paraneter without fu11
underst.anding of t.he stress vave hÍstory invol ved. This
present work has derûonstrated that Jq is indeed a f racture
paraneter capabLe of characLerízíng quasi_static Èo dynamic

loading.

Fron a design point of víew, Lhe key Èo any
stâtic/dynamic fracEure paraneter is not. t.o just obtain a

unique, characteristÍc number that Ís sufficient in
differentiatíng the varying degrees of fracture toughness in
naterials (like a Charpy number), but a number that can also
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be reLaLed back Lo 6one design st.ress based on a crítica1
naÈeria1 l.oading condírion (like a K16).

Presently, there is no research work in progress to
systenatical ly e va l uate t.he accuracy in con v erting J¡6 into
K16 for design work. Simi 1ar 1y, the use of d ynani c KJ6

vaLue, Ktn, ís !rithout analytic or design verification.
Consequently, the use of the aut.hor proposecl dynamic

fracLure paraneter, JQ, also aÌ¡aits such design
verification. Hor.,ever, since Jq is a critical fracture
energy parameter simi 1ar to the staLic J_integral, a

reasonable first approximation would be to likewise convert
Jq vaL ues to K va l ues for design purposes.
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CHAPTER SIX

CONCLUS I ONS



The success of the present experinental f ract.ure
toughness !esting procedure that uti. l izes tensi 1e l oading
and stress triaxiality to characterize quasi_sLatic to
sLress wave induced f ract.ure has been demonstraÈed.

SpecifÍca11y, standard ÂSTM compacL tension specimens

were loaded in sirnpLe tension, aL rates ranging from quasi_

static to stress wave l oadings, using a standard servo_
hydraulic test f rarne and an original stress wave Loading
arrangemenL based on a modified compression Sp 1it Hopkinson

bar. The load duríng testing r,,¡a s monitored by a load cel L

for Lhe servo-hydraulíc tesL frame case and by instrumented
loading grips in the sÈress wave L oading arrangernent. Crack

initiation and Load-1ine dispLacement aL alL speeds were
determined using a specirnen face-nounted high frequency
crack openíng displacement gage.

FracEure toughness based on this testing procedure ís
expressed in terrûs of a characterizing fracLure energy
parame ter, Jq, derivable from eit.her the load/1oad_Line
dísp l acement tesL record or from a microscopic examinat.ion

of the f racture surf aceþ streÈch zone using scanning
electron nicroscopy. The l oading rate duríng testing is
expressed in Èerns of iq, the fracture energy parameter
di v ided by the crack initiation time.

Á study of the variation of f ract.ure toughness, Jq, of
an ,{ISI 1045 sree l in Lhe anneaL ed condition, with loading
rates ranging from quasi-static to st.ress wave Loading, was

undertaken using compâct tension specimens of three
differenr a/v rarios (0.5,0.6,0.7). The experiEenral
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resu l ts based on st.retch zone measurements and Load/1oad_
1-ine dispLacernenL records both ínclicate a significance
decrease in fracture t oughness for thÍs sEeel at high
L oading rate. In addition, fracture Èoughness is seen to
decrease with increasing a/w ratio for t.hese two methods of
fracture Loughness d e t. e r m j. n a t i o n . However, fracture
toughness based on st.ret.ch zone measuremenÈs indÍcates a

l esser dependence on specimen a/w ratio than Lhe method of
load/1oad-1ine d isp L acenent records.

NoÈwi thstanding the success of thís prototype,
improvenents can be made in crack inititíon detection and

crack tÍp dispi.acernent calculations. Modifications to Lhe

presenÈ dynanic tesÈ setup are needed to strengthen it
against iropact loads and to minimi ze Lhe experimental
errors and uncertainties. EfforEs should be rnade Èo inprove
the applicability of one-dirnensionaL wave Lheory.

Fur ther experi¡ûentaÈions are needed to inprove the
node l1ing accuracy of fhe dynamíc tensile properties used in
stress wave anaLysis. In particular, a no re accuraÈe
estímat.e of the dynamic yíe1d strengt.h of the test naÈerial
is needed.

158



REFERENCE S

1. Àiry, G.8., Brí1. Assoc. Advance. , Sci. RepL. (1862).

2. Ing.lÍs, C.E., Trans. fnsLn. Na v. Archit., LV, 1,
219(1913).

3. Westergaard, H.M,, J. App1, Mech., 4, 49(June, f939).
4. GriffiLh, 4,4., Trans. Royal Society of London (1920)

^-111

5. 0rowan, E,, Trans. Inst. Engrs. Shipbuilders Scotland,89, i6s(194s),

6. I rwi n, G.R,, 9th Inrer. Congr, App1. Mech., VllI. paoer
101(II), UnÍversity of BrusseLs , 245(i957).

7, Doug 1as, D.S., Journa1 of Mechanics and
Solids, Vo1.8 (1960) 100-104.

8. Cottre11, 4.H., Iron and Steel Institute
69,287(1961).

Physícs of

Spec. Rep.,

9. We 11s, 4.4., Crack Propagation Synposium proceedinss.
CransfieLd Co1-Lege of Äeronautics 1, 210 (1961).

10. Knott' ..t.I.-,^ ÞgeaÊqLefq of Fracrure Mechanics, Wi1ey,
Nerr' York ( 197.Ð:_-

11. Dawes, M.c., ASTM STp 668 (1979).

72. Krasowsky,4.J., Vainsht.ok, V.4., Int. J. of FracÈure,
Vo1. i7, No. 6 (December 1981).

13. de CasEro., P.M.S.T, Spurrier, J., Hancock, p,, ASTM STp
677 (1979).

14. Spi t zi g , W. A. , ASTM STp 453 ( 1969 ) .

15. Nguye.n-Duy, P., Bayard, S., J. Eng. Mater. Technol, 103(1981).

16. JSME Srandard Metho d of Tes r for Elasric_plastic
Fracture Toughness J1ç, JSME SLandard, sO0l-1981.

1.7. Rice, J.R., Trans. ASME, J. Àpp1. Mechanics, Vo1. 35
( 1968) 379-386.

18. París, P.C., ÀSTM STP 631 (1977) 3-27,

19, !icg, J.R., Rosengren, c. F., J. Mech. Phys. Solids,(19ó8) vo1. 1, 1-13.

159



20, Hutchi.nson, J.W., J. Mech. phys. Solids, (1968) Vo1.16, 13-31.

27. MiCl-intock, F.4., FracLure, Liebowitz, H. Ed., Vo1.3.Acadenic Press, New Tõ rll--f 47 G97l).
22. Landes, J.D., Begley, J.4., ASTM STp 514, (1g72),24_

?o

23. Rice, J.R., Paris, p.C,, Merkel(1973) 237-245,
, J.G,, ASTM STP 536,

24. C1ark, G.À., Landes, J,D., Journal of Testing andEvaluation, JTEVÀ, Vo L. 7, No. 5, (Sept. 1g7g),- 264-
269.

25. lllt^c._C-., Modqllinå 
-!fe_Þ_l€gg 

in Crack TÍp Mechanisns,
CFC10, UniversiÈy of Warerloo, -Tu gl; r Z4:-X;-i3EIj5--
89.

26, PeneL.on, À., Bassin, M.N., Dorlot, J.M., ASTM STp 677,(r979), 449-462

27, ASTM SLandards E399.

28, Gudas., J.P., J.oyce, J.À., Davis, D.A., ASTM STp 677,(1,979), 474-48s

29. Adams, N.J:L,..Munro, H.G., Engineering FractureMechanics, (7974), Vo1. 6, 119-132:

30. Kalthoff, J.F., Shockey, 0.A., Homma, H.. fnst. phvs-
Con f. Ser. No. 70, 3rd Conf. Mech. pr op, Hi gh Rates'ofStrain, 0xford 1984, ZO1-ZI1

31, ,Iohn_s9n.r_ ll,., _Imp?c! Strensth of MaLeríalg, EdwardArnol-d (Pub1íshers) Tímited, Lon¿on Tt gZ);--

32, Achenbach, J,D., Mechanics Today, Vo1. 1, 1972, NenaL-Nasser, S. Ed., pergâmon Piessl-llSz¿).
33. 9Lífton, R.J., Mechanics Today, Vo j.. l, I97Z, Nenat-Nasser, S. Ed., Þergamon f.e"", (L974).

34, Freund, L.8., J, Mech. Phys. SoLids, Voi-, ZO, (I972),
129-740,

35. Freund, L.8., J. Mech. phys. SoLids, Vo L. 20, (7g72),
147-152.

36. fleynd, L.B,, J. Mech. Phys. Solids, Vo I. 21, (I973),
47 -61. .

160



37. Freun d, L.8., Hutchinson, J.W,, HÍgh Strain-Rate Crack
Gr owÈh in Rate-Dependent Plastic So 1ids, Division ofApplied Sciences, Har v ard Univerist.y, (June 19g4),
MECH-53.

38. Freund, L.8,, .Doug1as,. 4.S., J. M ech. phys. Solids,Vol. 30, No. 7/2, (1982) , 59-74,

39. RÍce, J.R., Proc. 1st. fnt. Conf, Fract.ure, T. yokobori
et aL. (eds.), Vo1 1, Japa nese Soc. for SÈrengÈh andFracture, Tokyo, (1966), ZB2-3O9.

40. Barenblatt, G.1., Entov, V,M., SaLganik, R.L.,fnelastic Behavior of Solids, M.F. Ka¡ininen et a1.(eds. ), McGraw-Hi1-1, (1970), 559-584,

4L Rice, J.R., Proc, 8th U. S. National Congres of Appliecl
Mechanics, UCLA (New york: ASME) (1978t l9l-216:'

42, Kishinoto, K., Aoki, S., Sakara, M,, Enqineerins
Fracture Mechanics, Vo1. 13, (i9BO) -841-850. "

43. Nilsson, F., Inst. phys. Conf. Ser. No.70,3rd Conf.
Mech. Prop. High Rates of Straín, 0xford 19B4, 195-204.

44. K l epeczko, J.R., (1982), J. En g. Mar 1s. and Tech. 104,29.

45, EftÍs, J., Kraffr, J.M., J. Basic Eng. (1965), 86, 257,

46. Radon, J.C., Turner, C.E., J. Iron Steel Inst., ZO4,842, (1966).

47. Ç99ti.n, L.S., Duffy, J., Freunct, L.8., ASTM STp 627,(1977),301-318.

48. .loy"g, J.4., NUREc/CR-2274 (Washingr.on: USNRC),
( 1981) , t-37.

49. Joyce, J.4., Proc. CSNI Speci.a l ists Workshop on Duct.ileFracture Merhods París (Parls: OECD) , ( i9g2) , 517-537 ,

50. !q¡og.ni, M.R., Ph.D, rhesis, Universíty of Manitoba,(1984).

51. Rogers, H.C., Shastry, C.V., proc. Conf. on Shock Waves
and High Strain RaÈe Phenornena in MeÈa l s, Pl enum press,
New York, ch. 18, ZB5-Z?B.

52. Duffy, J., Mechanics of Material Behavior, Dvorak, G.J.et a1 (eds.), Elsevier Science Publ.ishers 8.V.,Ànsterdam, ( 1984).

53. C11f t.on, R.J., Duffy, J., Harr. 1ey, K,Ä., Shawki, J.G,,Scripta MetalLurgica, Vo1. 18, (1984), 443-448.

161



54. ÄSTM Standards, pt. 31, ( Ig69), Designation 823_566.

55. !9 1ní.r W.S., He1d. J., VoL. 50, pp. 915-1095, t47s_I62s, (1971) .

56. !99ki1son,. B.,^?hi I. Trans. Roy. Soc. (London), Ser. À,2r3, (19r4) , 437 .

57, Ko 1sky, H., Proc. phys. Soc. (Lonclon), Ser. 8., 62,(1949) , 676.

58. Davis, R.M., Phi1. Trans, A., 24O, (1948) , 375.

59. ClifÈon, R.J., Shock I,laves in Condenserl Matter, Asay,J.R. et al (eds.), ch. 3, (i983), 105-i11.

60. Gorhan, D.4., Inst. Phys. Conf. Ser. No , 47, (Ig7g),
61. Canpbe 11, J. D. eL al, Batt.e11e Co11og. on Fundanental

Aspec.ts of StrucÈura1 A11oy Design,-Jaffe n,f. ei Àf
( eds. ) , New york I plenun, (iSll) , -S+s_SOS.

62. Costin, L.S., Duffy, J., J. Eng. Mat. TechnoL., Vo j-.10i, (Ju1y 7979), ZSB-264,

63. Hartley,_ K.Á., Duffy, J., Inst. phys. Conf. Ser. No.70, 3rd Conf. Mech. Prop. Hígh Rates'of Strain, O;fo;d1984,27-30,

64, 
{_1 be_rti1i, C., Montagnani, M., Insr. phys. Conf. Ser.47, (1979).

65. Paris,. P.C., Bucci, R.J., Loushin, L.L., ASTM STp 559,(197 4), 86-98.

66. Bassim, M.N., Krepgg?!-o., J.R., Hsu, T.R., EngineeringFracture Mechanics ( 1983) .

67. Corran, R.S.J., Benitez, F.G., Ruí2, C., No jirna, T.,rrTowards ¡he D.eveLoprnent of a Dynami" Éiãi'ruiåInitiation Testn, privÀte cornnunicaLion.

68. Co rran, R. S.J., BeniLez, F.G,, Hardíng, J., Ruiz, C.,Inst. Phys. Conf. Ser. No.70,3rd Cõnf. lt""n. É.op.High Rates of Srrain, 0xford Ig84. 253-260.

69. .{STM Standards E813-85.

70. Landes, J.D,, Beg 1ey, J.Ä., ASTM STp 560
186.

71. Saxena, Å., Hudak, S.J., Int. J. Fracture,
5, (Oct. L978), 453-467.

(1974) 17o-

Vo1. 14, No,

r62



72. Klepaczko, J.R., Insr. phys. Conf. Ser. No. ZO, 3rdConf. Mech. Prop. Hi gh Rates of Strain, 0xford 19g4,
245-252.

73. Klepaczk_o, J., Proc. Inst. phy s. Conf., Serv. No. 47,Bristol (1979) 201-204

74. Andrze-jewski, 4., Klepaczko, J., pluvinage, G., proc.
Inst. Conf. on Analytical and Experiment-aÍ Fracture
Mechanics, Rose, Italy (f9gO)

75, Dieter, G.E., Mechanica l Met.aL1urgy, 2ne ed,, McGraw_
HÍ11 Book Conpany , (1976).

76. 0rowan, E., fnst. Eng. Shipbuild. Scot., Vo1. g9,(194s), 16s.

77. KLepaczko, J., Techni ca 1 Report, No. DMR_7 g_23257 12,
Brown UniversiÈy, Provídence (Apri1, 19gl ) .

78, NichoIas,.T., Experinental Mechanics, 2i(5), 177_Ig5,(May, 1981).

79. Ross, C.Â., Cook, W.H., Wilson, L.L., Experinental
Techníques, ( Novermber 1984), 30-33.

80. Bayoumi, M.R., .Bass j.n, M.N., J. Engineeríng Fracture
Mechanics (1983), VoL. 18, No. 3, 67-9-69L. -

81. !q¡9uni, M.R., Bas sim, M.N., pr oc. InÈ. Conf. Mar1s,
ICM4, StockhoLm, Sweden (1983), Vo1. 2, 803-811

82, Bayou.rni, M.R., Bassim, M.N., J. Testíng and EvaLuation
( I983) , Vo1. 12, No . 5. 3t6-322,

r63



ÄPPE ND I X A

SIOII SPEDD INSTIION TEST RESULTS



LOfiD,ZTIMf SIGNñL

TEST NO

TIME = -ø3 StrC/Po I N't

ON = 1. 178-ø1 SEC

MRCHINE - INSTRON

ø.ø
t.ø .2

TIHE
.4 ,6

tsl
LSF 0F ORDER 2 Y = CI+C2*X+C3*X,^2+...

CODZTIMf SIGNfiL

t:

F-

LJ
>:
L¡J
L)
0:
-J
0_
IJJ
Èl
EI

9 ar't¡ =.6
gÉ-a3 sEc/Po I N-t

t. 1?E-ø1 SEC

]NSTRON

ø,ø
ø.r!

TIHE TS]
LSF 0F ORDER I Y = Cl+C2xX+C3tX."2+...
T_CRIT( 1 )=5.87E-Ø1 SEC

AI

TIME = 2,
DURRÏ T ON

MRCHINE -



Jo INTIGRRL RESULTS

ô=9 a/urÊ.6
= 2.øøE-Ø? SEC/POINT

LJ

?,ø
E¡
0:()
-J ll

I MRCHTNE - TNSTRON

ø.ø
ø.ø .1 .e t.2

DISPLÊCENENT E ¡rm l

LSF 0F oRDER 3 Y = CI+C2*X+C3ñX,\2+...
J0( t )- 4-??E+ØØ kN/çt
T CRrT t - S.SZE-ø¡ SEC COD CRIT t - s.?lE-al

A2



?,Ørl
0:
c)
-J

LOfli]/T I Mf 5I GNfiL

f rìql -F-{øøE-ø3 sEc/Po I NT

TION = 5.85tr-ø2 SEC

MRCHINE - INSTRON

.2 -4 'b 't'
TIHE TS]

0F oRDER 3 Y = cl+c2xx+C3tx',^2+...

LOfiD/TIMf SIGNRL

TEST N-çÞ<áOi a/r¡¡ =.6
Iå€-: r.øøE-Er3 sEc/porN-r

ø.ø

LJ

?,Ø
Eì
0:
(>
-J

ø.ø

ø.ø

LSF

DURRTI0N = s.85E-ø2 SÊC
MRCHINE - ]NSTRON

ø,ø

LSF OF

A3



APPENDIX B

HIGH SPEED INSTRON TEST RESULTS



IJ

ct
0:()
-l

2ø. ø

tË.ø

1?.ø

g,Ø

4.ø

ø.ø

LORN/TIMf SIGNflL

TEST I,lO = -{- a/w =.5
TIME = 5.øØÊ.-ø5 SÉC/POIN't
IIURRTION = 2.93E-G3 SEc

HRCHINE - INSTRON

tØ.ø 2ø. ø 3ø.ø 1Ø.Ø
TIHE t rnS I 

r

oRDER 3 Y = Cl+C2xX+C3tX'^2+...

ø.ø

LsF OF

BI



ç¡
0:
c)
-J

?ø, ø

t6.ø

t?,ø

g,ø

4,ø

LOflD /TTYI SIGNFL

TEST

ø,ø
ø.ø tø.ø

TT ME

LsF OF ORDER 3

CODIT]ME SIGNflL

-.qxx¡{.-<\.-= 5.ØØE-Ø5 SEC/POINT
DURRTI0N = 2.93E-Ø3 sEC

MRCI{INE - INSTRON

2ø, ø 3ø.ø +e.ø
I mS]

Y - Cl+C2xX+C3xX,^2+...

t:
l:

t--

lrJ::
IJJ
L)
0:
-J0-
lr)

cl

T NO =5.Ø e/w =.7
= 5.6ØE-Ø5 SEC/PO I NT

ION = 2.S3tr-ø3 SEC

INE . INSTRON

ø.ø
ø.ø tø.ø

TI ME

2ø, ø 3ø-ø
tmSl

LSF 0F ORBER 3 Y = CI+C2*X+C3*X,^2+...
T_CRIT( I )= 1.87E-Ø2 SEC

82

1ø.ø



?ø. ø

16.ø

t?,ø
:<
LJ

8.ø
EI
0:
c)

4.ø

Ø.ø

% INTfGRfiL RESULTS

TEST N0 =5.Ø a/w =.7
- 5.ØØE-Ø5 SEC/POINT

MRCI{INE - INSTRON

ø.ø

LsF OF ORDER 3
J0( t ) 2.39E+Ø! hN,zm
T_CRIT I - l. S7Ë-ø¿ SEC

.e
DISPLRCENENT E nrm l

Y = Cl+C2xX+C3tX.^2+...

COO CRIT I - s..llE-Gl ñm

B3



LJ

EI
0:
c)
-J

?ø, ø

t6.ø

t?,ø

8,ø

4.ø

LOFD/TII,If 5]GNRL

TESï NO =6.Ø ¿/u =.7
= 5.ØØE-Ø5 SEC/PoINT

DURRïION = 2.93E-83 SEc
MRCHINE - ]NSTRON

.ø LØ.ø 2ø,ø 3ø.ø
TIHE t mS l

LSF 0F 0RDER 3 Y = Ct+C2xX+ÇSxf,,r21...

CODZTIME SIGNflL

TEST NO =6.Ø a/u =.?
TIME = S.øøE-ø5 SEC/POINT
DURÊTION = 2.93E-ø3 SEC

MRCI{INE . ]NSTRON

LSF OF ORDER B Y = Cl+C2xX+C3rX,a2+. . .

T_CRIT( I )= t.55E-Ø2 SEC

B4

t:
t:

F-

bJ
>:
LJ
L)
0:
-J
0_
IJl

c)

TIHE I mS ]



?ø, ø

16,ø

t?,ø

e,ø

ø.ø

INTIGRRL RESULTS

TEST NO =6 . Ø 7/w =.7
= 5.øøE-Ø5 SEC/POINT

MRCHINE . INSTRON

ø.ø ,4 .8 1.2
DISPLRCENENT I mm ]

LSF 0F ORDER 5 Y = C1+C2*X+C3*X^2+...
J0( t ) 1.7€E+øt kN./m
T_CRIT I - 1.55E-øZ SEC COO_CRIT I - 5.Iltr-Øl nm

%

IJ

E¡
E:
c)
-J



?5,'A

?ø. ø

15,ø

1ø. ø

i,ø

LOFDlT I Mf S ] GNRL

EI
0:
c)
-J

ø.Ø
ø.ø lø.ø

TIHE

LSF OF ORDER 5

COD,ZTIMf S]GNFL

TEST NO =16.Ø z/w =,5
TIME = I .øøE-ø4 SEC/POINT

MRCHINE - ]NSTRON

?ø, ø 3ø.Ø 1ø.ø
tmSl

Y = Cl+c2*x+c3rx^2+...

t:
¡:

t-
LJI:
LJ
L)
0:
-J0-
u)

Ê¡

a ¡-^

1,6

t,2

.8

.4

N0 =16.Ø a/uJ =.5
= I .ØØE-Ø4 SEC/PO I NT

INE - INSTRON

ø.ø
ø.ø tø.ø 2ø. ø

TIHE IS]
3Ø.ø 1Ø.ø

LSF OF ORDER 2 Y = Cl+CexX+C3*Xa2+...
T_CRIT( I )=2.Ø2E-Ø2 SEC

B6



?5,ø

?ø.ø

15.ø

ø,ø

INTfGRfiL RES

TEST NO =t6.Ø a/u =.5
TIME - I.øøE-ø4 SEC/POINT

MRCHINtr - ]NSTRON

ø,ø .4 .S 1.2 1.6 2.ø
ÐISPLFCENENT C mnr l

LSF 0F ORDER I Y = C1+C2*X+C3*X,r2+...
Jr)( t )- 4-?gE+øt kN,/ir
T_CRIT ¡ - ã.ø2E-ø2 SEC COO_CF¡fT I - 5.41E-El nm

Jo

:l
L¿ tØ,ø

tt
0:
c)
-J 5.ø

87



?5, ø

2ø. ø

15.ø

tø, ø

LOfiI]ZTIMf SIGNRL

LJ

F¡
0:
c)
-J

. ø tø.ø
TTHE

LSF OF ORDER 5

TEST NO =t8.Ø a/r,¡ =.6
TIME = I.øøE-ø4 SEC/POINT

MRCHINE - INSTRO¡I

4ø.ø
I rnS ]

Y - Cl+C2*X+C3rX^2+...

?.ç4

COI],/TIME SIG
rr 1.6

t:

L2
t--

bJ
>:ii .B
0:
-J0-
U)

ç¡ ,1

TEST NO = 18 . Ø a/w =,6
TIME = t.øøE-ø4 SEC/POINT

MFìCI{INE - INSTRON

LSF 0F ORDER 2 Y = C1+C2*X+C3*X,\2+...
T CRIT( I )- 1.45E-ø2 SEC

TIHE tS]



?5. ø

?ø, ø

t5.ø
2=
:!.

tø,ø

EI
0:
c)-r 5.ø

ø,ø

Jo INTIGRFL RESULTS

TEST NO -t8.Ø a/¡.¡ =.6
TIME = t.øøË-ø4 SEC/POINT

MRCHINE - INSTRON

ø.ø .g l.e 1.6 2.ø
DISPLRCE¡4ENT I nn ]

LSF 0F oRDER I y = C1+CZ*X+C3*X,^A+...
Jt)( t )- 3-83ErEl kN.uar
T_CRIT I - I.45E-ø¿ SEC COO CR¡T ¡ - S.7¡tr-øl ñlr



APPEND I X C

STRESS IIÂVE LOADING RESUI,TS



CODIDISPLRCEMENT SIGNFL

a¡J lJJJ(ÊG(J(J
uto
JJ
:f
Ll!
(0(n
l- F-
JJ()o
:>>
(toqq
ccca

TEST NO -1 a/u -.5
TII€ - 5. øøE-Ø5 scc/polnt
IIÆìT tON . 2. EEE-úll ¡¡c

4 STRFIN hFVE S I GNFLS
l¡J l¡J
JJ(E(r
(J(J
QA

JJ
t! l¡
ao(,t- F-JJc)o:>>
t¡oqq
(Eg¡

cl



D/DISPLÊcEMENT SIGNFL
t¡J LJJJ(lE(J(J
(0U)

jj
:):L¡¡
ao(/,t- t-
.JJoo:>>
c!oat6)
'.1
,"1
:-cl(J(JI TEsr No -2 ¡ìu.-.s

TIf-€ - 2. øøE-ø6 3.c/polnt
ILRÊIION - B. tgE{t3 eoo

4 STRfiIN I^¡RVE SIGNÊLS
t¡J t¡J.JJ(rG
o(J(0U)
JJ
-J):f
t!L
toØ
l-- f-JJ()o
rtoqq
(lfÞ

TEST NO .I t/@ -.s
flfÉ - 2,OAE-€6 ..o/po tñt
B-RÊf ION . 4.1€€3 e oc

C2



Ì!f,

oG' sc)
<<: oorf' -l -{ ul t)t

nn
r- f' ¡-r
(no)
ô.) ÐÐrrnn1

'Þ
SIUNÐIS fAUM NIUUIS

IUN9IS 1NfN33U'IdSTQ/A

trt f)

ac) oct
<<: oo1f' l-t a ¡Jl

n'l
t- a'
FT
lt lJ,
.)c) ¡l)
rf' f¡ Fì



Þ)

Þ

SIUN9IS SAUM NTUdIS

rt l)

oc) oc)
<<: oc) r- f' J-t ('l0l
nrt
.-f'
1- f'
(, (r')
.)r) ¡Ð1- f'
r¡ Fì

aD f,
ii' oc) ñc,
<<: o() rr' -i -{ (,)0t

'l'l cc: îrÍr
oot a) a)
¡Ðîr'
Ft t"t



.5ø

TE6T No -3.g t^J' È,Ê
TIl.€ - 5. OøE-67 6€C/POINT

tfìCfllNE - SH¡

DISPLACEMENT/TIME SIGNRL

I lresr No -3.S r/r¡ -.6
:. _-.Trt€ - s.øø€.-ø? €gc/PoINf
'ï

lflCHINE - ÊHE

ñ .40
n

.3ø
F
zl
l¡
Fl .¿o
ü
.J
0-
u,
F .lo

ø. øø t-
ø. øø .2ø

LSF 0f ORDER 3 Y - Cl{€2xX+C3lX^2+...
C ¡ - I .25E-gl
C 3 . Z.t.lErot

. tø . ts
TIHE f ¡¡S l

C 2 - -?.97E+80
C { - -¿.73ErSz

LOÊÐ,/DISPLFCEMENT CURVE

' -l:^.,".-:

^ {80

ft aøø

-)

TEST NO -3.ø ¡/s, -.6
TlÈ€ . s. øaE-ø? sÊc/PolNt

içICHINE - gÈlE

.2ø .3A .1ø
DISPLRCÊ ENT t nn l

L5

.sa



t-lz
:

o
oJ

ff '.x-x-x-x-¡-x-=ïrc-x-x-¡,_r_x_x_ x x

TESTNO=3 o/w=0.6
TIME = 5OOE -OZ SEC/POINT
MACHINE = SHB

or r r r r r

o o.o2 0.o4 0.06 0.o8 0.0
DISPLACEMENT [mm]

Jq= 1.5 KJ /m2
T-CRIT =5.OOE-O7 SEC

CÐD-CRIT =3.36E-O3mm
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O
O

 V
O
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S

 F
U

LL
 S

C
F

LE
C

h 
B

 4
.ø

ø
 V

O
LT

S
 F

U
LL
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C

R
LE

'(n -l n ll H z : ll T
I 6 H 6) z fl T 'a
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F
 í
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O

 V
O

LT
S

 F
U

LL
 S

C
F

LE
C

h 
B

 4
.ø

ø
 V

O
LT

S
 F

U
LL

 S
C

F
ìL

E

E
*4

-l À
rz

oo z-
!a

lG
lr oa

_
.t 6E

(
T

IE Ig
,

ñt
o 

0

F
tr

4ñ
q

À
az

oo z1
.l

I 
G

' .
ô

.l sE
(

ftE It oa
 

¡



1¡, l¡lJJ(fEooo tJl

JJ
a¡. t!
tn ulFl-JJooÞ>
G)oqq
(rEr

(J(J

4 STRFIN I4RVE SIGNFLS
t¡, l¡lJJ(f,coo
1Ã At

JJ
:)f
t! 14

(o(4
FF
JJ()o
:>>
G)0qq
(cE¡

(J(J TEST NO -L vw -.5
TIÈ€ . I . øøE-€l€ .oclpolnt
U-Rñf l ON - 2. Ø5E-€3 coo
HRVE TII'|E ( SEC )

INC t.2tE-ø3
TRRN I.2IE-ø3

rçSr XO .4 ¡./u -.â
TIt€ - l.0AE-€G ..o/point
IlnRf tON - {. l€€-€l ¡¡o
T_CRIT( ! )- 2 . l9E-61



s 4øø

F¡c3 eøa

ø
ø. dø

TEST N0 -4.ø ¡/r¡ -.6
TIt€ - l.gøE-æ SEC/PO¡NÌ

¡€C+lI NE - ÊHE

D I SPLRCEMENT.,/Tf HE S I GNÊL

lEsT N0 -4.9 ¿/u -.e
Tlt€ ¡ l.ogE-æ ÊEC/POINT

tfÞIINE.6HS

.o.r .e€ , t2 . t6 .2ølrHE ( rS l

t!c

¡-
t¿J

H)
0-
lrl
ci¡ .zø

ø. øø

f¡
0:o
-t

q,øø ,ø1 .ø€ . t2 . t6 .2øT¡HE t rS l
LSF 0F oRDER ? Y . Ct+CexX+C3iX^A+...
C t .-t.Z2E-Ot C2- t.O5E+6r
C 3 . -e.6<Eret

LOfi N./D I SPLÊCEI'1ENT. CURVE

TEST NO .4. s ¡,,,¡, -. 6
T¡r'€ - t . øø€-ø6 SEC,/POINT

IGICHINE - SHE

.<ø .6ø .eø
DISPLRCEIIENT t ¡n !

ao



0L3

S-IUN9IS 3AUM NIUdI

t1 a)

Ef,

6)(J
oc)
<<: ootrJ-{
o0)
¡nccEC
tlt tt .)a) ftt rf' ñ frt

b

-luN9I S -LNlNf fHldsla /t

dtÐ

:i' oc) 6} c.)

<<: oo|-f'
{-l t, rr)

n Ì1
CC
FF
l,u, ôa) Ð]l
Tr' I'ì ITì



CODIDISPLFEEMENT SIGNFL
4

l¡, l¡JJJ
CEGo(Jutf/)
J'JJJ
=5l¡L
otnFt-JJoo
ooG'6

(ECE

(J(J

4

t¡J LJJJCt(r(J(J(0(/l

JJ3:
a! L-

ooF-F.JJoo>>
rJoo6)

(rC¡

(J(J

STRFIN I^IFVE SIGNFLS

::
TËST N0 -5 ^./u -.8TII'€ - 2.0S8-øC ..o/po {ñt
û-RÊTION . 4.1æ-€3 ..o
I{BVE T¡ME(SEC)
tNc I .35E-ø3
TRFìN r.35Ê-ø3

cll



4øø

x

eøø
E¡
0:oJ

ø
ø. øø

TESI NO -5.6 à/e! ..Ê
lll.€ - ã.00E-6 6ÊC/POlNf

iæHINE - 6HE

. tø .2ø .3ø .{9
Tlr{g ( ¡s l

DISPLFCEMENT,/TIME SIGNFL

N0 -5 . g .¡/r¡ .. 6

- 2.00E-ø6 Ê€C/POtNt

t:
t:

l'-

lt
xl
J
o.
lrl
Èl

r.øø

.9ø

.6ø

àfìg{lNÊ - €HE

ø.øø . tø .?ø .30 .1ø
TIHE I nS ]

LSF 0F oRDER 2 Y - Ct+C2xX+C3rX^Z+...
C I .-€.91E-02 C2- t. t¿¡E+41
C 3 . -r.66Etøl

LOFD,/DISPLÊCEMENT CURVE

TEST NO -5.S à/!, -,6
TIl.€ - 2.øøE-6 6ÊC/POIN'I

¡fìCH¡NE - ÊHE

. ¿rø .6ø . €ø
DISPLÊCEHENT [ ¡n I

c12



z
:

o
oJ

X-=éX--X-X

TESTNO=5 o/w =0.6
TIME = 2OOE - 06 SEC/POINT
MACHINE = SHB

ôt I I r r I-o o.o2 o.o4 0.06 ooe o.ro

DISPLACEMENT [mm]

Jq= 4.7 KJ /m2

T-CRff =2.OOE-06 SEC

COD-CRIT= 7.15E-03mm

cl3
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APPENÐ T X D

SCANNING EIECTRON M]CROGRÄP}IS FON ÂI1, TESTS



mícrographs for tesÈ # I NST3

D1

Scanning electron



nlcrographs for t.est #INST6

D2

Scanning elecLron



Scanning electron micrographs for tes! #INST7

D3



micrographs for test #INST9

D4

Scanning elecÈron



Scanning electron micrographs for ÈesL #INSTl2



Scanning eLectron nicrographs for Lest Q. S. #14

D6



micrographs for test #SHB2

D7

Scanning eLectron



Scanning electron nicrographs for tes¡ #SHB3



nicrographs for test #SHB5

D9

Scanning electron


