THE UNIVERSITY OF MANITOBA
LIBRARY

BAYOUMI, Mohamed R,

AUTHOR B3 8 6000+ 600 40T et 5 00500880840 0000000048000800800800000s0000000000re

STUDY OF THE RELATION BETWEEN FRACTURE TOUGHNESS AND DUCTILITY

TITIE 06060600 0900600800500 0 0800606000001 0600000s000s0cr © 000t LPLOOIOIOLEBIOEDOENOLS
(AN AN EREENENEENEEREEENENNNNENENNEEII I I AN BN I I I B B A LA AL AL I A 2K 2 BU I IR B0 B 2N BN BN ]

LU BRI B B IR I I A O B O I B A A A L I A B SO B A B R A RN A U IR R IR A A B I I A N I A BN I I BN

THESIS oov‘o.?tl:]?:z;];?@)—ft..olooonol.no..o'ololoo.oo.'.oo-oo-oun.oltooo.ouo.

I, the undersigned; agree to refrain from producing, or reproducing,
the above-named work, or any part thereof, in any material form, without
the written consent of the author:

LA A N N R R R R R N I A R A A B S A A S A I Y R R N R A R A N N A A S N R R

G 92 08000000 ST LB EVIDONE T OGBS IS BP0 NN SN e EPI SISO EEENOEPEEBIEES

--o.o-uo.co.ooo..t.ioocnalo.‘oo-tnoo-o000.00ooo-.o..‘..oo.ooonotoonu00009-l.
OOOOICOOOOIQCOOQOC‘OOOO"l.00."..00.l.'.o.oolllI.l;b......D'Ol'..“"..‘.b
#0000 SO OODS L0 GG L0000 BN NGB NG00 NINEONNLGEOIILLIONUITIONIDORNINIOBIOED
® 5 04 0000048008004 006002008006000607P0008000006000000000006000000000000000000000000
lc"l.....vi.c.l“!bt‘.ooo"u‘cnoc-Q.c.-c.ou’lc'.i.tn.t'o.0.0!...‘0.0.'.""0
oau;ooo‘.uo-.-ou.ooo.-ooo..ooao-aaac--an-oocaool-oo.‘co.c;ol-oou-oon.--oorﬁl
L R A I R R N N R N A N N A A N N R N e
....l"'.l..."l‘....OC'l.l.i..-l.."ﬂo-l-o0.“0‘l.0.00'..“..!...‘...‘070.!
L A I A I R I I I I A N N N N R R R T Y
'Gtooonooouooooogaoooo;-cnao.toacconc-t-on-'aooncu..uuooo-oocnoc-uoooo.ocaa
L R I I I R R R R I I I NN AP T A P S R S R
0000».0!..‘-0..0..0'00bo-hc.oo.uhah-nnnnacol.-n--.q-oo-o-nlaonaoo..':oltlut
.IQ."QQ.QQ'.OQ'IOul.‘.a..nnol.ono-'ltoun.-atu.on.o.olbooo.o.l.ol‘.lla.'.c..

.
L I A I I R A A N I e R R R R R N N N A A )




THE UNIVERSITY OF MANITOBA

STUDY OF THE RELATION BETWEEN FRACTURE

TOUGHNESS AND DUCTILITY

BY

MOHAMED R. BAYOUMI

A Thesis

Submitted to the Faculty of Graduate Studies in
Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philiosphy

Department of Mechanical Engineering
Winnipeg, Manitoba

January 1984




THE UNIVERSITY OF MANITOBA
FACULTY OF GRADUATE STUDIES

The undersigned certify that they have read, and recommend to

the Faculty of Graduate Studies for acceptance, a Ph.D. thesis
entitled: . Study of the Relation Between Fracture

oooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

submitted by Mohamed R. Bayoumi

oooooooooooooooooooooooooooooooooooooooooooooooo

in partial fulfilment of the requirements for the Ph.D. degree.

Dr. J. Matthews %7(—4;6&/

ooooooooooooooooo

External Examinéd
Defence Research Establishment

------------------------
oooooooooooooooooooooooo

oooooooooooooooooooooooo

Date of oral examination: February 20th, 1984.

-----------------------------------

The-student has satisfactorily completed and passed the Ph.D.
oral examination

oooooooooooooooooooooooo

Chairman of Ph.D. Oral*

(*The signature of the Chairman does not necessarily signify that
the Chairman has read the complete thesis.)




STUDY OF THE RELATION BETWEEN FRACTURE

TOUGHNESS AND DUCTILITY

by

Mohamed R. Bayoumi

A thesis submitted to the Faculty of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

DOCTOR OF PHILOSOPHY
“© 1984

Permission has been granted to the LIBRARY OF THE UNIVER-
SITY OF MANITOBA to lend or sell copies of this thesis. to |
the NATIONAL LIBRARY OF CANADA to microfilm this
thesis and to Ignd or sell copies of the film, and UNIVERSITY
MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.




To my parents aund the spirit of my brother




ABSTRACT

Correlation between ductility and fracture tougﬁdess
of engineering materials, as a funct{on of material para-
meters and testing conditions, 1is a major objective 1in frac-
ture research. A study of the variation of the fracture
toughuness parameter JIC and ductility, measured under both
tensile loading and biaxial plane strain (bulge) loading of
AISI 1045 steel in the annealed condition, in the transition
temperature rvrange of =60 to 25°C was carried out. ~ This
temperature range delineates the changes 1in behavior from
linear elastic to elastic-plastic behavior for this steel as
determined from Charpy tests. It was found that the var-

iation of JIC with temperature shows a transition of about

-20°C while the bulge ductility only has a marked transition
below ~40°C. These trends were explained in terms of the
effect of material properties, namely the flow stress, on
crack blunting, while the bulge ductility 1is correlated with
the total strain to cause significant c;ack growth to take
place. In the elastic-plastic region, a 1ineér relationship
between JIC and bulge ductility was found to occur.

A theofetical model relating fracture toughness ex~

and bulge ductility € for a material

pressed as . J F,a=1,8=0

IC

exhibiting linear elastic behavior at low temperatures and

elastic-plastic behavior at high temperatures is proposed.

-2
This model shows a variatiqn of JIC with eF,a=1,ﬁ=0 for




ii
linear elasgic behavior and JIC with Ef,a=1,6=0 for elasfth
plastic behavior. The model contains three constants to be
determined experimentally, for a given material, specimen
geometry and testing conditions. A case study on 1045 steel
{n the temperature range -60 to 25°C confirms the validity of
the model. The experimental results help in determining the
size of the fracture zone ahead of the crack as well as the
mechanisms for crack blunting and crack growth.

Stretch zone width measurements of the fractured spec-
imens were pefformed as a function of temperature 1in the
transition region of AIST 1045 steel. The results show the
existence of a transition in fhe variation of fracture tough-
ness and stretch zone width with temperature. Such a tran-
sition is 1indicative of the blunting process at the crack
tip.

The temperature dependence of ductility, strength and
fracture toughness for BCC materials undergoing predominantly
linear elastic behavior at low temperatures and elastic-plas-
tic behavior at high temperatures was examfned; A model,
based on ductile fracture mechanisms 1involving void nuclea-
tion followed by cavity growth and void coalescence, {is
developed to relate the fracture toughness parameter JIC with
temperature. Application of this model to experimental data
obtained on 1045 steel show that JIC varies with T2 atklow
temperatures and with T at high temperatures, thu; defining a

transition temperature.




111

The variation of fracture toughness of AISI 1045 steel

with loading rates ranging from quasi-static to dynamic con-
ditions was studied. A wedge loaded compact tension (WLCT)
specilmen geometry was used in both testing conditions. The
onset of crack propagati&n was detected using a strain gage
mounted near the crack tip. The fracture toughness testing
{n the dynamic range was achieved by the longitudinal stress
wave loading using the Split Hopkinson Pressure Bar tech-
nique. The fracture toughness parameter JIC decreased sig-
nificantly under high loading rates. The measured values of

J using WLCT specimens were confirmed from stretch zone

IC
measurements using scanning electron microscopy of the frac-—
ture surface of the WLCT specimens.

Strain rate £ dependence of ductility, strength and
fracture toughness for materials with high strain sensitivity
such as steels and aluminium alloys was examined. Cracked
specimens of these materials usually undergo predominantly
linear elastic behavior at high strain rates and elastic-
plastic behavior at low strain rates. Based on ductile frac-
ture mechanisms, a model is developed to relate the fracture

toughness parameter JIC with strain rate €. Two general
equations describing the variation of JIC with strain rate e
are dbtained. Application of this model to experimental data
obtained on a carbon steel show that JIC var?es with Rog

(e/10-3) at low strain rates and with fog [(;_/10'3)]2 at

higher strain rates.




iv

The effect of microstructure on fracture toughness aad
ductility in the transition temperature rtange was investi-
gated. The transition 1in behavior from linear elastic to
elastic-plastic, 1in the relation between fracture toughness
J and témperature from one hand and‘in the relation between

IC
J and bulge ductility from the other hand for the tempered

IC
martensitic microstructure of AIST 1045 steel was shown to be
similar to that obtained for pearlitic microstructure of AISI
1045 steel, as long as the flow stress as a function of

temperature for both microstructures exhibit similar

behavior.
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NOMENCLATURE

All notations are specifically defined where they are
girst 1introduced. The symbols 1in this thesis are however

1isted below:

a Crack length

Aa Crack extension

Aacr Critical crack extension

A Cracked area

b Length of the ligament

B Specimen thickness

c, Elastic wave speed = (E/p)1/2
coD Crack opening displacement

Ac Change in compliance

dJ/da Slope of the crack advance line
ds Differential element of an arch length along

contour path

D D The diameter of the striker bar and the
diameter of the Hopkinson bars respectively
Young's modulus

F Opening force for WLCT specimen

gla/w) Compliance function of geometry of the
specimen

Work required to form a unit crack extension

JC ' Path independent contour integral defined by
Rice [21].

JIC Fracture toughness parameter

K Stress Intensity factor

KI’KII’KIII Stress intensity factor for Mode I, Mode IT1
and Mode I1I1 respectively

Kc’ KIC Plane stress and plane strain fracture
toughness respectively

él Loading rate defined as K;o/t,

KR Crack growth resistance

* *
Le, L Microstructure characteristic distances
LEFM Linear elastic fracture mechanics
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Constraint factor

Strain rate sensitivity = 0 Log 0/d Rlog €
Strain hardening exponent

Direction cosines of a unit vector mn

Unit vector

Applied force

Average applied force

Plastic zone radius

Crack growth resistance curve

Specimen span length

Shape factor characterizing the geometry of
the plastic zone

Temperature

Surface traction vector

dJ E
Tearing modulus = Ia ° -33

The critical time interval from the start of
loading to the point when the critical state
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Potential energy

Area under the load versus load liﬁe
displacement between lines of constant
displacement at points 1 and 1 + 1

Impact velocity ’

Voluﬁe fraction of voids

Specimen width

Stretch zone width

The flow stress in the region of an inclusion
Coordinate system

Stress state ratio = 02/01

Stress state ratio = 03/01

The plastic work
The work needed to create a new surface

(surface or elastic energy)
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Load line displacement

Crack tip opening displacement

Crack tip opening displacement at initiation

of fracture

Critical load line displacement

Effective strain
Yield strain
The incident, reflected and transmitted

elastic straln waves

Mean plastic strain

Fracture strain under stress state a = 02/01

and = g, /o
B 371

Nucleation strain under stress state a =

03/01

Coalescence strain under stress state

a = 62/0 and B = 03/0

Equibiax}al bulge ductility

Strain rate '

Coefficient of friction

Density of material

Neuber's microsupport effect constant
= 0,025 mm.

Contour path in J-integral evaluation
Stress tensor

Principal stress components

Effective stress

Yield strength of material

Fracture stress

Mean stress = (o,+ o,% 03)/3

Flow stress

Cleavage fracture stress

Interface stress

Ultimate tensile strength of material
Poisson's ratio

Tilting angle




CHAPTER 1

INTRODUCTION
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For most metallic materials, the dominant mechanism
resisting fracture and hence {ncreasing toughness 1s the
occurrence of plastic deformation. Therefore, fracture
toughness, 1in addition to its dependence on material
properties such as Young's modulus, flow stress and strain
hardening exponent, should also be dependent on the effective
ductility in the region ahead of the crack.

The dominant microstructural events that control duct-
ility, and thefefore fracture toughness, are void nucleatidn,
void growth and void coalescence. Void nucieation at an
inclusion-matrix interface or grain boundary is governed by
the value of the difference between interface strength and
the flow stress and 1is consequently, temperature and strain
rate sensitive.

The relation between ductility and fracture toughness
in the transition temperature range, for materials which show
change in behavior from predominantly linear elastic behavior
to elastic plastic behavior with large plastic zone size at
the crack tip has not been quantitatively studied. The use
of the J-integral as a fracture criterion for those materials
is strongly dependent on their ductility and a study relating
fracture toughness JIC with inherent ductility is hence of
great importance. Because a quantitative assessment of the

relationship between fracture toughness, ductility,
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temperature, loading rate and microstructure 1is lacking, this
present study attembts to address this fundamental problen
both experimentally and theoretically.

Experimental procedures, described in Chapter 3, were
adopted to obtain the experimental data for ductility and
fracture toughness under different conditions of test temper-
ature and loading rate. Bulge ductility equipment was
designed and constructed to measure the material ductility,
while the JIC criterion, using standard three-point bending
specimens were used to characterize the material fracture
toughness. Wedge loaded compact‘tension specimens were used
to obtain the fracture toughness data over a wide range bf
loading rates. Fracture in the dynamié range was achieved by
the Split Hopkinson Bar technique. The measurement of the
stretch zone width with the scanning electron microscopy was
used as an alternative method to determine the fracture

toughness parameter J Two mlcrostructures were tested,

\ 1c’
namely a pearlitic and a tempered martensitic micro-
structufe.

FExperimental réSults for the pearlittc microstructure
of AIST 1045 steel are presented in Chapter 4. These results
fnclude the variation of fracture toughness and ductility in
the transition temperature range, quasi-static and dynamic

fracture toughness results and stretch zone measurements

results.




A model relating the fracture toughness JIC and the

bulge ductility for predominantly linear elastic behavior and
elastic-plastic behavior 1is presented in Chapter 5.

Temperature dependence of fracturé toughness, strength
and ductility in the transition reglon for BCC materials {is
described in Chapter 6.

A model relating fracture toughness JIC and ductility
for predominantly 1linear elastic behavior at high stralin
rates and mostly elastic-plastic behavior at low strain-
rates, is described in Chapter 7.

Fracture toughness JIC and ductility studies, in the
transition temperature range vfor tempered martensitic AISI
1045 steel, are presented and discussed through Chapter 8.

A general discussion as well as the mailn conclusions
of the entire study are given in Chapter 9.

This study casts' some new 1light on the correlation
between fracture toughness and ductility as a fﬁnctton of
material parameters and testing conditions. A better

'understénding of the mechanisms of crack 1initiation and
propagation 1in the fransition region for temperature and
strain rate sensitive materials will hopefully result

therefrom.




CHAPTER 2

LITERATURE REVIEW




The fracture mechanisms which ﬁay be engountered in
engineering materials and structures can be classified into
two gene?al groups. The first category 1s termed brittle
fracture and occurs in brittle materials such as glass, or
in mild steel at very 1low temperatures. ‘Brittle fracture
may also occur in most other engineering materials under
very high loading rates. This type of fracture is associated
with relatively low fracture toughness (i.e. low input energy
required to propagate the crack) and small plastic defor-
mation prior to and during unstable crack extension. The
second type of fracture falls 1into the general —category of
ductile fracture which corresponds to a high fracture tough-
ness, and usually océurs in non brittle materials. For
example structures composed of materials with high ductility
would be expected to undergo large plastic deformation prior
to and during the rupture process.

Research in the field of fracture. mechanics was
initially concerned with investigating brittle fracture prob-
lems, since these types of failures are of wmore disastrous
consequences and are easler to analyze than the ductile
fracture cases. In this chapter, the concept of linear
elastic fracture mechanics 1is briefly described, and the
current. level of knowledge in elastic-plastic fracture s

discussed. Also, a review of the literature on ductile




gracture mechanisnms, including the effect of temperature and
1oading rate on fracture toughness, as well as the relation-

ship between fracture toughness and ductility 1is presented.

2.1 Linear Elastic Fracture Mechanics

Linear;elastic fracture mechanics (LEFM) is based on
an analytical procedure that relates the stress field
magnitude and distribution in the vicinity of a crack tipbto
the nominal stress applied to the structure, to the size,
shape and orientation of the crack and to the material
properties. The fracture modes, shown 1in Fig. 2.1 are
denoted as the opening mode, the edge sliding mode aud the
tearing mode [1,2].

- The opening mode (mode I) 1is associated with local
displacement in which the crack surfaces move apart
in a direction perpendicular to these. surfaces
(symmetric with respect to the X-Y and .Z-X planes).

- The edge sliding mode (mode IT) 1is characterized by
displacements in which the crack surfaces slide over
one another and remain perpendicular to the leading
edge of the crack. (Symmetric with respect to the X-
Y plane and skew-symmetric with respect to Z-X
plane).

- The tearing mode (mode III) 1is defined by the crack
surfaces sliding with respect to one another parallel
to the leading edge of the crack. (skew-symmetric

with respect to the X-Y and X-Z planes).
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Figure 2.1 The three modes of fracture (After Ref. 1)
(a) Mode I, (b) Mode II and (c) Mode III




Griffith theory [3] was based on the assumption that
incipient fracture in ideally brittle materials occurs when
the magnitude of the elastic energy supplied to the crack tip
during an incremental 1increase in crack length exceeds the
magnitude of the energy required to create the new crack
surface during the same incremental increase in crack length.
This strain energy release rate G, or the elastic energy made
available per unit extension of the crack area is:

dv

dA (2.1)

G = -
where U is the potential energy of the structure and A is
the cracked area.

Irwin [4] developed the analytical basis of the elas-
tic crack tip stress field theory, which in turn was the
starting point of modern fracture mechanics. In his theory,

, K and K are defined

the stress intensity factor K (K
II ITI

I

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

respectively), 1is extracted from the solutions for stresses
and displacéments near the crack tip and is a combination of
applied load P, crack length a and specimen configuration

K =p. f (a, geometry) (2.2)
K is said to be the controlling parameter of a crack tip
field, because stresses and displacements are proportional

to this factor. In general, the stress and displacement

fields can be expressed mafhematically as follows:

K
: Oij = 7onr fij (B) + coeeee (2.3a)
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where (r, 9) is a polar coordinate system at the crack tip as

shown iIn Fig. 2.2 and G1 is the shear modulus. The truncated
terms of equation (2.3) are the terms with higher order in r.
For small values of r (i.e. very close to the ecrack tip),
only the first term 1is significant. Crack extensioniwill
occur when the intensity of the stress field in the close
vicinity of the crack tip reaches a critical value. This
means that fracture must be expected to occur when X reaches
a critical value KC.

Irwin et al [5] also showed that there 1s a unique

relationship between K and G as follows:

2
¢ = (2.4)
0
in which Eo = E plane stress
= E/(1 - v?) plane strain

where E is a Young's modulus and V is Poisson's ratio. The
consistency Qf the two approaches of Griffith and of Irwin is
thus apparent.

Kobayashi et al [6] and Chan et al [7] used the finite
element method to calculate the stress intensity factor.
Once the numerical values of the nodal displacements and the
element stresses near the crack tip are obtained, the K value
can be calculated using equation (2.3) at several points.
The K value at the crack tip is evaluated by extrapolating
these valﬁes to the crack tip and by disregarding the first

few points very close to the crack tip.
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Figure 2.2 Coordinate system and stress components ahead of the crack tip.
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Watwood [8] calculated the K value by computing the
gtrain energy release rate G. In the finite element method
for calculation of K, a number of special singular elements
(Wilson [9], Byskov [10], Hilton and Sih [11], and Tracey
[12]) have been presented to accommodate the singularity at
the crack tip. These elements are the result of incorpo-
rating both the eigen-function expansions for the crack tip
field conditions and the finite element method. The theoret-
{cal background of this approach is based on the mathematical
properties of the two numerical technique employed, i.e. the
asymptotic expansion becomes 1increasingly more accurate as
one approaches the crack tip, while the finite element method
is very accurate everywhere except mnear the crack tip.
Another class of special singular elements 1s the quarter
point element, used in conjunction with the standard isopara-
metric element. The Jacobian transformation from pﬁysical to
isoparametric coordinates will produce spatial derivatives
(1.e. strains) which are singular at the crack tip, if nodal
points along .the sidés of the element are positioned in a
certain way. Henshell [13] and Barsoum [14,15] percelved
that by moving the middle nodal point of a quadratic isopara-
metric element to the quarter point closest to the crack tip,
the strain singularity is achieved.

Due ﬁo the singular nature of equation (2.3a), a

plastic zone 1s always formed at the crack tip where the
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gtress fleld exceeds the yileld strength of the material.
gince equation (2.3) is based on the theory of elasticity, K
has significance only when the geometry of the crack or the
remaining ligament exceeds the plastic zone size by a factor
of about 50 [1], a criterion which 1is meﬂ in the plane strain
condition. In order to use an experimentally determined

plane straln fracture toughness KIC value as a fracture

criterion, the American Society for testing and Materials
(ASTM) specifies the following thickness requirement
K2
B > 2.5 E%E- (2.5)
ys

where B is the thickness of the specimen and Gys is the yield

strength of the material.

2.2 Elastic-Plastic Fracture Mechanics

Most of the large complex engineering structures such
as airplane frames, ships, pipelines, etc. have small wall
thickness and are usually made of ductile materials. Thus,
for many structural applications, the linear elastic analysis
used to calculate the stress intensity factor X, is invali-
dated by the formation of 1large plastic zones around the
crack tip. Currently, much effort is being devoted to the
development of elastic-plastic fracture mechanics analyses as
an extension of LEFM [1,2]. Among the various techniques the
following approaches are most'popular:

(1) Plastic zone corrections
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(2) Crack opening displacement (COD)

(3) Crack growth resistance curve or R—cufve

(4) J-integral

The above techniques hold considerable promise for
appraising structural integrity in terms of an allowable
1oading or crack size. The significance of each technique

{s reviewed in the following sections.

2.2.1 Plastic Zone Corrections

The first attempt in extending fracture mechanics
beyond the LEFM limits involved a correction to the crack
length to account for the effect of the plastic zone while
continuing to wuse the LEFMv approach. This procedure,
proposed by Irwin [5], consists of moving the crack tip to
the center of the plastic zoné by a distance ry or

a > a-+r (2.6)
y ,

The distance ry is evaluated asi

2
1 Kc
roo= o ST (plane stress)
y ys
R (2.7)
= x g%g (plane strain)
ys

Although Irwin's plastic zone correction gives consistent
results for small scale ylelding or plasticity at the crack
tip, the limits of its applicability to larger plastic zone
sizes are uncértain.

A more rigorous correction for plastic zone size was
proposed by Dugdale [16]. He assumed that yielding occurs

in a thin strip-like zone at the crack tip, extending the
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crack by a distance ¢ - a (Fig. 2.3). The stresses 1in this
yielding zone are considered to be a continuous distribution
of point 1loads, which act to restrain the c¢rack from
opening. An expression for the restraining stress intensity‘

factor can then be obtained by integrating from a to c¢ with

the appropriate Westergaard stress function [1] as:

L2 -1 a
K = 20 (£ = .
sty cos () (2.8)

The size of the plastic zone 1is obtained by equating the

restraining stress intensity factor (2.8) with the K value

for the opening of the crack, K = oV/wc. Thus;
m K4
Ty T 16 oZ (2-9)
ys

The plastic zone size calculated by equation (2.9) is about
20% larger than that calculated by equation (2.7) for the

plane stress case.

2.2.2 Crack Opening Displacement

Wells [17] proposed that the fracture behavior in the
vicinity of  a crack‘could be characterized by the opening of
the crack faces namely the crack opening displacement (CcoD),
as shown in Fig. 2.3. Furthermore, he showed that the COD
value could be related to the plane-strain fracture
tqughness KIC; Since COD measurement can be made when.there
is considerable plastic flow around the crack tip, this

technique gives useful information for elastic-plastic

fracture analysis.
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Figure 2.3 Dugdale model for a central crack specimen loaded
in Mode 1.

16




17
An. extenslon of the Dugdale analysis yields an
expression for the crack opening displacement normal to the

crack plane at the crack tip, 6

(o

_ 8 s T O
5 = — -LE a Ln [sec 5 —] (2.10)

which for c/dys ¢ ¢ 1 reduces to

5 = L . (2.11)
ys

Equation (2.11) i{implies that at the onset of crack 1inst-

ability, where KI reaches KIC’ the COD value reaches a

critical wvalue 6c. Under plane strain conditions, unstable

fracture will occur upon crack initiation, and thus 61 = 6C.

Like X a éc value under plane strain conditions is a

IC’

material property.

2.2.3 Crack Growth Resistance or R-Curve

Since the plane stress fracture toughness K is
_ c

generally 2 - 10 times larger than KIC and varies with
specimen thickness, representation of the fracture toughness

of thin sheet materials by a resistance curve has been

attempted by a number of sclentists ([18-20], and is still

under development. The concept of the crack growth resist-
ance R-curve 1s based on the observation that during the
fracture process of most sheet materials, the wunstable
fracture 1s always preceded by a certain amount of stable
crack growthbunder a monotonically rising load.

Fig. 2.4 illustrates a typfical R-curve with the crack

length as the abscissa and the crack growth resistance as




O3>0, >0

CJ'2 =Critical Stress

Figure 2.4 R-Curve approach.
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the ordinate. The curve labelled KR is the R-curVe, deter-
mined from experiment, with the stress intensity factor KR
at any crack length a being that required to propagate the

crack from length a to a.
o

2.2.4 J-Integral

Rice [21] proposed a path-independent contour
integral, the J-integral, for a two dimensional deformation
field, evaluated over the contour I'in a counter—-clockwise

direction, as illustrated in Fig. 2.5:

(e}

u
i

o= [ (Wdy - T =%

r

ds) (2.12)

i

»

where w i1s the strailn energy density, Ti is the surface

traction vector (= oijnj)’ uy is the displacement vector, ds

{s a differential element of an arc length along I and nj

are the direction cosines of a unit vector n. The J-

integral has been increasingly used for characterization of
the fracture of materials exhibiting elastic-plastic
behavior at the crack tip and undergoing general yielding in
the uncracked ligament before fracture. Since the -early
work of Begley and Landes [22] who measured the J-integral

using the definition

[eg
]

(2.13)

[
[
=R

o |

a

where B is the specimen thickness, U is the potential energy

to fracture, and a is the crack length, several methods for
determination of the J—integral have been proposed. These

methods have evolved considerably in the past decade. Among
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Crack

Figure 2.5 J-Integral.
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the various methods for its measurement are the analysis of
Rice et al [23] for determination of J using the equation:

20U

where U is the area under the load load-point displacement

curve at the point of J evaluation and b 1is the length of

the ligament, this equation allows measurement of J using -a
single specimen provided that the crack length 1is large

enough to create bending loading on the remaining ligament.

Equation (2.14) was modified by Merkle and Corten [24] to:

_ 201 + a)
= Bo(1 + o) (2.15)

where a {is the Merkle and Corten correction factor for the
tension component of stress in the compact tension specimen.
Dther studies on determiﬁation of the J-integral include
that of Lanteligne et al [25] where J was determined under
prescribed loading using a plastic zone correction at the
crack tip, the A-C potential drop technique deQeloped by
Marandet and Sanz [26] and used by Nguyen-Duy -and Philippeau
[27] among others to detect the point of stable crack growth
in steels.

Presently the most common method for evaluation of
the J-integral 1is based on the J-resistance curve. The

critical J-1integral value JIC is determined from the inter-

section of the crack blunting line whose slope 1is given by

2 o where o is the flow stress, taken as the average
o o

between the yield strength and the ultimate tensile strength

of the material tested, and the crack advance line, where the
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j vs Aa 1is determined from equations (2.14) or (2.15) using
partial unloading steps and measuring the change 1a the
compliance of the specimen due to propagation of the crack.
In this case, the change 1in compliance 1{is related to the

crack advance by

b A
ba = 7 230 g (a/w) (2.16)

where ¢ 1s the compliance, Ac 1is the change 1in compliance
and g (a/w) 1s a function of geometry of the specimen. Such
procedure allows determination of the J-integral from a
single specimen using a data analysis procedure {[28] which
can be automated using a minicomputer or a microprocessor
unlit to produce plots Qf J-resistance curve. Presently, a
standard test method for .evaluation of the J-integral is
available as an ASTM E813-81 specification. Illustration
and diagramatic detalls for J-integral R curve technique are
shown in Fig. 2.6.

The effect of material and geometrical variables on
the J-integral criterion has been 1nvestig§ted. Namely,
Munz [29] has studied the effect of thickness while Penelon
et al ([30] haQe studied the effect of specimen size, loading
condition (prescribed load vs prescribed displacement) and
alloy content on the J-integral in welded HSLA steels. The
effect of prior deformation on J-integral has been studied
by Amouzouvi and Bassim [31]. Generally, it was found that
such parameters have a marked effect on the measufed value

of J .
IC
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\\
——— Extension due to blunting
. a Aa
J
-<——— Sharp crack (prior to loading)

-—1+—— Blunting prior to tearing
(Aa=5u/0y)

~—>l«— Tearing after blunting to commencment
of stable tearing (dJ/da=const.)

T
K

-~ Ad

Figure 2.6 Illustration and diagramatic details for J-integral R
curve technique.
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2.3 Ductile Fracture Mechanisms:

Fibrous fracture 1is the most frequently observed
ductile fallure mode. In an overwhelming number of'publi—
cations, cup and cone fracture 1is analyzed with volid
initiation, void growth and void coalescence. In these
phenomena, secound phase particles play a dominant role and
almost all microstructural analysis of ductile fracture have
been in defining this role. Most efforts were aimed at (1)
the immediate érocesses leading to void initiation and (ii)
an understanding of void growth and void coalescence which

results in final separation.

2.3.1 Void Nucleation

The study of void initiation has received consider-
able attention during the past decade. An overview by Goods
and Brown [32] in 1979 covers some of the earlier material,
including the nucleation of voids at grain boundariés. From
the reviewed results, it can be coancluded that, in the case
of rather large, widely spread inclusions, a continuum
mechanics approach cén be used to estimate the stresses and
strains inside the inclusions and in the neighboring matrix
when the material is plastically deformed. It is generally
assumed that the 1initiation of cavities from 1inclusions
takes place when either the inclusion or thé matrix-inclus-
ion interface 1s subjected to a critical normal stress. The

determination of the local stresses and stralns as a
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function of the macroscopic stresses and strains applied on
the material follows the model of Eshelby [33] which has
been used by Tanaka et al [34]. This theory, which is hased
on an elastic analysis, 1is strictly valid only when the

applied strains are not too large. In the case where cavity
{nitiation takes place after large plastic strains, Argon et
al [35] have found that the interface stress normal to the

inclusion matrix interface Urr is gliven by

o =Y () + o (2.17)

where Y (; ) is the flow stress in the region of the 1nclus-~
ion, cm is the mean stress for void nucleation and eP 1s the
mean plastic strailn.

Experimental determination of orr at room temperature
[36] ylelds a value for Fe3C particles in spherodized 1045
steel (Y = 860 Mpa (125 ksi)) of o_. equal to 1670 MPa (242
ksi). Generally, the value of O for different haterials
range between 0.008 and 0.009E.

A model based on careful measurements of void nuclea-
tion 1in spheroidizedb steels was developed by TFisher and
Gurland [37,38]. Their approach includes a detailed assess-
ment of the energy stability of the particle-void systen
followed by a calculation of the debonding stress. Recent~-
ly, LeRoy et al ([39] attempted to take {into account the
reasonable expectation that the void nucleation and void

growth are not sequential processes but, after the first
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voids had been nucleated, 'void nucleation and void growth
would take place simultaneously. The non-sequential nature
of void nucleation and void growth is not limited to steels
but certainly 1is a general phenomenon. This point has been
made recently by Neumann [40] who indicated that the
deformation of an 1internally necked-down 1ligament between
voids could produce additional voids.

It is worth noting that the strain necessary to nuc-
leate cavities is small as compared with the strain at fail-
ure, since nucleation strain represents less than 15% of the

fracture ductility even in a conventional tensile test [41]7.

2.3.2 Void Growth and Coalescence

Next to void initiation, research on fibrous fracture
has largely been concerned with voilid growth. Approaches
from a microstructural viewpoint have been reviewed by

Rosenfield [427. Extensive treatments in those years came

from continuum theory through the work of McClintock [43].

and of Rice and Tracey [44]. In addition, Thomason [45]

studied the ﬁnternal'necking process between cavities in a
rigid-plastic non-hardening maﬁrix, while Berg [46] published
the results of an investigation on the growth of cylindrical
voids 1in a viscous material which was extended by McClintock
et al [47] for hole growth in shear bands. Work-hardening
and interaction effects were taken 1into account by Tracey

[48] whose results show that void interactions 1lead to a
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gignificant "acceleration of growth and that cylindrical
voids lying transvefse to the stress axis in a bar will have
jarger growth rates than volds with their 1long dimension
parallel to the axis. Agreement exists also for the conclu-
sion of Tracey regarding the effect of work hardening and
those of Rice and Rosengren [49], namely that stress tri-
axiality rises with {increasing work hardening exponent and
that the flow stress will be increased together with the
stress state.

Microstructural 1investigations on void growth and
coalescence have been less frequent than the continuum mech-
anics calculations. For the two dimensional wvold growth
model, McClintock [50] obtained an equation for void coales-

cence strain of the form:

-1/3
(1 - n)2n v
€ - : (2.18)
c,a,B=o0 slnh[(l - n)(cl+ 02)7200/(3)1/¢J
where v_ is the volume fraction of the volds, O 6. are the

1’ 2
applied stresses, n is the strain hardening exponent, and o,
is the flow stress.

Examination of equation (2.18) shows that, for a
given material and constant stress state, the principal

influence on £ is the void density v For a typical

C,a,B

BCC material, a coalescence strain between 0.01 and 0.5 de-

f'

pending on the stress state ahead of the crack, is expected

[51].
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2.4 Effect of Temperature and Loading Rate on Fracture

Toughness

For materials with strong temperature and strain rate
dependence, the fracture toughness usually decreases with
decreasing temperature and increasing loading rates. Thus,
4t is desirable, from a practical point of view, to evaluate
experimentaily the fracture toughness in the reglons where

it may show 1its minimal value.

2.4.1 Temperature Effect

Considerable effort has been undertaken 1in recent
years for characterization, both from macroscopic and
microstructural aspects, of the fracture toughness of
metallic materials. Particularly, research has recently
aimed at development of criteria for these materials which
accurately describe their behavior as a function of testing
temperatures [52,53]. Because of the strong dépeﬁdence of
the mechanical properties of BCC metals with temperature,

their fracture toughness will be greatly influenced by

variation 1in . temperéture, particularly 1in the transition
region where fhe behavior changes from brittle (cleavage)
fracture to auctile fracture. The temperature effect on
toughness 1is currently obtained from impact testing methods
using Charpy and other tests. Empirical correlattoné
between KIC and temperature are given in Ref. [54] while
other analytical equations relating KIC and temperature are

summarized in Table 2.1.




TABLE 2.1
Methods for the estimation of the temperature dependence of K;.

part of the yield strength

:Me:hod and Reference Equation
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grafft and Sullivan [58] Kig ™ M Oy'
172
grafft [59] KIC = E n (anT)
: g (T )
grwin et al [60] Kic = 5 °_. KIC(TO)
y
2 2 172
Hahn and Rosenfield [61] KIC = (5 E dyn eft)
o K *
_Hahn et al [62] EEE = gk (—%9)6
y y
Malkin and Tetelman [63] Kyn(p) = 2.89 o_lexp(o. /o ~1)-1 172, pl/2
IC y fc' Ty P
sailors and Corten [64] KIC = 2C Hcy[neft]l/z
o]
1+ 172
Schwalbe [65] Kic = T:%V [n(1+n)2xc€ps(5§0 “]
y
172 .
Weiss and Sengupta [66] KIC = 0.34 [Sp*] * €4.g=1,8=0
» 9
, g 173 J1/2 176
).Hahn an osenfie = o = .
Hah d R field [67] Kic [2 y3(6) 0, ] .
-mT
[ou+ [6.(0) - o] e ]
.Kotilainen [54] K;o = K, + K Y — 4
]
ere:
= constant O ™ cleavage fracture strength
= yleld streng;h o = the notched root radius
= modulus of elasticity C,H = modification parameters
= strain hardening exponent kc = gpacing of cracked particles
= process zone Eps = plane-strain ductility
= critical temperature Sp* = Neuber particle parameter
= tensile fracture ductility D, = initial particle size
*
13* = empirical constant fc = fraction of cracked particles
*a,lo o (o) = yield strength at O0°K
2° 71 y
03/01 m = constant
ag " effective fracture strain T = absolute temperature
’ for complex stress state de = Temperature dependent part of
'Ko = constant . yleld strength
* temperature independent v = Poisson's ratio
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In cleavage fracture, the starting point 1in the
analysis of the effect of temperature 1is the plastic zone at
the crack ¢tip. Using the stress concentration 1inside the
plastic zoune, 1t has been possible to calculate a micro-
gtructural length Xo over which the stress has to exceed the
critical cleavage fracture strength ch needed to fracture

the material [55]. Cleavage fracture 1s estimated by

assuming that the cleavage fracture stress O is equal to

fc
the yield stress at T = O, namely dy (0) [54]. The specimen

max
breaks when the maximum stress cyy at the tip of the crack

has reached the cleavage fracture stress, or Oeo = Oy(O) =

max
o]
yy
For elastic-plastic fracture behavior, the predomi-

nant parameter for its characterization 1s presently the J-
integral [56]. Its temperature dependence has been
investigated. Generally, it was found that JIC increasés as

a function of temperature. The shape of the J ~temperature

IcC

curve seems, however, to vary depending on the procedure for

determination of J Thus, Bassim and Mikhail [57] found

1c’
that, 1if JIC'was determined at the point of maximum load in
deep cracked specimens, the variation of J with

IC

temperature can be described by the intersection of two

straight 1lines defining a transition between completely
linear elastic behavior and elastic-plastic behavior. Also,

such transition depends on the rate of application of the




31

1oad (quasi-static versus impact). Other {investigators
report different tendencles where JIC reaches a maximum at a
certalin temperature followed by a plateau of JIC as tempera-
ture 1is further increased [68]. Such curves still define,

to a lesser degree, this transition temperature described

earlier. Other investigators have determined JIC under
quasi-static as well as dynamic 1loading conditions as a
function of temperature in Charpy-size specimens for the

purpose of development of an Inexpensive and simple approéch

for measurement of JIC in engineering materials [26,69].
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2.4.2 Loading Rate Effect

Recently; the analysis of dynamic fracture and crack
propagatton problems under high loading rates has become of
significant importance in materials research.

~Although the recognition of dynamic effects 1in the
fracture process dates back over 100 years [70,71], in
comparison to fracture propagation under quasi-static loads,
the behavior of cracks under dynamic loading conditions has
received much less attention. A measure of comparison may
be obtained by comparing the number of pages devoted to
dynamic fracture and to fracture in quasi-static situations
{n the seven volume comprehensive treatise on fracture [72].
The discussions on quasi-static fracture outdo those on
dynamic problems by a ratio of about 4600:120 based on page
count. There are several reasons for this uneven distri-
bution of effort, foremost among which is that there are of
course many more structures designed to support quasi-static
loads than dynamic ones. But beyond this, a convincing
deterrent is the analytical complexity adhering to most
dynamic crack: analysés. The experimental aspects of the
problem ;re also burdened_’by complications. Studies of
dynamic crack propagation require both loading and measuring
techniques which are not readily achievable with commerc-—
1ally available facilities. Moreover, the requisite experi-
mental apparatus 1is complex and its development constitutes
usually a heavy investment of time before experiments can

begin.




An important earlier contribution to the field of
dynamic loading fis that due to Krafft [59] who through his
testing of‘ mild, medium and high strength gsteels over a
range of temperatures and loading rates, was able to obtain
a correlatfon between the stain hardening exponent and the
plane strain fracture toughness KIC'

When the fracture process can be described as linear

elastic eﬁent, it is possible to define a KI parameter,
which is frequently used to characterize how fast the crack

tip reglon is loaded. kI is glven as:

KI = KIC/tc (2.19)
where KIC is the critical stress intensity factor in mode I

(plane strain fracture toughness), aund tc is the time
faterval from the start of loading to the point when the

critical state of the crack 1is achieved, that 1is, when the

crack sfarts to propagate. It 1is obvious that the loading

rate parameter KI may be changed over several orders of

magnitude mainly due to changes 1in loading time teo

Consequently, the KI spectrum can be constructed. It is
. 1
.0 -

assumed that .the value of KI = 1 MPaYy m s constitutes the

static value [73]. Accordingly the following ranges of  ¥;

are recognized.

-1 ’ -1
(a) 1 MPa Vm s < RI < 103 MPa Vnm s 3 quasli-static

loading with a closed-loop static-dynamic testing machine.

1

- -1
(b) 10% MPa ¥ m s < RI < 105 MPa ¥ m s , instrumented

hammers as, for example, instrumented Charpy.
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-1

-1 -
< kI < 102 MPa ¥ m s , stress wave

(c) 10% MPa V¥ n s
loading.

In the early experimental studies [58,74], it was
ghown that about an order of magnitude 1increase in loading
rate RI is required to decrease KIC by 10%2. It may be
mentioned that the newer, 1instrumented pre-cracked Charpy
test provides more accurgte results for KIC over the range

-1 . -1
of loading rates 10" MPa Vv m s < KI< 10° MPa ¥ m s .

However, the major difficulty with this technique 1s the
method of measurement for determining the critical fracture
load. Due to the lack of a detailed understanding of the
inertia forces, together with the wave mechanics 1in the
Charpy specimen, the test leads to difficulties in interpre-
fing the'resulting oscillograms. Even if such difficulties
could be overcome, there 1is a 11mitétion on the loading rate

parameter 4 Ta addition, the conditions of plane strain

1°
are not usually present in the prefatigued Charpy specimen.
Recently an experimental method has been employed
[75—7?} to obtain fracture toughness data with loading rates
in excess of_lO6 MPa vV m ;1. In those experiments, the
notched and pre-fatigued section of a long bar spectmen is
loaded to failure by the rising portion of an incident
tensile wave, resulting from the detonation of an explosive

charge placed at a properly shaped loading end of a bar.

Essentially, this technique 1s an adoption of the Split




Hopkinson pressure bar ([78]. An experimental method was
described for measufing the fracture properties of metals
and alloys over a wide range of 1oading rates [79], which
can cover over six orders of magnitude in iI' Wedge loaded
compact tensioﬁ specimen (WLCT) was used [79,80] for quasi-
static testing and dynamic testing using a speclal arrange-
ment of the Split prkinson pressure bar. Experiments per-

formed on some aluminum alloys enabled K to be plotted as

IC
a function of KI over a wide range of loading rates. In
general, a substantial decrease 1in fracture toughness KTC

was observed under 1impact loading for the strain rate

sensitive alloys [79-81].

2.5 Dependence of Fracture Toughness on Ductility

Considerable effort has been made to correlate a
material fracture toughness with 1its uniaxial tensile prop-
erties. The key ingredients to most of these approéches are
a critical crack tip strainm and a length parameter. The
former is related to the fracture ductility, usually obtain-
ed on smooth tension specimens [61]. Although some of these
approaches give useful correlations, the use of the uniaxial
tensile fracture ductility must be questioned for several
reasons; due to plastié instability the stress state in a
tension test changes as a function of strain [82]; tensile
fracture ductility itself depends on the section size, aund

the stress state near the crack tip is multiaxial [83].
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In order to avoid this complexity some researchers
have employed a "plane~-strain tgnsion specimen” as proposed
py Clausing [847. However, even there, mnecking may occur
under certain experimental <conditions [85,86]}, thereby
altering the stress state in the course of a test. Based on
these considerations, Weiss proposed the use of equibiaxial
fracture ductility or bulge ductility, for correlation with
fracture toughness based on LEFM [87]. The bulge ductility
i{s considered to offer the most promising measure of the
material ductility to correlate with its fracture toughness.
The reason for this is that for most materials of medium and
high strength, fracture in the bulge test occurs prilor to
the onset 6f necking or 1instablility. Bulge testing 1is
relatively simple. A variety of bulge test configurations
are 1illustrated in Fig. 2.7. These are the hydraulic bulge
tests Fig. 2.7a, the bulge test on a specimen geometry
suggested by Azrin and Backofen [88], Fig. 2.7b, and a
further modification of the Azrin—Backofeq geometry Fig.
2.7c. The effective fracture strain 1is determined from
measurement of the change 1in thickness during the test and

is given by:

€ - = 2n to/tf (2.20)

where a = 02/0 and B = 03/01 where 0, © and o, are the

1 2

principal stress components.
The experimental results obtained for high strength

steels show a linear relationship between effective bulge
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Figure 2.7 Bulge fixtures for equibiaxial ductility test.

LE




ductility and plane strain fracture toughness KIC with a

gcatter of about 30%Z [51]. The bulge ductility was corre-

1jated analytically with KIC and GIC using an equation of the

form:

2/ - ‘ -
= * n
Gyo = SP* (0.279) €e gm1, B=o.f(E,K,n,Ey) (2.21)

where S 1s the shape factor characterizing the geometry of
the plastic zone, taken as equal to 1.0, p* is Neuber's

microsupport effect constant = 0.025 mm (0.001™),

Q
w

= 0.81 and B = = 0.61 for plane strain, n is the

c
2

a:——

o

1

Q

1

strain hardening exponent, E is the modulus of elasticity and
Ey is the yield strain = cy/E.

The relation between ductility and toughness 1in
materials which show elastic-plastic behavior at the crack
tip and hence has a large plastic =zone slze has not been
quantitatively studied. The use of the J-integral as a
fractﬁre criterion for those materials is strongly dependent
on their ductility and a study relating J with inherent

ductility is hence of great importance.

2.6 Summary

The contents of this chapter review some of the major
developments in the field of fracture mechanics. Initially,
linear elastic' fracture mechanics, based on Griffith

analysis, has led to a definition of a single parameter for




describing the stress state at the crack tip, namely the

critical stress intensity factor K Several criteria have

1c’
pbeen suggested for elasttc—plastic behavior, the most
important of those 1is the J-integral. The mechanisms of
ductile failure in terms of void nucleation, void growth and
void coalescence have been reviewed and the relation between
fracture toughness and temperature, ou one hand, and hetween
fracture toughness and ductility, on the other hand, have
been presented. It 1is shown that a quantitative assessment
of the relationship between fracture toughness, ductility,
temperature and loading rate 1is lacking. This present study

attempts to address this problem both experimentally and

theoretically.
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CHAPTER 3

EXPERIMENTAL PROCEDURES
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3.1 Material

An AISI 1045 steel plate, with 12.5 mm in thickness,
75mme in width and 4 m in length was'used. The chenmical
composition of the steel is given in Table 3.1. The heat
treatment of the plate after cutting it into short pileces was
to anneal at 790°C for 30 min. at temperature. The resulting
hArdness of the material was Rc 15. As shown in Fig. 3.1,
the material had a lamelar pearlite structure surroundedbby a

network of ferrite.

3.2 Charpy Impact Testing

Standard Charpy 1impact (CVN) test specimens were
machined from the annealed plate with the notch 1in the
Longitudinal-Transverse (L-T) orientation. Tests were per-
formed at temperatures from =-100°C to 100°C in accofdance
with recommended practice ASTM E23-72, The transition
temperature region was determined from this test and was

found to be between -60°C and 25°C.

3.3 Tensile and Bulge Ductility Testing

Tensile tests were performed on flat tensile specimens
with the tensile axis along the rolling direction and having
a width of 6.5 mm and a thickness of 3 mm according to ASTM

specification E-8. The crosshead speed during the tensile




Chemical

TABLE 3.1

composition of 1045 steel.

(Weight percent)
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0.43

0.5

Mn P(max)
006 - 0.9 0.04

S(max)
0.05

Fe

balance




Figure 3.1 Microstructure of 1045 steel in the annealed condition (1040 X)
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testing was 0.5 ﬁm/min for all tests. Tests were performed
over the transition temperature range. The yield stress at
0.2%7 offset cy and the ultimate tensile strength ou were
determined and the flow stress o was calculated. The

[¢]

strain-hardening exponent n, the percentage elongation and
reduction in area at fracture were also determined from these
tests.

A bulge ductility set-up similar to that of Azrin and
Backofen [88] was designed and cdnstructed. Such a set-up
for the test is described in Fig. 3.2. Bulge ductility spec-
imens with the dimensions shown in Fig. 3.3 were machined
from 12.5 mm thick plate using multipass hot rolling
processes to obtain 1.9 wm (0.075") thickness and then
followed by normalizing and annealing to obtain a Rockwell-C
hardness of 15 (the same hardness as the other specimens for
simple tension, CVN, and fracture tests). A specially made
template was used to drill the holes in the specimen and a
jig was used to machine the reduced area. o

The -bulge ducttlity tests were performed over the
transition temperature range. The requifed temperature was
obtained by immersing all the equipment _1n‘ a mixture of
alcohol and 1liquid nitrogen and the temperature was adjusted
using a thermocouple 1located on the specimen. The bulge
dgctility equibigxial fracture strain defined as in to/tf was
determined, where to is the initial thickneés and tf i{s the

thickness at fracture provided that necking does not take
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Figure 3.2(b) A photograph for the bulge ductility set-up.
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Figure 3.3 Geometry and dimensions of bulge ductility specimen

(dimensions are in mm).
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place before fracture. A1l the tests were carried out at a

cross-head speed of 0.5 mm/min.

3.4 Fracture Toughness Testing

Standard 3-point bend specimens, 12.4 mm thick, were
produced from the annealed pileces. A notch was machined in
the longitudinal-transverse (L - T) orientation. All the 3-
point bend specimens prepared had the same thickness (12.4
mm) . The specimens were fatigue précracked, at room
temperature, according to the ASTM specification for Plane-
Strain Fracture Toughness of Metallic Materials (E399 -78) to

& = 0.57. For the last 50% of fatigue precrack

crack length
extension, the Kmax (maximum stress intensity factor) was

kept below 15 MPa ml’2, Fracture tests were carried out in

the same range of temperature as for tensile and bulge
ductility tests. The required Eemperature was attained by
controlling the 1liquid nitrogen spray in a cooling chamber
around the‘specihen. The detection of specimen temperature
was obtained using a thermocouplé located on the specimen and
connected with a digital voltmeter. The temperature was
maintained within * 2.0°C during each test.

All fracture testé were performed with a hydraulic
Instron (Model 1320) testing machine, according to the plane-
strailn JI-resistance curve test procedure [89]. For purposes

of JI computation, the load line displacement was measured
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remotely using the actuator trénsducer while for Aa computat-
fon, the displacement gage used was an E-399 standard COD
gage attached to razor biade—knife edges fixed at the froat
face of the notch to measure the crack mouth opening dis-
placement. |

The errors which may be introduced in the load-1load
l1ine displacement curves due to elastic compression of the
jig with increased load as well as the indentation of the
test specimen at the load application points were corrected
by performing the same type of tests on unnotched specimens.
A1l fracture tests were‘performed at controlled displacement
with a constant testing speed of 0.25 mm/min. The load -~ COD
displacement and load line displacement were recorded on a 3-
channel X-Y plotter. Fig. 3.4 shows a photograph of the set-
up for fracture testing.

The J-integral was determined by the singie specimen
unloading compliance method, where a series of 10 percent
unloadings are performed to cause "the crack exteunsion Aa
during the fracturé test. The changes in the slope of the
linear portion of the 1load-displacement curve (L.e. fhe
change in compliance) gives a measure of any change in crack
length. An autographic method was used 1in the compliance
measurements. The crack extension was calculated by using

the relation developed by Joyce et al [90]:
a » 5 3
2 - 0.998265 - 3.81662 U_ - 1.80596 U_ + 32.314 U
W X x X

L 5
- 44,1566 Ux - 52.6788 Ux- (3.1)




(a) Fatigue precracking set-up

(b) Fracture Testing set-up

Figure 3.4 Photographs for fatigue precracking and fracture testing
set-ups using standard three point bending specimens.
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where
1
Ux BWE 6x 17
[ w575 + 1
éx
;— is the specimen elastic compliance during

uﬂloading

6 1s the crack opening displacement at the notched
x

edge
B 1is the specimen thickness
E 1s the specimen elastic modulus
W 1is the specimen width
S 1s the specimen span length

The J~integral is given by:

U
i,i+1
J = (3 + (1), === X - 3.2
(1+1) Ly + (94 s - () (e 2y)) (3.2)
where nn = 2 for 3-point load specimens
y =1 4+ (0.76)b/w
ai+1- a1= crack exteunsion
Ui {+1 = area under the load versus load line displacement
’

between iines of constaant displacement at polints 1
and 1+1.

The area under the load versus load-line displacement
record was measured'with a planimeter. Ji in equation (3.2)
was calculated using equation (2.14).

A plot of J-integral versus crack extension Aa is
constructed to obtain the crack advance line. The critical

J-integral value JIC is obtained at the intersection of the
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experimentally constructed crack advance 1line and the

blunting line defined by the relationship:

J =2 0 * ha (3.3)
o

where 9, i{s an arithmetic average of the yield stress and the

ultimate tensile strength of the material.

The JIC values at low temperatures where valid elastic

KIC region was obtained, were calculated using the equation:
(1 - v2) KZ
1C :
JIC = o (3.4)

For each experimental point, at 1least two fracture
tests were performed and an average was taken on the values

obtained.

3.5 Quasi-Static and Dynamic Fracture Testing

3.5.1 Specimens and Wedges

The wedge loaded compact tension specimens

configuration was used to study the effect of loading rate on
fracture toughness paraméter JIC' It was tested both under

quasi-static and dynamic loading conditions. The dimensions

of this specimen are shown in Fig. 3.5. Wedges with an
angle of 50° were machined from Atlas cold work steel type NN
and used for fatigue precracking while wedges made of a
titanium alloy (Ti-6A%-4V) with an angle of 60° were used for
both static and dynamic tests. Fig. 3.6 ‘shows the force

distribution for a WLCT specimen.
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Figure 3.5 Geometry and dimensions of wedge loaded compact

tension (WLCT) specimen.
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Figure 3.6 Force distribution for a wedge loaded compact tension (WLCT) specimen.
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The experimental set-up shown in Fig. 3.7 was built to
fit a standard closed loop testing machine. This set-up was
used for fatigue precracking such that the load ratio RS =
0.1, the frequency f = 40 HZ, and the fatigue crack length

Aa = 3 mmn.

3.5.2. Quasi-Static Experimental Testing

Fig 3.8 shows a schematic drawing of the quasi-static
experimental arrangement while Fig. 3.9 shows a photograph of
this set-up. The WLCT specimen 1s positioned on the support
which 1is 1installed on the lower platten. The wedge 1is
attached to the upper platten and the platten itself is fixed
to the load celi. The load P versus linear displacement & of
the wedge 1s measured by two high resolution tranducers
(DCDT) held by the lower platten. Calibration of the DCDT is
obtained using fillers. This configuration alloﬁs for exact
measurements of the movément of the 1lower platten with
respect to the wedge. The lower platten is supported on the
loading ram by a one-ball bearing to avoid any non-axial
loading.

The specimen, its geometry, configuration and way of
loading 1is based on the WLCT method proposed in [79] ‘and
[80]. The point of onset of crack propagation is determined
by using a strain gage attached on the WLCT specimens very
close to the front of the fatigue crack and connected to a
bridge, a DC amplifier and X-Y-Y recorder. To minimize the

friction effect, the wedge surfaces and the angular incision
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A photograph for the equipment used during quasi-static

testing for WLCT.

9

Figure 3
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surfaces of the WLCT specimen were lubricated using an M082

base lubricant. Thus, the axial 1load P and the wedge
displacement ¢ as well as the strain gage signal could be
recorded using the X-Y-Y recorder.

The following force distribution formula (see Fig.

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

P
2 tan[s/2 + tan—!(u) |

F (3.5)

where P is the axial force acting on the wedge
B is the angle of the specimen incision, and
u is the friction coefficient between the wedge and
the specimen.

U
The fracture toughness parameter iy was determined
from each load-displacement curve up to the point of crack

propagation as determined from the output of the strain gage-.

3.5.3 1Impact Loading by Longitudinal Waves, Split Hopkinson

Pressure Bar Technique

The fundamentals of stress wave loading are shown in
Fig. 3.10. . The bo x diagram of the experimental set-up ié
shown in Fig. 3.11. The system consists of a gas gun (not
shown in Fig. 3.11), two properly instrumented Hopkinson bars
and measuring and recording. equipment. Photograph of the
experimental 1nstdllétions is shown in Fig. 3.12. A wedge
loaded compact tension speicimen (WLCT) of the same geometry

as that wused 1in quasi-static tests 1s placed between the
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s

Figure 3.12 Photographs for equipment used in impact
testing of the WLCT specimens.
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ijncident bar and the transmitter bar. Since the wedge 1s
attached to the 1incident bar, the specimen 1s 1loaded 1in
exactly the same manner as for the quasi-static configur-
atlon. The diameter of all bars was 38 mm and the aluminum
alloy 2024-T3 was used for making these bars to obtain the
best performance (low mechanical impedance pCo, where p 1is
the density of the bar and Co is the longitudinal elastic

wave speed)[91].

7

The use of the system to test fracture toughness RIC

have been described earlier [79]. Namely, a striker bar 1is
launched from a gaé gun at a prescribed velocity Vo. The
impactvof the striker bar into the face of the incident bar
develops the longitudinal compressive wave EI(t) which propa-
gates along this bar. The incident wave EI(t) is measured by
the strain gage station (Tl)’ with the aid of the strain gage
bridge (SRBI), strain amplifier (Al)’ the digital menory
(DMl) and the oscilloscope with memory (CRO/M) as shown in
Fig. 3.11 where € denotes elastic longitudinal strain and t
is time. At the instant when the incident wave EI(t) reaches
the notch the WLCT specimen starts to be loaded. Since the
striker bar must be at least ten times longgr than the total
length of the WLCT specimen, the process of itsA1§ading by
the 1incident wave through the wedge may be assumed to be
gimilar to the quasi-static case [78-80]. Next, part of the

compressive incident wave EI(t) is reflected at the wedge end
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of the incident bar as a tensile pulse, - ER(t), and part 1is
transmitted into the transmitter bar as a compressive pulse
ET(t). The transmitted compressive wave eT(t) is measured by
the strain gage station (T3) and recorded with the aid of
strain gage bridge (SRB3), anmplifier (A3), digital memory
(DM3) and oscilloscope with memory (CRO/M). The point of
crack initiation is detected through the strain gage (T2) and
the signal is measured and recorded with the aid of strain
gage bridge (SRBZ)’ amplifier (AZ)’ digital mamory (DMZ) and
time recorder (R). Thus, 1incident EI(t) and reflected -
ER(t) élastic waves are measured by the strain gage station
(Tl) whereas the transmitted elastic wave ET(t) and the
specimen strailn gage signal are measured by the straln gage
statibns (T3) and (T2) respectively. All four pulses provide
the information concerning specimen loading and fracturing.
The proper distance XA and XB, between the strain gage
station (Tl) and (Tz),'see Fig. 3.10, make it possible to
separate in time the eI(t) and - éR(t) waves .

The following quantitative analysis of the three waves
to describe-the dynamic fracturing of a specimen is similar
to that introduced by Kolsky [78] and discussed in [79,80].
The solution for long elastic waves (without any dispersion)
will be employed. The displacement of the wedge, as a rigid

body denoted by UA in Fig. 3.10 may be written as follows:

v, (t) = ¢, it [e; () - e (1) ]dt | (3.6)
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and the displacement of the transmitter bar face which 1s
backing the specimen, denoted by UB(t) is written analogously

as:

t
Ug(t) = C i ep (£) dt (3.7)

where C0 is the elastic wave speed in the Hopkinson bars

which is given by
c_ = (E/p)l/? (3.8)

where B and p are the Young's modulus and density of the

Hopkinson bars respectively.

The net displacement of the wedge 5 can be written as
a function of time as:
5 = U - U_(t 3.9
(t) A(t) B( ) ( )
Introducing equations (3.6) and (3.7), the displacement 6(t)

as a function of time can be directly related to the measured

quantities
6(t) = Cg £t[eI (£) - e (£) - ep(t)]ae (3.10)

It may be remembered that the reflected wave ER(t) has a

negative value.

If an equilibrium of forces on face A and face B 1is

attained, which wusually takes place within a few micro-

seconds, the following simplified formula can be used to

calculate the net displacement

s(t) = - 2 C_ jt eg (t)dt (3.11)
(o]

The condition for equilibrium is:

ei(t) ¥ e (r) = ep () | (3.12)




Also, axial forces acting on the specimen from both

gides A and B (from side A through the wedge) can be
calculated. For this purpose, Hooke's law is used, thus:
- . 3
P, (t) E Ag [eI(t) + eR(t)J (3.13)
and the force acting on the contact surface between the
transmitter bar and specimen (face B) 1s:
= 3.14
Py (t) E Apeq(t) ( )
where, E and AE are Young's modulus and cross section area of

the Hopkinson bars respectively. The average force P in the

loading system is

- 1
P(t) =7 [PA(t) + pB(t)j o (3.15)
After introducing equations (3.13) and (3.14), the average

force P can be also related to the measured quantities

- 1
P(t) = 5 EA [el(t) + e (t) + ET(t)J (3.16)

When the difference of forces PA and PB is mnot large

(equilibrium condition 1is satisfied), the relation in

equation (3.16) reduces to
P(t)-= E,AEeT(t) (3.17)

It is concluded from the above equations that equation
(3.9) enables the calculation of wedge displacement as a
function of time, and equation (3.15) permits the calculation
of the average force as a function of time. The simplified
relation in equation (3.17) predicts that the average force
P is proportional to the ;ransmitted pulse.

Eliminating the time in f(t) and §(t) plots, it {is

possible to obtain a P - § plot. The area under the P - ¢.
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curve can be calculated up to the point of crack initiation
as determined from the strain gage attached on the specimen.
This area 1s wultimately an indicatfon of the material
fracture toughness JIC'
It must be mentioned that great advantage of the

three-bar system {is the dynamic calibration of the elastic
strains measured by the strain gage stations at each experi-

ment. Application of Hooke's law o = E , together with

€
gage
the elastic wave solution ¢ = p COV, where V is the mass

velocity, enables the following calibration formula to be

derived:

* 1

= = 2 . 3.18
e =3 (Dl/DE) v, /¢, ( )
* .
where EI 1s the maximum amplitude of the incident pulse, V0

is the impact velocity as measured with the photodiodes (Fl’
F2) and time counter (TC) as shown in Fg. 3.11, D, is the

diameter of the striker bar and DE denotes the diameter of

the Hopkinson bars.

To calibrate the amplifications of gages (Tl) and
(T3), see Fig. 3.11, a longitudinal pulse is sent through the
system of bars with the wedge and specimen removed. Differ-

ent desired loading rates can be achieved by different

initial velocities of the striker bar.

In the wedge loaded specimen method, the effect of

friction must be taken into account since the loading tensile
force 1is influenced by the friction coefficient . With

lubrication using MoS$S an average value of u about 0.1 1is

2 »
considered. This value 1is assumed to be identical in both

dynamic and quasi-static conditions [92,93].
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3.6 Stretch Zone Width Measurements

An alternative method to determine the fracture
toughness JIC is the measurement of the stretch zone width
[94-971. The stretch zone is the transition between the end
of the fatigue pre-crack and the stable crack growth. It 1s
characterized by an extensive plastic deformation prior to
crack initiation. This 2zone can be distinguished from the
fatigue pre-crack region and the stable crack growth region
on scanning electron micrographs of the fracture surface.
Assuming that deformation prior to crack initiation takes
place along 45° slip 1lines, the critical stretch zone width
(WSZC) can be measured by tilting a fractured specimen an
angle of 45° and examining it in the scannlng electron
microscope. This measurement 1is shown schematically in
Fig. 3.13.

Considering a symmetfic blunt crack, Nguyen-Duy [95]
has derived an equation relating the stretch =zone width
(WSZC) to the crack opening displacement (cop). If AB in
Fig. 3.13 is the critical stretch zone width, it can be shown
that the stretch zone width and the critical crack opening

displacement are given by [95]:

d 1
= . - .19
WSZC = ——— o ¢ G (3.19)

and

.2 L
cos¢ - sing G

(COD)C (3.20)

where d is the measured length of the stretch zoune on the

micrographs, ¢ 1s the 1incident angle of the beam (tilt-




| | N Stable crack growth
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FatigUe précrack 2

— — — —
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| | d=Ws2¢c/cos8 ™

Figure 3.13 Illustration of the stljetch zone of broken specimen half (After 95) :
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angle), 8 = 45°, and G 1is the magnification. Under plane-
straln conditions, the critical value of J-integral (JIC) is
related to the (COD)C by [98,99]:

J = m co(COD)C (3.21)

1C
where do {s the flow stress and m is a constraint factor due

to plane strain loading. It is usually taken approximately

to be equal to 2.0. Substituting equation (3.20) into

equation (3.21), with m equal to 2, equation (3.21) becomes:
4 o d
0

1 .
J1¢ = cosv ¥ sind  © (3.22)

Halves of broken 3-point bend and WLCT specimens were
examined by a scanning electron microscope (Super Mini-SEM
ISI) using mostly a tilt angle ¢ = 30° and a magnification
about 100 to 300. The length of the stretch zone d was
measured at different points along the crack front and the
results were averaged. The value of J was calculated using

IC

equation (3.22).

3.7 Heat Treatment

A different microstructure corresponding to tempered
martensite was obtained fhrough a heat treatment process.
Specimens of different shapes and geometries including
Charpy, tensile, bulge ductility and three point bending
specimens machined from 1045 steel were water quenched from
810°C and then tempered at a temperature of 540°C for 1.5

hours. The resulting hardness of the material RC 23. As
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shown in Fig. 3.14 the material had a tempered martensitic
structure. The relationship between fracture toughness,
ductility and temperature was also investigated for this

microstructure.

3.8 Summary

This chapter has described the different procedures to
obtain the experimental data for ductility and fracture
toughness under different conditions of test temperature and
loading rate. Tensile and bulge ductility were adopted to
measure the material ductility while the JIC criterion, using
standard three point bending specimens was adopted to
characterize the material fracture toughness. A wedge loaded
compact tension specimeﬁ (WLCT) was used to obtain the
fracture toughness data over a wide range of loading rates.
Fracture 1in the dynamic range was achieved by the Split
Hopkinson bar technique. The measurement of the stretch zone
width with the scanning electron microscopy, Wwas used as an
alternative method to determine the fracture toughness JIC’
and to confirm those results of fracture toughness JIC
obtained from the standard three point bending and wedge
loaded compact tension testing. Two microstructures were
tested, namely a pearlitic and a tempered martensitic
structure. The experimental results are described 1in the

next chapter.
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4.1 Charpy Impact Toughness

The variation of Charpy V-notch toughness with
temperature for the annealed 1045 steel is shown in Fig. 4.1.
A ductility transition temperature corresponding to a Charpy
energy of 15 ft-1b occurs at about 0°cC. Upper shelf was
obtained at temperatures above 60°C while 1lower shelf was

obtained at temperatures below - 40°C.

4.2 Tensile Properties

Results for the tensile test as function of
temperature of the annealed 1045 steel are shown 1in TFigs.
4,2, 4.3 and 4.4. Figure 4.2 shows the variation of the

£

yield stress dy, the flow stress (equal to (cu + cy)/2) and

the ultimate tensile strength c,» as a function of

temperature. Figure 4.3 shows the temperature dependence of
tensile ductility, in percent elongation and percent
reduction in area; The variation of the strain hardening
exponent n - with ﬁemperature is given 1in Fig. 4.4, As
expected, there 1s a significant temperature dependence of
the yield stress, ultimate tensile strength and consequently
the flow stress. The tensile ductility shows also a
temperature dependence. Decreasing the temperature, as
expected, decreases the tensile ductility and increases the

yield stress and flow stress.
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Figure 4.4 Variation of the strain hardening exponent n with temperature for AISI 1045
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steel in the annealed condition.
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4.3 Bulge Ductility

The variation of the bulge ductility with temperature
for AISI 1045 steel in the annealed condition, is presented
in Fig. 4.5. It is shown that as the temperature decreases,
bulge ductility also decreases. There 1is a significaant drop
in ductility observed at - 60°C. The bulge ductility at 25°C
reaches a value of 0.55 while it is 0.16 at - 60°C. The
marked drop in bulge ductility seems to take place below

-40°C.

4.4 TFracture Toughesss (JIC) Results from the Compliance

Method

J-resistance curves, which are plots of J versus Aa
for the different testing temperatures, were obtained. They
are shown in Figs. 4.6 (a) to 4.6 (f) for temperatures 25,
10, 0, -10, =20 and -40°C respectivgly. The iatersection of

the blunting line and the crack advance line gives the JIC

values as shown. The values of JIC obtained for all the

specimens tested meet the size requirement

J

B, b > a ic | (4.1)
(o]

where a« is a nondimensional constant taken to be equal to 25.

Thus all the JIC values determined can be considered as valid

values of toughness of the material based on ASTM speclfi-

cation E813-81.
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Figure 4.5 Variation of the bulge ductility with temperature for AISI 1045 steel in

’ the annealed condition.
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The variation of J with temperature 1is presented in

IC
Fig. 4.7. JIC decreases from a value of 70 KJ/m?Z at 25°C to
a value of 9 KJ/m?2 at ~60°C. The relation between J and

IC

temperature appears to be characterized by the presence of
two regions. Namely, from -60°C to about -20°C, the slope of
the cﬁrve of JIC with temperature is much lower than in the
region from -20°C to 25°C. While it can be initially postu-
lated that this transition defines the change between linear
elastic and elastic-plastic behavior, further analysis. is
required to determine the reason for this transition in terms
of the two processes of crack blunting followed by stable
crack growth.

The slope of the crack advance line, as well as the

tearing modulusl'TR defined by Paris et al [100] as:

daJ E
= e . 4.2
TR da o ( )

as a function of temperature are shown in Figs. 4.8 and 4.9
respectively. Both Figures show an almost linear relation of
these parameters’és a function of temperature in the region
from 25°C to -40°C. It should be pointed out that at -60°C,
the behavior of the material is entirely elastic and no
stable crack growth is observed. Because the slope of the
crack advance line and TR vary linearly with temperature down
to -40°C, it can be dedqced that the same mechanisms of
stable crack growth are present as long as stable crack

propagation takes place, in the range of -40°C to 25°C.
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The variation of the parameter Aacr (critical crack

extension) with temperature is shown in Fig. 4.10. Also Fig.

4.11 gives the effect of temperature on the critical 1load
line displacement 6cr' Both of these parameters show a
transition at about -20°C.

The variation of tensile ductility € and bulge

ft

ductility Efb or Ef,a=1, =0 with temperature show the same

type of behavior. Actually, the relationship between eft and

€ey {s linear in all the temperature range studied as shown

in Fig. 4.12.

The relationship between the fracture toughness JIP

'~

and the bulge ductility is given 1in Fig. 4.13. A linear
relationship 1is obtained in the range from -40°C to 25°C. A
quantitative analysis of the variation of JIC with bulge

ductility will be presented in the next chapter.

4.5 Quasi-Static and Dynamic Fracture Toughness (JiC)

Results

4.5.1 Quasi-static Tests

Three wedge loaded pre-fatigued tension specimens with
the notch machined {in the 1longitudinal-transverse (LT)
orientation were fractured. A typical 1load-displacement
curve as ﬁell as the signal of the strain gage which was
attached to the spécimen to detect the point of onset crack

propagation, are shown 1in Fig. 4.14.
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For each load-displacement curve up to the point of
onset of crack propagation, as determined from the output of
the strain gage, the parameter %f was calculated. The values
of this parameter are given in Table 4.1. An average value

U 2
for Ei-of 69 KJ/m* was obtained. Comparing the fracture

toughness values of WLCT specimens with those obtained from

standardized three-point bending specimens indicates that if

kU
bB

J (4.3)

then k has a value of 2 for the three point bending specimens
while it 1is around 1 for the WLCT specimen. This an empiri-
cal calibration and thus k should be identified as one for
the WLCT specimen. The value of k equal one may be attribut-
ed to the higher stiffness of the WLCT specimen compared to
the three point bending specimen as shown 1in Fig. 4,15, 1t

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

dynamic tests and thus the parameter L will be equal to J

bB ic

for all tests on the WLCT specimens.

4.5.2 Dynamic Tests

Seven. wedge lloaded compact tension specimens (WLCT)
were tested using the Split Hopkinson pressure bar. They all
showed similar behavior, and typical signals comprising the
incident wave EI(t), the reflected wave ER(ﬁ), the

transmitted wave ET(t), and the specimen strain gage signal

ESR are shown in Fig. 4.16. Load and displacement as a

function of time were plotted. A typical example is shown in

Fig. 4.17. Eliminating time from these plots results in




18

16

~ 3
1

o

FORCE P [N x103]

WLCT SPECIMEN

INDICATED
FOR WLCT

a o~
Z|w
S
o
E|=>
Zla
=& 3-POINT BENDING
S SPECIMEN
o>
Gl
N
-
’/—/ |

' T R T A T Y S N T N T Y TR N T I W

00 02 04 06 08 10 12 14 |6 1.8 20 22

Figure 4.15

DISPLACEMENT 8 [mm]

Comparison between a typical load-displacement curve for a WLCT

specimen and a three-point bending specimen in quasi-static tests.

\rel
[o0}




SPECIMEN STRAIN GAGE
SIGNAL WITH TIME (esg(t))

adhadanf PGP N AN Ad proy

CRITICAL TIME INTERVAL | tc

Figure 4.16 Typical SI(t), transmitted €T(t) and reflected
v Eﬁ(t) elastic strains du:ing impact tests. Also

shown is the output of the strain gage mounted on

the specimen.




100

112

3(t)

—104

L
DISPLACEMENT & [mm x 10721

1 | 1 | 1 I 1 ! | .
0 20 30 40 50 60 70 80 90 100

TIME [ps]

Figure 4.17 = Typical load-time and displacement-time curve
during impact loading.




dynamic

ABLE 4.1 Results of WLCT specimens under quasi-static and
testing
—
I.(IC
pecimen Type of %3 JIC = %E- Equivalent Critical KI =
No Testing KJ/m¢ Average LS Time ¢
value MPavm t, us MPaym S~ !
—
X1 Quasi-Static 65.7 119.4 3.12 x 108 0.38
X2  Quasi-Static 77.5 68.5 140.8 3 x 108 0.4
X3 Quasi-Static 62.1 112.9 2 x 108 0.6
’7;4 Dynamic 28.1 46 30 1.5 x 1060
X5 Dynamic 22.5 36.9 30 1.33 x 10°
X6 Dynamic 30.1 49.1 27 1.8 x 10°
X7 Dynamic 31.6 27.8 51.6 20 2.5 x 10°
%8 Dynamic 33 54 25 2.16 x 10°
X9 Dynamic 38 62.2 25 1.32 x 10°
verage Quasi-Static Testing 68.5 124.5 2.66 x 10° 0.5
alue Dynamic Tésting 27.8 50 26 3.1 x 10°
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load-displacement P (8) curves such as‘ that shown 1in
Fig. 4.18,. The time 1interval up to the onset of crack
propagation as indicated by the specimen strain gage signal,
was used to define the critical time tc.

The value of g-"‘c'or all specimens 1is also listed in

b8
Table 4.1, with an average equal to 27.8 KJ/m2.

4.6 Stretch Zone Width Measurements

4.6.1 Three Point Bending Specimens Tested at

Different Temperatures

Scanning electron micrographs of the fractured
surfaces of the threebpoint bending specimens tested in the
temperature range from -60°C to 25°C are shown in Fig. 4,19.
The stretch zone width as well as the size of stable crack
growth are 1ldentified. Iﬁ is evident that these parameters
increase - as a function of temperature.’ This 1s shown 1in
Figs. 4.20 and 4.21 for the stretch zone width and the stable
crack growth respectively. While there 1s a marked
transition 1in the variation of the stretch zone width with
temperature occurring at about -20°C, a change in behavior of
the stable crack growth with temperature occurs at a lower

temperature, around -40°C.

The width of the stretch zone obtained was used to
calculate the variation of fracture toughness JIC with

temperature. This 1s shown in Fig. 4.22. There 1is a
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lgure 4.19 Scanning electron micrographs of the fractured three-point bending
specimens at different temperatures.
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(f) T=-40°C, 182 X

{d) T=-—10°C, 208 X

(e) T=—20°C, 182 X (g) T=—60°C, 182 X

) 4.19 (Continue) Scanning electron micrographs of the fractured fhree-point
bending specimens at different temperatures.
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transition from mostly 1linear elastic to elastic-plastic

behavior taking place at -20°C. The presence of such a

transition {is 1in agreement with that reported from direct

measurements of JIC using the partial unloading method

Fig. 4.7. However, the value of JIC from stretch zone

measurements are generally higher by about 257 to 407

depending on the temperature. This 1increase 1in JIC is

explained in terms of using a value of 2 for the constraint

factor m in equation 3.21. However if such a parameter 1is
adjusted for the variation 1in temperature, m was found to
vary from 1.02 to 1.6 as shown in Fig. 4.23, where JIC is
taken from J-resistance curves obtained from partial
unloading and COD 1is evaluated from stretch zone width
measurements.

The relationship between bulge ductility and stretch
zone width as well as stable crack growth are shown in Fig.
4,24, From -40°C to 25°C, the variation of bulge ductility
with stablé-crack growth 1is 1linear, whiie the variation of
bulge ductility with stretch =zone width vindicates a
transition occuring at -20°C. It is noted that at the low

temperature of =-60°C, the material exhibits an entirely

elastic behavior with unstable crack growth.

4.6.2 Wedge Loaded_Compact Tension Specimens Tested

under Quasi-Static and Dynamic Loading Conditions

Halves of broken wedge loaded compact tension
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Figure 4.23 Dependence of constraint factor m on temperature.
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speciﬁens were examined in the scanning electron microscope,
using mostly a tilt angle ¢ = 30° and magnification of about
100, The length of the stretch =zone was measured at
different points along the crack front and the results were
averaged. The values of JIC under quasi-static and dynamic
testing was qalculated using equation (3.22). To calculate
coin equation (3.22), the variation of the flow stress %, is
jssumed to be similar to the variation of yield strength with

strain rates [101], namely:

m

. e 1
c (g) = (o e | = 4.4
o( ) ( o)static (E ) ( )
static Temperature, structure
where (o ) is the quasi-static flow stress, taken as
o static :

450 MPa for AISI annealed 1045 steel at room temperature,

¢ is the quasi-static straln rate taken as 10‘35“1, and

Estatic
m1 is the strain rate sensitivity which 1s defined as
o log ¢
m, = (&9 (4.5)

d log £ Temperature, structure

Examples of the scanning electron micrographs showing

the stretch zones of quasi-static and dynamic tested WLCT
specimens ére shown 1in Figures 4.25 and 4.26 respectively.
These micrographs indicate that the fracture behavior 1is
almost brittle at high léading rates.

The average value of J c determined from stretch zone
width for quasi-static tests was found to be 74 KJ/m2, while

for dynamic tests the average value was 30.5 KJ/m2.

4,7 Summary

This chapter has described the experimental results of

the variation of fracture toughness JIC and ductility

T L
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measured under both tensile loading and biaxial plane strain
(bulge) 1loading 1in the transition temperature range fér
annealed 1045 steel. In this temperature range there are
changés in behavior from primarily linear elastic to elastic-
plastic. Wedge loaded compact tension specimens (WLCT) were
adopted for quasi-static and dynamic fracture toughnes, the
analysis of the results was based on the determination of the
parameter %g.

Scanning electron microscope results for both three
point bending specimens tested at different temperatures, and
wedge 1oaded‘£ompact tension specimens tested at different
strain rates, showed also the same trend of behavior, namely,
mostly linear elastic behaviér at low temperatures or high
loading rates, and elastic-plastic behavior at high
temperatures or -low loading rates. An analytical model to
characterize the relationship between the fractufe ;oughness
J and ductility for the linear elastic behavior and the

IC

elastic-plastic behavior will be treated in the next chapter.
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Quantitative <correlation between ductility and
fracture toughness of engineering materials has been a ma jor
objective in fracture research. While these two properties
are intimately related, 1in the sense that generally high
ductility corresponds to high fracture toughness and vice
versa, the analytical approach for establishing relationships
between these properties has been .rather difficult. As
reported in the previous chapter, the correlation between the
fracture toughness parameter JIC and bulge ductility for AISI
1045 steel in the annealed condition in the transition region
was experimentally determined. These two parameters were
measured as a function of temperature in the range -60°C to
25°C. By varying the temperature, a transition froum plane
strain linear elastic behavior to elastic-plastic behavior is
obtained. The objective of this chapter |is to.develop an
analytical model to characterize the relationship between JIC

and bulge ductility in this temperature range.

5.1 JIC - Ductility Relationship

5.1.1 Linear Elastic Behavior

In the 1linear elastic region, a similar analysis to
that leading to equation (2.21) will be used. However, as it
will be demonsfrated, a second term in equation (2.21) is
necessary to account for the fact that, as bulge ductility

approaches zero, the material still has a measurable value of

fracture toughness.
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The fracture toughness Gc is defined as the work

required to form a unit crack extension

oW
G = A

c (5.1)

»

dW consists of two parts: the plastic work bwp and the work
required to create a new surface 6WS. For plane strain

fracture toughness:

J = G = -+ 5.2
IC ic Yo Vs (5-2)

where ¥y {s the work to create a new surface (surface or
s

elastic energy) and Yp is the plastic work.
Using Griffith analysis [3], Y, can be written as:

Yg = 2 o% n L* (1 - v2)/E (5.3)

where OF 1s the fracture stress which can be estimated as
equal to 360 (00 is thé flow stress) using Prandtl slip line
field as reported by Rice [102], L: is a characteristic
distance which depends on the microstructure of the material,
v is thé Poisson's ratio and E is the modulus of elasticity.
For plane strain condition, with very small plasticity
at the crack tip,.the plastic work Awp accompanying unit
crack extension is the plastic work required to advance the
plastic zone by Aa, as schematically {llustrated in Fig. 5.1.

In polar coordinates (see Fig. 5.1), this work increment is:

al

dwp = x de x rd6dr (5.4)

where o amd € are the effective stress and effective strain
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respectively, Awp is given by

M =2 [TP [T gup =2 [TP[T 5 de rdedr
P o] (o] (o] (o]
(n+l1)/2
= wol -n+1 rp r___p* (5.5)
Aa x KS O £ [p* £——1 ar
where
A i1 n+l
s = 1" g (&) x[£;,(8)] (5.6)

o

Equation (5.5) applies to a power law strain hardening

- -n .
material o = K € , and a strain distribution characterized by

~-172
the r singularity. Thus at the onset of fracture the

stress and strain distributions are given by

- - p*
e(r,8) = €5 4.8 [5;—1—5;] £, 40O (5.7)

-n p* n/2

- _ n
o (r,8) = Kep g [p* o [fij(G)] (5.8)

where p* 1s Neuber's microsupport effect constant equal to

)

99 3
E; , B = ET , and 91 9, and o, are

0.025 mm (0.0017), a =
the principal stress components. For plane strain condition
o and B are equal to 0.81 and 0.61 respectively [103].

The effective strain can be separated into a radial

and an angular component [50] as

e(r,0) = e(r) | x

£,.(0) (5.9)
g=0° 13

The radial part of d4W equation (5.4) can be integrated and
P

yields




p* + 2r

and (dwp)radial )

Substituting the plastic zone

length

for n=1

[65]

P
r, = 5 [(——) - 1] (5.12)
£
y
in equation (5.5), thus Yp which 1is equal to dW /DA can be
p
written as:
(1) For a material which follows a linear strain
hardening law 6 = Ke
2 €
A - , F,a,B
= K § p* 2 —rd 5.13
Yp p EF,a,B n ( ) ( )
(2) For a material which follows a power strain
- -n
hardening o = X ¢
K S p* -n+l ©F .o, B11-n
= 2 P L2 P -
Yo T = °F,a,p [( 2 ) 1] (5.14)
y
(3) For a material which has a rigid 1linear strain
hardening c = Eo + Ke
- T [SG(M 1) + K S & xn(mﬂ
Yp P F,a,B o E F,a,B E
. y y
(5.15)
(4) TFor a material which follows a rigid power strain
- - -n
hardening law o = o  + K ¢
; * - - (EF!azB - 1) + K S\ -n {(EFZV(XIB)]'—“_I}"
Yp =P EF’a,B [S % E 1-n EF,Q’B e
y y
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(5) Finally, for a rigid plastic material

- EF d B
= Sp¥* o, —_— (5.17)
£
y

AR

In these equations, the parameters p*, S, a, B, S

and Ey have their usual meaning defined earlier, €
the effective fracture strain near the crack tip under a
stress state corresponding to a plane strain condition.

All the above expressions for Yp are of the form

=2 -
= * * .
Yp Sp EF,a,B f(E, K, n, ey) | (5.18)

-2
In equation (5.18) Yp is proportional to €r o 8 Substitut-
» y

ing equation (5.3) and equation (5.18) into equation (5.2)

gives

-2

= * - * - 2
JIC Sp EF,a,B f(E,K,n,;y) + 20F m LX (1 v¢Y/E (5.19)

Equation (5.19) contains a second term in the right hand side

which gives a value for fracture toughness as &, , B
’ b

€ is evaluated from extrapolation from
F,a,p

approaches zero.
the experimentally determined bulge ductility € _ _n by
F,a=1,8=0

the following procedure:

- 1 2 2 2 172
1f 5 = {5 [(o,- 00" + (0,7 030" + (03- o) ]} (5.20)
= 5.21
cmean (01 + 02 + 63)/3 ( )
and d Ep = increment of effective plastic strain
- {2 P _ 4P P _ 4.Py2 p_ 4. P 2712
{5 [(de} - def) + (dey - deg)” + (dey dey) "]} (5.22)
with

p P P .
del + de2 + ds3 0

The fracture strain for a given stress state charac-

terized by a = 02/01 and B = 03/01 for a material following o
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= X e” is given by

- 1/n 5 .23

€F,a,B " (H M) © Egy (5.23)
where Eft {s the fracture ductility in tension,

2 172

H = 1/(1+a+B) and M = [(1+a+B) - 3(a+p+ap) ] .

Using the bulge ductility EF,a=1,B=0 the relationship
in equation (5.23) becomes

€ 2 1/n - 5.24

€F,a, B (2 7 M) * ffp,a=1,B8=0 (5.24)
Thus, the relationship between € and

€F, 4=0.81,p=0.61 1 °°

®F,2=0.81,8=0.61

/n -

1
(0.279) F g=1,8=0

(5.25)

Substituting equation '(5.25) into equation (5.19) gives

J.. = Sp*x (0.279 2/n , 22 . e
1c = Se* (0.279) €p,q=1, =0 "T(E,K,n,€y)
2 *
+2 o0, mLl, (1- v2)/E . (5.26)

or in general form

-2 '
J_ = +C 5.27
1c - %1 %F,a=1,8=0 2 ( )

5.1.2 Elastic-Plastic Behavior

In the elastic-plastic region, Rice and Johnson [103]
have described a region of intense strain at the crack tip.
For semi-circular blunting, this reglon extends ahead of the
cracks to approximately twice the value of the crack opening
displacement. Withiﬁ the region of 1intense strain, an

-1
approximate r gstrain singularity exists. Crack tip blunt-
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ing occurs under a condition of biaxial stress and 1is
observed on the fracture surface as a stretch zone.

In this analysis, the bifaxial stress state which
exists at the blunted crack tip is assumed to be analogous to
that obtained macroscopically in the bulge ductility
specimen. Using the model described earlier [104], the dist-
ribution of the plastic strain Ep and the stress state (qm/g)
ahead of the crack tip as a function of distance ahead of the
crack x normalized with respéct to crack tip opening dis-
placement 61 is shown 1in Fig. 5.2.

The strain distribution Ep is related to 61/x by:

6

T =c¢c 2 (5.28)
P X

where C 1s a constant which is determined from Fig. 5.2.
Referring to a typical J-resistance curve [99], at

initiation of ductile fracture

*
61 = 61 (5.29)
- -% *
and Ep = ef which occurs at a distance Lp from the crack tip.
J is also related to the critical crack tip opening dis-

IC
*
placement &; by:

*
= .30
JIC m 6061 (5.30)

where m is a constraint factor which depends on the material

and testing conditions [97]. 1If it is now assumed that

- -
€g = k'eF,a=1,B=0 (5.31)
-

which relates the fracture strain €¢ to the bulge ductility
-k
®F,a=1,8=0"

and which may vary with temperature and material conditions.

k is a constant which 1is usually less than one
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Figure 5.2 Distribution of plastic strain (Ep) and stress
state (om/a) near crack tip (following Rice et
al. [104]).




125
From equations (5.28), (5.30) and (5.31), 1t 1is
possible to write the following relationship:

mo

o . % -
= kK —2 .32
Jic = % T Lp fp,a=1,p=0 (5.32)
or, in general form

J1c = Cp BF,a=1,8=0 (5.33)

*
where C = (k m o /C) L .
P o P
Equation (5.33) indicates that the variation of JIC
with bulge ductility EF,a=1,B=O is linear in the elastic-
plastic region.

Figure 5.3 represents a summary of the model showing

the relation between JI and bulge ductility and defining the

C
transition between 1linear-elastic and elastic-plastic

regimes.

5.2 Application of the Model

As indicated in Fig. 4.13 in Chapter 4, experimental
results of the variation of fracture toughuness expressed as
JIC and bulge ductility were obtained for AISI 1045 steel in
the annealed conditions as a function of temperature. The
range of temperature was =60°C to 25°C and includes both the
linear elastic and elastic-plastic regions for this steel.

These experimental results were used to evaluate the

constants C1 and C2 in equation (5.27) and Cp in equation

(5.33). The values of these constants are given 1In

_ : *
Table 5.1, which also shows the calculated values of Le and
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Figure 5.3 Diagramatic representation for the proposed model

to correlate J and bulge ductility € in

IC
the transition region.
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TABLE 5.1 Values of constants in Eqns. (5.27) and (5.33)
for annealed 1045 steel

Constant Value

C, in Eq. (5.27) 49 kJ/m?

c, in Eq. (5.27) 8.6 kJ/m?
AJIC

C = i in Eq. (5.33) 310 kJ/m?

L f,a=1,8=0

a4 = pearlite colony diameter 50 pm

*

Le om Eq. (5.26) 75 pum

*
kLp in Eq. (5.32) 178 pum (evaluated at 25°C)
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kL: (evaluated at 25°C). The determined values of L: and L:
should be compared with the size of the pearlite colony
dimension 3, for this steel which was found to be about 50pm.

The value of L: of 75 um compares favorably-with d
while kL: = 178 um (at 25°C) indicates that plasticity ahead
of the crack will extend from three to four times the size of

the pearlite colony before ductile tearing takes place.

5.3 Summary

In this chapter, a model relating the fracture

toughness JIC‘and the bulge ductility EF,a=1,B=O is proposed.

It is based on the isotropic behavior of the material. This

model showed that in the linear-elastic region, JIC varies
-2

With-eF,a=1,B=O while in the elastic-plastic region, JIC

varies linearly with EF,a=1,B=0' The two equatiops developed
for the 1linear elastic and elastic-plastic region contain
constants which are evaluated experimentally for a given
material, specimen geometry and tgsting conditions. From
these constants, it is possible to evaluate a characteristic
length (L: or kL;) which is related to the microstructure of
the material and which describes the fracture process at the
crack tip.

In the next chapter the temperature dependence of

ductility, strength and fracture toughness JIC for a material
undergoing predominantly ~linear elastic behavior at low

temperatures and elastic plastic behavior at higher

temperatures will be examined.




CHAPTER 6

TEMPERATURE DEPENDENCE OF FRACTURE TOUGHNESS

(JIC) AND DUCTILITY
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Because of the strong dependence of the mechanical
properties of BCC metals on temperature, their fracture
toughness will be greatly influenced by variation 1in
temperature, particularly in the transition region where the
bahavior changes from brittle to ductile fracture. While in
tﬁe previous chapter a model relating the fracture toughness

JIC and ductility EF,a,B’ for a material exhibiting a

transition from linear elastic to elastic-plastic behavior
was developed, the present chapter will examine a model

relating fracture toughness JI with temperature. Such a

C
model is applicable to BCC metals, particularly steels, which

show a strong variation in mechanical properties as well as

fracture behavior with temperature.

6.1 JIC and Ductility-Temperature Relationship

Because of the strong dependence of fracture toughness

on ductility, particularly in the elastic-plastic regime, the
approach for determination of the temperature dependence of
JIC relies . on the examination of the microstructural events
which control ductile fracture. Previous investigations have
shown that ductile fracture 1involves two successive damage
processes, namely the nucleation of cavities at inclusions

and grain boundaries followed by cavity growth and void

coalescence.
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As reported in Chapter 2, 1in the case where cavity
initiation takes place after large plastic strains, Argon et
al [35] have found that the interface stress normal to the

inclusion matrix interface Grr is given by:

s =Y (eP) + o . (6.1)
rr m

where Y(Ep) is the flow stress in the reglon of the
inclusion, S is the mean stress for void nucleation and e
is the mean plastic strain.

Because Y (Ep) has a strong temperature dependence,

equation (6.1) 1indicates that the <critical mean stress

required for void nucleation varies with temperature as
o (T) = o (T) - Y(eP, T) (6.2)
m rr

This equation assumes that drr varies only moderately with
decreasing temperature (like Young's modulus), much less than
the flow stress (or yield strength). |

For a material obeying the equation

n

6 =Ke =30+ f(a,B) (6.3)

where 0 is the effective stress, € is the effective strain, n

is the strain hardening exponent, K 1is the strength

coefficient, and f(a,B) is the function of stress state, the

Ei,a,B which is obtained by

strain for volid nucleation

-
i,a,8

o only if the stress state (a,B) remains the same. It 1is

equating e in equation (6.3) becomes a function of
worth noting that the strain necessary to nucleate cavities

Ei o, B is small as compared with the strain at failure.
’ ’ ’ -
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The growth of cavities in a material which is plasti-
cally deformed has been analyzed and reviewed in chapter two.
Among these analyses, McClintock [50] and Rice and Tracey
[44]) are the most widely used. For the two dimensional vold
growth modél, McClintock {[50] obtained an equation for vold
coalescence of the form

~-1/3

o ) (1 - n) Ain Ve

Ec» a, =0

T772 (6.4)
sinh[ (1-n)(oy;+ 09)/20,/(3) ]

where Ve is the volume fraction of voids. Examination of
equation (6.4) shows that, for given material and constant

stress state, the strain required for void coalescence Ec «. 8
» y

is independent of temperature. The principal influence on

€ Bis the void density vf. For a typical BCC material, a
c, a,

coalescence strain € between 0.01 and 0.5, depending on

c’a’B

the stress state ahead of the crack, is expected [51].

Since the two main components of the fracture straln

£ are the nucleation strain ¢ ‘ and the coalescence
F’a’B i’a’B
straln SR 8s these two strains are additive, thus
b ] 3
T = + e (6.5)

€
F,(I,B i)a:B C,G,B

Using the equations (6.2), (6.3) and (6.4), equation (6.5)

can be written in the form

e . = ¢ - + 6.6

e a,p (T = Sq,q,8 [o,.(T) g(T,n)] ec,a,g[vf,n] (6.6)

where EF o B(T) is the fracture strain as a function of
y Y

temperature, Y(T,n) 1is the flow stress as a function of

temperature, and Ur (T) is the interface stress normal to the
' r

inclusion-matrix 1{interface as a function of temperature,’
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orr(T) is assumed to vary with temperature similar to Young's

modulus. The temperature dependence of O.p Can be written

as

c (T) =0 (0) - aT (6.7)
rr rr o

where crr(O) {s the interface stress at 0°K, T is the

absolute temperature, and «, is a constant.
In equation (6.6), it 1is evident that the dependence

of the fracture strain on temperature is similar to that of
the strain for void nucleation since the cavity coalescence

strain 1s only dependent on the volume fraction of the volds

as well as the stress state. Thus a plot of Er & 8 versus
’ b

temperature should be parallel to that of €i a,B versus
’ ’

temperature, displaced upwards by an amount corresponding to

It 1{is next assumed that the relation between the

fracture strain EF o, B for the stress state ahead of the
3 ’

crack 1is proportional to the bulge as well as the tensile
ductility described previously in the last two chapters.

Namely, this relationship is of the form

- -

€ =k g5 4=1,8=0

F,a,p (6.8)

where EF,a=1,B=0 i{s the bulge ductility and k is a constant
having a value less than unity. The assumption in equation

(6.8) is justified if one considers the bulge ductility as
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representing the strain corresponding to the total fracture
process while EF,a,B corresponds to the fracture strailn
associated with a single stable crack growth event.

As reported in chapter five, the relationship between

fracture toughness JIC and bulge ductility EF,a=1,B=O is:

(a) TFor low temperatures

* 1/4 -2 _
Jic = Sp (0.279) €p o1, pe0 ¢ E(ESKomED)
* 2 '
+ 2 Op T Le (1 - v )J/E (6.9)

and

(b) TFor high temperatures

mo * -
Jio = k = L) %p.as1, B=0 (6.10)
* * -
where S, p*, m, Oy c, k, Lp, Le’ n, Ey’ v, E, o and B have

been defined earlier.

Substituting equations (6.7) and (6.8) into equations

(6.9) and (6.10) gives the temperatuvre dependence of JIC’
namely

(a) For low temperatures

* 2 -
Jic(T) = §27.(o.279) /n[ei,a,5[°rr(T) - Y(T,n)]+ e

K o, f

2 - * 2
(vf,n)] . f(E,K,n,ey) + 2 ofnLe (1L - v )/E (6.11)

and
(b) For high temperatures

v kmco * »
Jic(T) = e Lp [ei’a’B[orr(T) - Y(T,n)]

+ €

e a,p Ve - (6.12)
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In equations (6.11) and (6.12), it can be observed that the

dependence of J on temperature follows that of the void

IC

nucleation step in the fracture process. Thus, 1t is necess-

ary to determine experimentally the variation of the flow
stress Y(T,n) and the interface stress Grr(T) with temper-

ature in order to obtain relationships of the variation of

JIC with temperature in both linear elastic (at 1low

temperatures) and elastic-plastic (at high temperatures)

regimes for a given material and stress state.

6.2 Application of the Model to Fracture of AISI 1045 Steel

The experimental study carried out on AISI 1045 steel
in the annealed condition to determine 1its mechanical
properties as a function of temperature and described 1in
Cahpter 4 was used to verify the proposed model. Thus

Figure 4.2 shows the variation of oy and Y(= © ) as a

flow
function of temperature while Figure 4.4 gives the variation
of the strain hardening exponent n with temperature for this
steel.

In equations (6.11) and (6.12), each of the terms in
the right-hand side will be considered separately. First,
the variation of Grr with temperature T 1is obtained from
equation (6.7). It is assumed that o varies with

temperature similar to Young's modulus ([51]; namely that

[ctr(T = 298°K)]/[orr(T = 0°k)] = 0.8. For 1045 steel in the
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annealed conditions Grr(T = 0°K) is estimated to be equal to
1082 MPa. It is possible to determine « in equation (6.7)

which then becomes:

orr(T) =.1082 - 0.72 T MPa _ (6.13)

Using equation (6.13), as well as the data for Y(T)

and n(T) in Figs. 4.2 and 4.4, the ratio [Ei . B(T)]/
’

[ e (T = 298°K)] is calculated as a function of
i,a,f .

temperature. This 1is shown in Fig. 6.1. It is noticed that
it consists of two distinct regions which intersect at a
temperature T = 250°K (-23°C). This is in agreement with ‘the
previous experimental results on the temperature dependence
of JIC for this material as reported in chapter four.

The coalescence strain € is almost independent of

c,a,B

temperature. Thus, the total fracture strain €

Foa,B will

vary with T in the same way as €&; . 8 except for a shift
? s )

upwards as also shown 1in Fig. 6.1.

Next, it is now possible to determine the variation of

JIC with T in both linear elastic and elastic-plastic regimes

for this material.

(a) At low temperatures

/n

- Sp* 2/n 2, g2, z
Jic (1) = —%7—(0.279) ng ¢ T £(E,K,n, e )

* 2
+ 2 ogm L (1 - v )/E (6.14)

where n o= € /T in the low temperature range (213 -

F,a,B
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250°K om Fig. 6.1) or in more general form

= + 2
JIC(T) JIC(O) CeT
where JIC(O) is the fracture toughness at T = 0°K

* 2
Le (1 - v2)/E

"

JIC(O) ZGF n

and C is a constant which depends on the mechanical
e

properties and microstructure of the gsteel and is determined

experimentally.

(b) At high temperatures

kmco
JIC(T) = 5T Lp Ny - T (6.16)
where n, = EF o 8/T in the high temperature vange (250 -
1 LA .

300°K in Fig. 6.1). In more general form

c T (6.17)
ep

[

JIC(T)

where C is a constant which is determined experimentally.
ep
Table 6.1 gives the values of these constants, namely JIC(O)’

C and C for this steel.
e ep

6.3 Summary

In .this chapter, a model for the temperature
dependence of JIC in the transition region for BCC materials
has been presented. The model suggeéts that the temperature
dependence of ductility and fracfure toughness arises 1in the
void nucleation phase of ductile fracture. When the model is
applied to the case of a carbon steel 1in the anunealed

condition, such as AISI 1045 steel, it 1is found that JIC
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TABLE 6.1 Values of constants in ths. (6.15) and (6.17)
for annealed 1045 steel

f

Constant Value

Jic(o) in Eq. (6.15) 9.88 KJ/m?

C, in Eq. (6.15) 0.0005605 KJ/m2/°K?
[ ,

cep - =T in Eq. (6.17) 1.0 KJ/m¢/°K
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varies with T? 4in the predominantly 1linear elastic reglme
while it depends linearly on T in the elastic-plastic regime.
A transition temperature, which in the case of annealed AISI
1045 steel has a value of about -20°C, 1is observed. Above
such a transition the material has an elasfic-plasttc be-
havior, while below this temperature the behavior is mostly
linear elastic, this i{s shown in Fig. 6.2. Such a transition
teﬁperature is also related to the variation of Ei,a,B as
well as the flow stress Y with temperature for thils material
and seems to suggest that the controlling factor of fracture
toughness 1is the strength and ductility temperature
dependence.

Since the temperature and the loading rate are the
main factors affecting strength and ductility of the
material, 1t {is important to study the strain rate (loading

rate) dependence of fracture toughness and ductility, this

will be described in the next chapter.
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CHAPTER 7

STRAIN RATE DEPENDENCE OF FRACTURE TOUGHNESS (JIC)

AND DUCTILITY
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In most cases 1in engineering practice, fracture
initiation in metals and alloys is experimentally determined
under slow loading conditions. However, for materials with
strong temperature and strain rate dependence, the fracture
toughness usually decreases with decreasing temperature and
increasing loading rates. It is thus important to obtain a
quantitative correlation between ductility and fracture
toughness of these materials as a function of temperature and
through a wide range of loading rates. Experimental data in
these ranges generally reveals a transition region from high
to low value of fracture toughness.
| In this present chapter, a model relating fracture

toughness, expressed as J and ductility with strain rate £

ic’
or its equivalent loading rate KI is developed. Such a model
is applicable to metals and alloys which show a strong

variation in mechanical properties as well as fracture

behavior with strain rate.

7.1 The Model

Thg approach for the determination of the strain rate
dependence of fracture toughness JIC relies on examination of
the microstructural events which control ductile fracture.
Following the same approach as reported in Chapter 6, it 1is
possible to develop a model for fracture toughness JIC and

ductility dependence on strain rate, namely, it 1s assumed

that ductile mechanisums such as nucleation of voids at
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inclusions or grain boundaries takes place at low strain
rates when either the 1inclusions or the matrix inclusion

interface is subjected to critical normal stress O .’ This
r

stress can be written as

6 (6) = Y(e¥, €) + o _(€) (7.1)
rr m
where orr’ Y, eP and Om have the same meaning as defined

earlier.

Because Y(Ep, 5) has a strong strain rate dependence ,
equation (7.1) indicates that the critical mean stress

required for void nucleation varies with strain rate as:

L[] _ ] _ —P
om(e) = orr(e) Y (¢, €) (7.2)

This equation assumes that O varies moderately with
rr ;

increasing strain rate.

For a material obeying the equation

o = Ke' = 3 o f£(a,s) (7.3)

where o 1s the effective stress, € is the effecti?e strain, n
is the strain hardening ekponent, K is the strength
coefficient and f(u, B) is a function of the stress state.
The strain for void nucleation Ei,a,B which is obtained by

in equation (7.3) becomes a function of

€
i,0,8

o only if the stress state (a,B) remains the same. The void
m

equating g

coalescence strain ec o B can be expressed as
’ b

Ec,a,B = ec’a,B(vf,nJ (7.4)

Equation (7.4) indicates that, for a given material and
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constant stress state, the strain required for wvolid

coalescenc 1s independent of strain rate. The principal

influence on € is the volume fraction of the voids v_.
c,0,B f

The two main components of the fracture strain €F a.p
b )

are the nucleation strain Ec «. B and the coalescence strain
? b
€ . These two strains are additive, thus:
C,y,0a,p
c . , 7.5
eF,a,B Ei,a,B + ec,a,p& ( )

Using equations (7.2), (7.3) and (7.4), the strain

rate dependence of the fracture strain EF o B can be written
1] b}
as
€ £€) = € o €) - Y(e + € 7.6
F’0"8( ) 1,0“8{ L) (e,n) | e, a,pVe™ (7.6)
where EF o 5(t::) is the fracture strain as a function of
» »

strain rate, Y(e,n) is the flow stress as a function of

strain rate which can be expressed as

. m
. £ 1
= - 7.7
¥(e) Ystatic({ ) Temperature, structure ( )
static
where my is the strain rate sensitivity, defined as
) g Log o (7.8)
0 Log ¢

and ranges from 0.01 - 0.02 for most steels and high strength

aluminum alloys, and orr (é) is the interface stress normal
to the inclusion-matrix interface as a function of strain
rate. It is assumed that o varies with strain rate as

ry

(¢) = (o) (7.9)

+
ry rr'static 1

where o 1is a constant much smaller than one.
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Examination of equation (7.6) shows that the
dependence 6f fracture strain on strain rate 1s similar to
the strain for void nucleation since the void coalescence
strain is only dependent on the volume fraction of voids as

well as the stress state. Thus, a plot of EF a8 versus
’ ’

strain rate should be parallel to that of ei Q.8 versus €
> b

displaced upwards by an amount corresponding to € @ 8
2 »

The relationship between fracture toughness JIC and

ductility gF,a,ﬁ can be written as:

(a) For low straln rates (elastic-plastic behavior)

kmo

' . o _* - .
Jic(e) = %5 Lp ®F,a,s(®) (7.10)

and

(b) For high strain rates (predominantly linear elastic

behaviour)

R -2 o - * .
= * . + -v? .11
JIC(E) Sp eF,a,B(e) f(E,K,n,ey) ZanLe(l v4)Y)/E (7.11)

Substituting equation (7.9) into equations (7.13) and

(7.14) gives the strain rate dependence of J namely:

1c’
(a) TFor low strain rates

kmo

e () = > L;[zi,a’s[orr(;)- Y(E,m) 1+ Tg o g (vesm) | (7412)

and
(b) For high strain rates

. * - . . - 2
I = sele o (6) = Y(e,m)) +eg (v, ]
. - *
£ (E,K,n,ey) + 20pnLg (1 - v4)/E (7.13)
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In equations (7.12) and (7.13), it can be observed
that the dependence of JIC on strain rate follows that of the

void nucleation step in the fracture process. Thus, it 1is
necessary to determine the variation ofvthe flow stress
Y(é,n) and the interface stress crr(é) with strain rate to
obtain relationships of the variation of JIC with strain rate

in both 1linear elastic and elastic-plastic regimes for a

given material and stress state.

7.2 Application of the Model

The data from the experimental results, which were

given in Table 4.1, are used in this section. In equation
(7.7) ¥ is evaluated to be 450 MPa at strain rate £
static 5 .

correspohding to 10 S and m1 is taken 0.018, while in

equation (7.9) is estimated to be 866 MPa for

(Orrjstatic

Fe3C particles in 105 steel at € = 10-°% 7', also oy in

equation (7.9) 1is assumed to be 0.002, thus equations (7.7)

and (7.9) become:

¥(e) = 450 (==)%"%'% wpa (7.14)
10
and
orr(é) = 866 + 0.002 € MPa (7.15)
Using equations (7.14) and (7.15) it is possible to
P y/ & S = -3 4=l
calculate the ratio of Ei,a,ﬁ (E)/ei,a,B(E 10 s” 1)

as a function of strain rate, Fig. 7.1 shows the variation of
this ratio with fog (5/10'3). It 1is noticed that it consists

of two straight lines which intersect at fog (5/10’3) = 3.3,




The coalescence strain EC is almost independent of

» a5 B

strain rafe, thus the total fracture strain €F will vary

| ,a B
with fog (2/10'3) in the same way as 21 _— except for a
’ ’

shift upwards which is also shown in Fig. 7.1.

Next, it is now possible to determine the variation of

JIC with € in both linear elastic and elastic-plastic regimes

for 1045 steel in the annealed condition.

(a) For low straln rates

. kmoo * ‘
I1e(E) = o Ly At on (7.16)
where A1«= EF . B/zog (€/10-3) in the low strain rates range
’ L]

and n = fog (€/10-3). 1In general form equation (7.16) is:

JIC(e) = Kep * M (7.17)

where K is a constant which depends on the mechanical
ep

properties and microstructure of the steel and is determined
experimentally.
(b) For high strain rates

2

. 2 -— * ,
2= * A . . + - 2 o
38 = ser AL e nT £(E,K,me ) 2 oL (1= Y/E (7.18)

F

where Az = EF N d/Rog (e/10-3) in the high strain rate range.
] b

In general form

) = ¥ ‘ - .
JIC(E) Ko Ke n (7.19)

K , K and X are constants which are determined experi?
ep o e

mentally using the data in table 4.1. Their values are 1.11,
22.5 and 20.0 KJ/m? respectively.

Equations (7.17) and (7.19) are plotted in Fig. 7.2.
The intersection of the sﬁraight line (equation (7.17)) and

the parabola (equation(7.19)) shows a value of Log (€/10-3)
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where a transition in fracture behavior with strain rate will

occur. .

7.3 Summary

A quantitative relationship which characterizes the

with

variation of fracture toughness, expressed as JIC’

straip rate 1s given for 1low and high 1loading rates in
equations (7.12) and (7.13) respectively. When this model is
applied to a specific material such as 1045 steel, it is
shown that JIC varies with fog (5/10'3) at low strain rates
and with |%og (5/10"3)JZ at high strain rates.

The relationships between the fracture toughness

parameter JIC’ bulge ductility, temperature and strain rate

are summarized as follows:

. JIC - bulge ductility relationships:
-2
J = C_ € + C lasti h
IC 1 F,a=1,8=0 p, (elastic behavior)

J1c = cp €p ,a=1,8=0 (elastic-plastic behavior)

* Jic - Temperature relationships:
J_(T) ﬁJ(O) + ¢ T*¢ (Low Temperatures)
IC Ic e
J (T) = ¢C T (High Temperatures)
IC ep
. Jic -~ strain rate relationships:

J_ (&) = % €£/10-3 1 t
IC( ) Kep og (e/ J (low strain rates)

Iict®)

where Cl’ CZ’

constants which are functions of mechanical properties and

Ko + Ke [Zog(é/10’3)J (high strain rates)

Cp, JIC(O), c , Ko and Ke are

C K
e ep’ ep’

microstructure of the material.

In the next chapter the applicability of the models
shown through chapters 5 and 6 to a tempered martensitic

structure will be demonstrated.
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CHAPTER 8

FRACTURE TOUGHNESS AND DUCTILITY STUDIES OF

TEMPERED MARTENSITIC AISI 1045 STEEL
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The. effect of metallurgical factors, such as micro-
structure, impurities and grain size on the value of fracture
toughness is of great importance. The mechanisms leading to
the nucleation and propagation of a crack are closely related
to the presence of secondary phase particles, as well as to
the parent metal matrix itself. The metal matrix, within the
dimensions of a single grain, determines whether deformation
will take place by slip, twinning or cleavage and what the
direction of propagation of that deformation will be [105].
The phenomenon of fracture at the grain size level is deter-
mined by the stress étate, the crystallography of the matrix
and the presence of precipitates. Precipitates along grain
boundar§ will tend to cause intergranular embrittlement while
precipitates within a given grain are responsible for

fracture by cleavage [106]. Tempered martensite embrittle-
ment has an important role on plane strain fracture toughness
X [107-110].
IC
In the present chapter, fracture toughness JIC and

ductility studies 1in the transition temperature range for

tempered martensitic AISI 1045 steel will be described.

8.1 Experimental Results

The same experimental procedures described previously
in Chapter 3 were adopted to obtain the experimental results

for tempered martensitic AISI 1045 steel. The corresponding
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sequence of the experimental results, gsimilar to that
‘reported in Cﬁapter 4, is shown in Figs. 8.1 to 8.11.

Fig. 8.1 shows the variation of Charpy v-notch
toughness with temperature. A ductility transition
temperature corresponding to a Charpy energy of 15 ft. 1b
occurs at about 8°C compared with a transition temperature of
0°C for the annealed condition. Upper shelf was obtained at
temperatures above 60°C while 1lower shelf was obtained at
temperatures below ~-30°C. These temperature vranges are
almost the same for 1045 steel in the annealed condition.

Figs. 8.2 and 8.3 show the tensile properties of the

tempered martensitic AISI 1045 steel as a function of

temperature. Fig. 8.2 shows the variation of o , o, and

dflow as a function of temperature, while Fig. 8.3 shows the

temperature dependence of tensile ductility 1in percent

elongation and percent reduction 1in area. It -1is observed

that there 1s a noticeable temperature dependence of ov, o
A u

and consequently Uflow' The trend of variation of these
properties with temperature 1s similar to that obtained for
1045 steeliin the annealed condition but shifted up to higher
values of cy, ou and Gflow‘ Tensile ductility shows also a

temperature dependence similar to that obtained for 1045

steel 1in the annealed condition, but with lower values 1n

both percent elongation and percent reduction in area.
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Fig. 8.4 shows the variation of the bulge ductility
with temperature for AIST 1045 steel in thé tempered
martensitic condition. It is shown that a marked drop 1in
bulge ductility seems to take place below -30°C. The values
of bulge ductilicty for the tempered martensitic
microstructure, are 1lower than those obtained for the
pearlitic structure.

Figs. 8.5(a) to 8.5(g) show J-resistancle curves, which
afe the plots of J versus Aa, for different testing tempera-
t@res of 25, 10, O, -10, =-20, =30 and -40°C respectively.
The intersection of the blunting line and the crack advance

line gives the JIC values as shown. JIC variation with

temperature 1is presented in Fig. 8.6. JIC decreases fronm a

‘value of 60 kJ/m? at 20°C to a value of about 9 kJ/m? at -
90°C. The relation between JIC and temperature for the
tempered martensitic structure appears to havé thé same treund
of that obtained for pearlitic microstructure, but the values
of J are generally less than those obtained for AISI 1045
steel 1in the annealed condition. There are ¢two reglons
characterizing the relationship between fracture toughness
and temperature, namely from -100°C to about -15°C the slope
of the curve of JIC with temperature is much lower than in
the reglion from -15°C to 25°C.

Fig. 8.7 and 8.8 show respectively the slope of crack

advance line as well as the tearing modulus TR as a function
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of temperature. Both figures show the same trend as those
obtained for AISI 1045 steel 1in the annealed condition.
Specifically, an almost 1linear relation of these parameters
with temperature, has been observed in the range from 25°C to
-40°C. The values of the slope of crack advance line and the
tearing modulus are 1less than those values for the same
parameters, obtained for AISI 1045 1in the annealed
condition.

The varifation of the critical crack exteﬁsion Aacr and
the critical load line displacement 6cr with temperature are
shown respectively in Figs. 8.9 and 8.10. Both of these
parameters are less than those obtained for the pearlitic
microstructure, but they have the same shape with a
transition temperature of about -15°C.

The relationship between the fracture toughness JIC
and the bulge ductility for the tempered martensitic
structure 1is presented in Fig. 8.11. A linear relationship

i{s obtained in the range from -30°C to 25°C. The trend is

similar to that obtained for ATISI 1045 steel, but the slope
of the line for the tempered martensitic 1045 steel is higher
than the corresponding one obtained for the annealed 1045

steel.
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Discussion

"The experimental results for the tempered martensitic
AISI 1045 steel show the same trend of behavior obtained with
AISI 1045 steel in the annealed condition. Generally, the
fracture toughness JIC and ductility have decreased, while
the strength has 1increased 1in comparisoﬁ with the wvalues
obtained for the annealed 1045 steel. More specifically,
there is a transition temperature of about =-15°C in the
relationship between fracture toughness and temperature.

This transition temperature is similar to that obtalned for

the anﬁealed 1045 steel. This variation of JIC with

temperature is attributed to the variation of the flow stress
with temperature for both tempered and annealed 1045 steel
(see Figs. 8.2 and 8.4). Therefore, the model described in
Chapter 6 can be applied for the tempered 1045 steel. The
values of the constants 1in equations (6.15) and (6.17) for
the tempered AISI 1045 steel are shown in Table 8.1.

As indicated in Fig. 8.11, the variation of fracture
toughness JIC with bulge ductility Ef,a=1,B=O was obtained
for tempered martensitic AISI 1045 steel as a function of
temperature. The range of temperature is -75 to 25°C and

{ncludes both the 1linear elastic and the elastic-plastic

regions. These experimental results were used to evaluate
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the constants C1 and 02 in equation (5.27) and Cp in equation

(5.33). The values of these constants are glven 1in
Table 8.2.

In conclusion, the transition in behavior from linear
elastic to elastic-plastic, in the relation between fracture

toughness and temperature from one hand and in the

JIC
relation between JIC and bulge ductility from the other hand,
for the tempered martensitic 1045 steel was shown to be
similar to that obtained for 1045 steel 1in the annealed
condition, since the flow stress as a function of temperature
for both microstructures appears to exhibit the same
behavior. However, the values of fracture toughness JIC for
tempered martensitic structure, are less than those values of
fracture toughness obtained for pearlitic structure, since
the ductility values, which control the size of the process

zone ahead of the crack, are less than those ductility values

of pearlitic structure.

8.3 Summary

In fhis chapter fracture toughness JIC and ductility
studies in the transition region of tempered martensitic AISI
1045 steel have been presented. The same trend as that
obtained for annealed 1045 steel has been observed. This is
mainly because both microstructures show similar trends of
the variation of the flow stress as a function of

temperature.
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Table 8.1: Values of the constants in Eqns. (6.15) and (6.17)
' for tempered martensitic AIST 1045 steel

Constant Value
J c(0) in Eq. (6.15) 8.2 KJ/m?
c in Eq. (6.15) 0.0002 KJ/m?/°K?2
€ A, )

- 4 °
Cep % in Eq. (6.17) 0.8 KJ/m¢/°K

Table 8.2: Values of the constants in Eqns. (5.27) and (5.33)
for tempered martensitic AISI 1045 steel

Constant Value
¢, in Eq. (5.27) 176 KJ/m?
C, in Eq. (5.27) 9 KJ /2
AJ
c = —1& in Eq. (5.33) 292 KJ/m2
P Ae

f,a=1,8=0
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The models described earlier in Chapters 5 and 6 have
been applied, and the corresponding experimental constants
have been calculated. It has been confirmed that the
fracture t9ughness and ductility relationships 1in the tran-
sition region for both pearlitic microstructure and tempered
martensitic microstructure can be described reasonably well
by these models.

In the'next chapter a general discussion and a mailn

conclusions of the entire study is presented.




CHAPTER 9

DISCUSSION AND CONCLUSIONS




9.1 General Discussion

The experimental results described earlier indicate
two different trends: (a) There 1is a transition temperature
(about -20°C for the annealed 1045 steel, and about -15°C for
, the tempered martensitic 1045 steel) in the relationship

between JIC and temperature and (b) The variation of tensile

ductility and bulge ductility with temperature indicates a

transition only taking place at about -40°C for the annealed
1045 steel and about =-30°C for the tempered martensitic 1045
steel. To further explain these findings, it 1is necessary to
examine the effect of temperature on the different mechanisms

contributing to the value of J J is determined by the

1c’ ic

intersection of the blunting line and the crack advance line.
The coordinates of this polnt of interesection are of course

JIC and Aacr. The slope of the blunting line is defined as 2

% flow” Referring to Figs. 4.2 and 8.2, it is clear that down

to a temperature of about =-20°C, there 1s no significant

variation in Ofl . Below -20°C, the variation between
ow

o] and temperature T is nonlinear and o increases
flow flow

sharply as-T is further decreased. It is thus assumed that
the blunting'line will remain with almost the same slope as
temperature varies between about =20°C to 25°C but will
increase 1in slope as temperature 1is below -20°C. The
variation of o© with temperature 1is typical of iron and

flow

steels and was reported elsewhere in the literature [111].




The 1intersection of the blunting 1line and crack
advance line is also controlled by the position and slope of
the crack advance line. The variation of the slope of the
crack advance line, as well as the tearing modulus TR with
temperature (shown in Figs. 4.8 and 4.9 for the annealed
1045 steel and Figs. 8.7 and 8.8 for the tempered martensitic
1045 steel) show an almost 1linear relation of these two
parameters as a function of temperature in thé region from 25
to about -40°C. Because the slope of the crack advance line
and TR vary linearly with temperature down to -40°C, it can
be deduced that the same mechanisms of stable crack growth
are present as long as stable crack propagation takes place.

It was also found that the stretch zone width shows
the same type of transition as JIC varies with temperature.
Thus, it is confirmed that the observed change 1in slope of
the JIC-temperature curve is dﬁe to ghe crack blunting
process which 1is affected by the 1inherent strength 1n the
material as expressed by cflow'
A médel relating J;. and bulge ductility ;F,a=1,6=0

was proposed. This model shows that, in the linear elastic
’ -2

J i h
reglion,, IC.var es wit eF,a=1,B=O

while 1in the elastic-
plastic region, JIC var¥es linearly with EF,a=1,B=O' The two

equations developed for the 1linear elastic and elastic-

plastic regions contain constants which are evaluated

experimentally for a given material, specimen geometry and




testing conditions. For these constants, it 1is possible to
evaluate a characteristic length (L: or kL;) which is related
to the microstructure of the material and which describe the
fracture process at the crack tip. These microstructural
parameters has Dbeen previously 1investigated 1{in the linear
elastic case. Ritchie et al ([112] found that. they may
correspond to twice the ferrite grain diameter in mild steel
while 1n A533B pressure vessel steel it was related to the
prior austinite grain size f113]. Also Costin and Duffy [75]
have stated that it corresponds to the presence of carbide
particles at the ferrite grain boundaries. In the elastic-
plastic case, the critical fracture strain will occur at some
distance ahead of the crack tip where void nucleation takes
place. It was reported that the critical strain will be
reached over the mean spacing of pearlite colonies that
nucleate voids 1in 1018 and 1020 steel [75]. In A533B, this

microstructural parameter is of the order of between one and

six or seven times the planar intef—inclusion distance [113].

The éxperimental results obtained 1in this present
study seem to indicate that, for 1045 steel in the annealed
condition at low temperature, the microstructural parameter
is of the order of the size oé a pearlite colony, while in
‘the elastic-plastic region, the region of 1intense strain

extends over 3 or.4 of these colonies (at room temperature) .
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The results 1indicate that, as stable <crack growth takes

place, the parameter JIC becomes linearly proportional to the
bulge ductility, thus 1indicating that bulge ductility
measurements correspond to both crack blunting together with
stable crack growth.

A model for the temperature dependence of JIC in the
trgnsition region of BCC materials 1Is proposed. The model
suggests that the temperature dependence of ductility and
fracture toughness arises 1in the void nucleation phase of
ductile fracture. The void nucleation strain 1s strongly
affected by the variation of the flow and yield stress of the
materialé with temperature; Thus a coherent relationship
between fracture toughness, ductility and strength |{is
established 1in both the linear elastic and the elastic-
plastic regime. Knowledge of the temperature dependence of
the mechanical properties (strength and ductility) 1s hence
sufficient to determine JIC as a function of temperature in
both regimes.

The results of the dynamic fracture testing have shown
that the WLCT specimen 1is a viable alternattve'for fracture
toughness determination of materials which exhibit elastic-
vplastic behavior under loading rates varying from quasi-
static to impact. With this specimen geometry it is possible

to determine the load-displacement curves obtained in dynamic

testing. The use of a strain gage as a method for determina-




tion of the onset of crack propagation 1in this particular
geometry yields a reasonably accurate value of JIC provided
an apprOpriate value of the constant k in equation (4.3) 1is

taken.

It has been thus demonstrated, both theoretically and
experimentally, that for BCC materials, which exhibit a
variation of flow stress with temperature as well as straln
rate, that a quantitative analysis of the transition region
can be formulated. The use of AISI 1045 steel as a typical
material for the experiments which were carried out in this
study provides a case étudy for the general behavior of BCC
metals. The derived models, with the appropriate
experimental constants are able to characterize the
relationship between fracture toughness and ductility,

temperature and strain (loading) rate.

9.2 Conclusions

(1) A study of the variation of fracture toughness

JIC and duqtility measured under both tensile loading and
biaxial plane strain (bulge) 1loading, 1in the transition
temperature range for a typical BCC material, delineates the
changes 1in behavior from linear elastic to elastic-plastic
behavior. These trends in behavior are mainly affected by
the flow stress of the material.

(2) A quantitative correlation relating fracture

toughness expressed as J;. and bulge ductility EF,a=1,B=O for
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a material exhibiting linear elastic behavior and elastic-.




plastic behavior was developed. This correlation shows a
. -2
variation of J with € for linear elastic behavior
IC F,a=1,p8=0

and JIC with € for elastic-plastic behavior. The

F,a=1,B=0
correlations <contain three constants to be determined
experimentally for a glven material, specimen geometry and
testing conditions. The experimental results help 1in
determining the size of the fracture zone ahead of the crack
as well as the mechanisms for crack blunting and crack
growth.

(3) The temperature dependence of ductility, strength
and fracture toughness for a BCC material wundergoling
predominantly linear elastic behavior at low temperatures and

elastic-plastic behavior at higher temperature was examined.
A model, based on ductile fracture mechanisms involving voild
nucleation followed by cavity growth and void coalescence,
was dgveloped to relate the fracture toughness parameter JIC
with temperature. Two general equations for linear elastic
and elastic plastic reglmes of JIC versus T were obtained.
Application-of this model to experimental data obtained on a
carbon steel show that JIC varies with T2 at 1low temperatures
and with T at higher temperatures, thus defining a transition
temperature.

(4) The correlation between fracture toughness, bulge
ductility and stretch zone width of fractured specimens has

been 1investigated as a function of temperature 1in the
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transition region. The results show the existence of a
transition in the variation of fracture toughness and stretch
zone width with temperature. Such a transition 1s indicative
of the blunting process at the crack tip. However, the bulge
ductility appears to be related to the process of stable
crack growth process during fracture.

(5) A study of the variation of fracture toughness
JIC in materials which exhibit elastic-plastic behavior at
the crack tip, with loading rates ranging from quasi~-static
to dynamic conditions was investigated. A wedge loaded
compact tension (WLCT) specimen geometry was found to be

sultable for fracture toughness determination under

JIC
loading rates ~varying from quasi-static to impact. The
experimental results indicate that a significant decrease in
fracture toughness occurs under high loading rates for 1045
steel in the annealed condition.

(6) The strain rate dependence of ductility, strength
and fracture toughness for materials with high strain rate
sensitivity-Such as steels and aluminum alloys was examined.

A model, based on ductile fracture mechanisms, was developed

to relate the fracture toughness parameter JIC with strain

rate E£. Application of this model to experimental data

obtained on a carbon steel show that JIC varies with log
. -3 .
(€/10 ) at low strain rates and with [log(e/10‘3)]2 at

higher strain rates.
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(7) It was evident from the observations of the
fractured surface wusing scanning electron microscopy and
measurement of the stretch zone width, that there {s a
transition 1in fracture behavior with strain rate, namely
fracture 1s predominantly ductlle at low strain rates with
'significant plasticity at the crack tip resulting 1in
excessive macroscopic blunting, while the fracture behavior
is mostly elastic at high strain rates and the corresponding
stretch zone ahead of the crack tip is very limited.

{(8) The transition in behavior from linear elastic to
elastic-plastic, in the relation between fracture toughness
J and temperature from one hand and in the relation between

IC

7

Jic and bulge ductility from the other hand, for the tempered

martensitic microstructure was shown to be similar to that

obtained for pearlitic microstructure, as long as the flow
stress as a function of temperature for both microstructures

exhibits the same behavior.
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