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Roll back the curtain of memory now and
Show me where you brought me from
and where I could have been;
Remember I'm human,
and humans forget,
So remind me, remind me,

dear Lord.

then,



ABSTRACT

A study of the fracture behavior of materials at
loading rates ranging from quasi-static to stress wave was
undertaken. More specifically, a testing procedure was
designed and implemented for the determination of a
characterizing fracture energy parameter, similar to the J-
integral in quasi-static loading, using standardized compact
tension specimens. This testing procedure utilizes tensile
loading and stress triaxiality to characterize quasi-static
to stress wave induced fracture. Its main feature is the
use of a dynamic tensile test assembly that adapts an
existing compression Split Hopkinson bar for dynamic tensile
testing of compact tension specimens. Simplicity in design,
assembly and calibration are the main features of this
dynamic tensile test assembly.

Specifically, standard ASTM compact tension specimens
are loaded in simple tension, at rates ranging from guasi-
static to stress wave loadings, using a standard servo-
hydraulic test frame and a stress wave loading arrangement.
The load during testing is monitored by a lcad cell for the
servo-hydraulic test frame case and by instrumented loading
grips in the stress wave loading arrangement. Crack
initiation and load-line displacement at all speeds are
determined using a specimen face-mounted high frequency
crack opening displacement gage.

Fracture toughness based on this testing procedure is
expressed in terms of a characterizing fracture energy

parameter, JQ, derivable from either the load/load-line



displacement test record or from a microscopic examination
of the fracture surface's stretch zone using scanning
electron microscopy. The loading rate during testing is
expressed in terms of 3Q’ the fracture energy parameter
divided by the crack initiation time.

A study of the variation of fracture toughness, JQ, of
an AISTI 1045 steel in the annealed condition, with loading
rate ranging from quasi-static to stress wave loading, was
undertaken using compact tension specimens of three
different a/w ratios (0.5,0.6,0.7). The experimental
results based on stretch zone measurements and load/load-
line displacement records both indicate a significant
decrease in fracture toughness for this steel at high
loading rate, In addition, fracture toughness is seen to
decrease with increasing a/w ratio for these two methods of
fracture foughness determination,. However, fracture
toughness based on stretch zone measurements indicates a
lesser dependence on specimen a/w ratio than the method of
load/load-line displacement records.

Specifically, the fracture toughness, JQ, of this steel
based on load/load-line displacement records decreases in a
concave, bilinear fashion with increasing log (3QL
Similarly, the fracture toughness of this steel based on
stretch zone measurements decreases bilinearly with
increasing log (jQ), though in a convex fashion. This
slight discrepancy in results in terms of
concavity/convexity can be explained in terms of the

variability in both specimen a/w ratio dependence and
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eéxperimental errors associated with each method of JQ
determination.

Correlation of the fracture toughness obtained between
these two methods of JQ determination indicates that the
fracture toughness-loading rate relationship of this steel
can be further simplified to a linearly decreasing function
of the loading rate that spans eight orders of jQ'
Specifically, Jg is seen to range from 69 kJ/m? (quasi-
static) to 5 kJ/m2 (dynamic) while jb ranges from

101 kJ/m2s-1 (quasi-static) to 107 kJ/m?s"1 (dynamic).
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CHAPTER ONE

INTRODUCTION



With the advent of technology comes more stringent

demands on material performance and application. One
persistent problem is a metal's increased tendency toward
catastrophic clevage fracture at tensile loading rates
approaching the stress wave regime. Survey of the
literature indicates that there have been much theoretical
and experimental investigations into the use of dynamic
fracture toughness parameters for characterization of this
loading rate effect. The establishment of a dynamic
fracture toughness parameter would be the logical first step
to a systematic investigation and subsequent control of
dynamic material properties.

However, the same survey would also indicate that
current experimental research efforts into dynamic fracture
toughness characterization are on the whole disjointed, with
tests results from one experimenter not immediately
correlatable to others'. This disjointness is due, on the
most part, to the fact that there is at present no agreed
upon test procedures, specimen configuration or
interpretation of experimentally obtained values. Also,
much of the present experimental research efforts is
directed at high speed compression testing, while
engineering failures of interest are mostly tensile in
nature. In addition, most test conditions do not include
stress triaxiality, a serious test deficiency in view of the
presence of cracks in all engineering structures.

Consequently, there is a clear and present need for an

experimental fracture toughness testing procedure that



utilizes tensile loading and stress triaxiality to
characterize quasi-static to stress wave induced fracture.

This study attempts to address this fundamental need
through a testing procedure based on an author designed
dynamic test set-up and state-of-the-art fracture toughness
measurement methods. This original experimental set-up
involves the adaptation of an existing compression Split
Hopkinson Bar to simulate stress wave loading under tension,
using compact tension specimens to incorporate their
associated stress triaxiality. Simplicity in design,
assembly and data interpretation are the main features of
this new design. This testing procedure yields a fracture
toughness parameter JQ, which is proposed as a candidate to
characterize the loading rate effects of fracture toughness
for metals.

Experimental procedures, described in Chapter Three,
were adopted to investigate the loading rate dependence of
fracture toughness of AISI 1045 steel in the annealed
condition, Fracture toughness testing using an Instron
servo-hydraulic tester at quasi-static, slow and high speeds
were performed. In the stress wave loading regime, tests
were performed at two additional loading rates using the
author designed apparatus. Fracture toughness in terms of
JQ at these five loading rates were evaluated using the
experimental load/load-line displacement curves. Compact
tension specimens of three different crack lengths (a/w

ratios) were used to evaluate specimen dependence of JQ. In



addition, a standard ASTM E813 Jic fracture toughness test
was performed to establish a baseline quasi-static fracture
toughness value for comparison purposes. Stretch =zone
measurements of fracture surfaces were performed using
scanning electron microscopy. Jg values evaluated based on
stretch zone measurements were used as reference fracture
toughness values for all remaining test speeds,

Experimental results for the five loading rates are
presented in Chapter Four. These results include the
variation of Jg with loading rates, the dependence of JQ on
specimen geometry and stretch zone measurement results.

Discussions on the experimental results and the various
assumptions and models used in data interpretation are
presented in Chapter ¥Five. TIn addition, an evaluation of
the general test methodology is also included.

Finally, general conclusions derived from this work are

presented in Chapter Six.



CHAPTER TWO

LITERATURE REVIEW



Current interests in dynamic fracture toughness
characterization represent one of the newest and least
understood branches of fracture mechanics. However, the
fundamental objective of dynamic fracture analysis, similar
to the general field of fracture mechanics, is still the
desire to quantitatively and qualitatively assess the
process of fracture with the ultimate goal to control the
fracture process., Similar birthpains were experienced by
Linear Elastic Fracture Mechanics (LEFM) and Elastic-Plastic
Fracture Mechanics (EPFM), with the eventual standardization
of K1¢ and Jyg test procedures to characterize the quasi-
static fracture process.

In this chapter, the concepts of LEFM are briefly
described, and the three most promising EPFM techniques are
discussed. A review of the current understanding of
fracture toughness dependence on specimen geometry is also
given, Following these quasi-static crack considerations is
a brief discussion on the fundamentals of stress wave
analysis, This in turn is followed by some theoretical
dynamic crack considerations, and the current understanding
of fracture toughness dependence on loading rate. Finally,
attention is directed at the historical development of
dynamic fracture toughness testing techniques. It will be
shown that the author designed dynamic fracture test setup
represents a natural extension of past efforts, and
therefore distinguishes itself as the latest experimental

technique in dynamic fracture toughness characterization.



2.1 Linear Elastic Fracture Mechanics

Linear Elastic Fracture Mechanics (LEFM) is the
earliest attempt at applying continuum mechanics principles
to the solution of fracture problems. The solution
methodology is essentially that of identifying the field
variables (stress, strain and displacement) as a function of
the distance ahead of a crack tip., The major shortcoming
of LEFM is that the solutions are only valid at distances
moderately far away from the crack tip where the material

response is basically elastic.

2.1.1 Continuum Mechanics Approach of LEFM

Fundamental to the analytic solution of all fracture
problems is the formulation of an appropriate stress
function, a concept originated with Airy. Given the well
known equilibrium and compatability equations, the problem
faced by Airy was to find a suitable function, , in two
dimensions which satisfies these conditions from continuum
mechanics, and thereby enabling the stresses to be related
to the applied loads. Airy first demonstrated that such a
function existed in 1862 [1], and he proceeded to use this
function to solve for the problem of an infinite plate
(plane stress) with a hole in the center.

Some 50 years later, Inglis in 1913 [2] applied the
Airy stress function principle to the solution of an
elliptical hole in an uniformly stressed plate. It was
observed that, by increasing the ratio between the major and

minor axes of an ellipse, one would approach the solution to



a crack in an infinite plate.

Westergaard in 1939 [3] was able to do precisely the
above and provided the first vigorous solution for the case
of a crack in an infinite plate, Westergaard's solution

consisted of specifying the stress state ahead of a crack in

terms of the nominal stress and crack length in the form:

fi5 Co)d ( 2.1)

By convention, the Stress Intensity Factor, SIF, is denoted

K=¢gJ 7 a ,

and therefore o] ij = fij (6 ) ( 2.2)
271 r

As can be seen, the SIF is used to represent the
intensity of the stress field in front of a crack where LEFM
applies, and exhibits the well known singularity property
(1 / Jr). As a material fracture toughess parameter, a
critical value of K, Kp, represents the limiting conditions
of applied stress and crack size at the onset of brittle
failure. In general, there are three separate modes of
failures and therefore three values of Ke: Kies K11c and
Ki11c- Figure 2.1 shows the three modes of failure and Fig.

2.2 1lists the associated field functions.

2.1.2 Energy Approach Of LEFM

Aside from the progress of a continuum stress analysis
that seeks to identify the field variables in the vicinity
of a crack tip, a parallel development in terms of

understanding the basic energetic requirements for crack



(a)

(c)

re 2.1 The three modes of fracture, (after Ref. 10)

(a) Mode I, (b) Mode II, (c¢) Mode III.
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propagation and failures was undertaken by Griffith in 1920
[4].
The conventional statement of Griffith's thermodynamic

crack propagation criterion is as follow:

1) an existing crack will propagate if this leads to a
reduction of the total energy of the systenm

or 2) the incremental elastic energy loss (we) due to the
propagation of a crack should be >= the work needed
to develop a new crack surface (Wg)

By taking into account the plastic work needed to create a

new surface in a real material, Irwin [5] and Orowan [6]

translated Griffith's crack propagation criterion into the

form:
%2 1C = 2 E G, ( 2.3)
where Gc = critical crack extension force/crack length
O¢ = failure stress
C = crack length
E = Young's Modulus

By noting that the right hand side of Eqn 2.3 is a material
quantity, it is apparent that the left hand side must also
be a material quantity, and one then arrives back at the
conventional definition of the critical SIF in mode I as
Kig = o {7ec ( 2.4 )
Further, it can be shown that the energy and the stress

requirements for fracture are simply related:

K2
G = ———- where E' = E plane stress
ET
E ( 2.5)
1-v2 plane strain

Finally, it must be kept in mind that the Griffith

criterion is only a necessary but not a sufficient condition

11



for crack growth., As an energy criterion, it does not take

into consideration the path dependency of crack growth.
Also, as a thermodynamic approach, the Griffith criterion
also does not account for the irreversibility that is

inherent in any crack initiation and growth phenomenon.

2.1.3 Plastic Zone Correction

The formulations and solutions of problems as outlined
in the previous two sections are applicable only in the
realm of LEFM. However, true brittle failure occurs only
for certain materials such as glass, ceramics and diamond.
Therefore, the fracture toughness predicted for most
engineering materials using LEFM analysis are conservative.

To extend the accuracy of LEFM analysis to real
materials, the earliest attempts had been the use of plastic
zone size correction factors to account for material
yielding before failure,. The general solution methodology
was to first estimate the plastic zone size ahead of a real
crack created as a result of the loading situation. This
plastic zone would then be used to calculate an effective
crack length, ag¢g, that is greater than the original crack
length, 845. Field variable calculations would be performed
using this adjusted crack length, and the solutions applied
to distances moderately far away from the crack tip. Two

such approaches would be given here.
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Irwin's Correction

Assuming plane stress and no material strain hardening
(the lack of material strain hardening effectively
overestimates the actual plastic zone size), Irwin further
assumed the plastic zone would begin where the stress in the
material exceeds the yield stress (Fig. 2.3). Irwin was

able to show that the plastic zone radius takes on the form:

1 [x 72
y = — for plane stress (2.6a)
2T o
ot Y-ﬂ‘
1 Bk
yo= = for plane strain (2.6b)
o Lov ]

Dugdale's Solution

Assuming also plane stress and no material hardening,
Dugdale [7] approached the problem from an equivalent SIF
point of view,

He let the plastic zone be loaded by a continuous
distribution of yield stress load points for a crack of
original dimensions 2a (Fig.2.4). Applying Westergaard's

solution he was able to show that

2 GY a
KIC = J:ﬁ::\l c coscl [j;‘J ( 2.7 )

He then equated this SIF with that obtainable from an

originally elastic crack of length 2c¢. This then yields:

a T G
— = €08 |[————— (2.8)
c 20y 9 9
To
and as 0/ 0y becomes small, a/c -=> 1 = |=———m
8(5y%_

13



- K -
i \% = % ayl ==

Hemr) 1 N~ ?
\
\
A Y
\\
s e : -
ey ! ! r
— et
a ] a H d'( [}
{a) (b}
» 4
i
T s X i\ = K7
“Y2ney o] 1 \\ou‘ 2]
I
oy : i \\\
! N
e : — j -
a Yo a P
{c) {d}
Figure 2.3 Graphical representation of the Irwin

plastic zone correction. ({after Ref. 10)
(a) Elastic stress distribution,

(b) Formation of plastic zone,

(c) First estimation of plastic zone size,
{(d) "Notional" elastic crack.

N

-—n—-’a——_“q

o

Figure 2.4 Graphical representation of the Dugdale
plastic zone correction. (after Ref. 50)

14



T K2
and by letting 2r = ¢ - a , Py = —e— ( 2.9 )

2
16<3y

2.2 Elastic Plastic Fracture Mechanics

In LEFM, by assuming negligible yielding or a plastic
zone size correction, one uses a stress/force approach to
arrive at a fracture toughness parameter, K. In Elastic
Plastic Fracture Mechanics (EPFM), one recognizes that in
most real-life situations where failure is ductile in
nature, some strain energy released from the fracture
process goes into plastic zone formation (crack blunting)
and not crack propagation. Therefore, the general stress
and strain fields cannot be accurately modelled by LEFM,

The purposes of EPFM are therefore two folds:

1) a better understanding of the process of ductile
fracture
2) to circumvent the problem of LEFM (large specimens are

needed to qualify for LEFM test procedures for ductile
materials) by correlating EPFM test results (using
small specimens) with the conventional LEFM fracture
parameter, K,

In the field of EPFM, there are currently three

approaches that seek to account for crack blunting.

2.2.1 Crack Opening Displacement and Stretch Zone Width

In 1960, both Cottrell [8] and Wells[9] independently
proposed that the amount of crack cpening prior to crack
extension, for a given material tested under a given set of
conditions, as a parameter to characterize the crack tip

region, According to Dugdale's solution for plane stress

15



based on Westergaard's stress function, the CTOD (Crack Tip

Opening Displacement) at failure is given by:

80

y [ "% 7

CTOD, = a ln L-sec (——) (2.10)
2 oy _

T E

which from either a geometric argument [9] or assuming

% « Uy [10] yields
sz T a K2
CTOD, = = = e (2.11)
Oy E UY E

Wells was able to show further that by letting

4K 2 r
CTODC = (2.12)
E T

and using Irwin's plastic zone correction factors (Eqns 2.6)

K2 m = 0.785 for plain stress
CTODy = S (2.13)
m GyE' m = 1,36 for plain strain

Dawes[11], by assuming linear elastic material behavior
(Eqn 2.17), extended Eqn 2.13 to

J
CTOD =

(2.14)
m o]

y
where m is estimated to range from 7/4 to greater than 2
(Figs. 2.5) [12].

It is reasoned that even if an exact numerical
relationship between CTOD and fracture toughness is not
known, proof of the uniqueness of CTOD as a material
parameter would still allow for a meaningful qualitative

comparison of results from small laboratory specimens to

real life loading situations.
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Figure 2.5 Mathematical models of crack tip o ening
displacement (CTOD). (after Ref., 12
(a) Summary of results,
(b) Graphical models of crack tip used in 2.5a.
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The main difficulty in using CTOD, however, has been
the practical measurement of the onset of crack initiation,
CTOD;. Various formulae were introduced to correlate the
values from a specimen face mounted crack opening
displacement gage (COD) to CTOD [10,13].

Although problems exist in the exact determination of
CTOD at crack initiation, the underlying principle of crack
blunting and subsequent material constraint to crack growth
is valid enough. Therefore, it would seem reasonable to
examine a material process which concentrates more closely
on crack initiation for fracture characterization.

Spitzig [14] was the first researcher to notice the
correlation between CTOD and a "stretch zone" - a relatively
featureless, slightly rippled region, observed between the
fatigue-cracked and the overloaded fracture region {brittle
or stable crack growth) of fracture specimens (Fig. 2.6).

The change in contour associated with the stretch zone
(SZ) facilitates the determination of its boundary under
stereoscopic viewing of scanning electron micrographs.
Spitzig had found a typical SZ variation of 25% to 50%
across the fracture surface.

For the two known cases where the SZ7 width(w) and
height(h) were independently measured, the stretch =zone
slope angle & was found to be ~37° (Fig. 2.6) [12,14]. Yet
conventionally, 6 is assumed to be 450[15]. Obviously, ©
is at least a function of the flow properties of the

material, the orientation of local slip planes and the
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Stress state (plane stress/strain), with the relative

importance of any one of these factors uncertain.

Also, the stretch zone width is known alternately as
the actual width of the SZ (Fig. 2.6) [14], or the diagonal
of the SZ measured at 45 to the plane of fatigue crack
propagation (Fig. 2.7) [15]. Currently, the JSME (Japanese
Society of Mechanical Engineers) uses the actual width of
stretch zone to determine Jyc [16].

Although SZ measurement represents the most direct
record of the fracture process, SZ determination requires a
high capital investment in a scanning electron microscope
(SEM). In addition, a SEM requires meticulous specimen
preparation after the fracture process before micrographs of
the fracture surface could be taken. Therefore, this method
of fracture toughness characterization does not lend itself

to automated data analysis and is also time consuming.

2.2.2 J-integral

In contrast to SZ measurement, J-integral determination
represents the state-of-the-art automated fracture toughness
testing procedure. Since its introduction less than twenty
years ago, the J-integral has firmly extablished itself as

an elastic-plastic fracture toughness parameter.

2.2.2.1 J-integral Theory

The J-integral, as proposed by Rice[17], is a path

independenttwo dimensional energy line integral that
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evaluates as a fracture parameter for linear and non-linear

elastic materials subject to proportional loading and

deformation plasticity constraints. With reference to
Fig. 2.8,
J=§(Wdy-Tiauids )
T ax (2.15)

where W is the strain energy density, T; is the surface
traction vector ( Oijnj), Uj is the displacement vector, ds
is a differential element of an arc length along [ and n
are the direction cosines of a unit vector n. Proportional
loading implies dgij =cC Eij,such that the loading process
introduces no inhomogenity into the material. Deformation
plasticity implies 034 = f(e ij)’ or that no unloading or
history dependent deformation is allowed. With the

deformation plasticity assumption, W =/ Uijdgi The crack

iz
tip region is treated as a stress/strain singularity.

With its path independence, J computed on a contour
remote from the crack tip is seen to directly control the
near tip stress/strain distribution and magnitudes before
the onset of fracture.

Knott[10] has shown that J can be seen as the net

energy reduction (change in potential energy) for the case

bounded by a sharp crack (J = S Wdy) and that of a strictly
0

ox
has shown Jda to be the energy change in crack extension

blunted crack (J = I Ti Cuy dsda), Similarly, Paris [18]

(Fig. 2.9) with

Jda=fwdyda_§’fi Ni 35 da ( 2.16 )
I ox

21



I s g —— o— — — gy—— 4‘\

|
ﬂ
|
|

Crack

Figure 2.8 Graphical Definition of the J-integral. (after
Ref. 50)

Figure 2.9 J around contour [ at a crack tip. (after
Ref. 18)

22



J@dyda = the strain energy gained (and lost) by moving to
the new contour (for non linear elasticity) gnd

ITi_zﬁ;asda = work done by traction on the contour in
3 X moving

Rice [17] has further shown that for the linear elastic case
x2
J =06 = ——v (2.17 )
El
and that for nonlinear elastic cases, J=G due to J's
potential energy change definition.

Rice and Rosengran [19] and Hutchinson [20] both
independently showed that J, analogous to K (Fig. 2.2),
controls the stress/strain fields for a power law hardening
material in the vicinity of the crack tip (the HRR

solution), McClintock [21] further showed this relationship

in an explicit form:

n
J n+]
o..(r,8) =0 ) 5.. (&)
i —1__ &, ( 2.18
J Y In oy rn/nﬂ 1) a )
1
M1 (e) ( 2.19b )

_ J
ciJ (roe) = (In oy) r]/r+] Cij

where I, is a function of the work hardening exponent n, and
the mode of crack opening. For the case of 1linear
elasticity, these two equations transform into the equations
listed in Fig. 2.2, and thereby extending an analytical

stress/strain solution to a previously uncharted region.
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2.2.2.2 J-integral Determination

Providing the stress/strain fields of a body are known,
the J~integral can simply be evaluated using the line
integral definition (Eqn 2,15). This is the typical J-
integral evaluation method for finite element analysis. The
major considerations are the proper modelling of material
behavior through the use of constitutive equations and
accurate modelling of the crack tip region, the crack
blunting process and crack advance.

Experimentally, the evaluation of J has its first basis
in J's definition as the potential energy decrease rate/unit
crack length, J = -dU/da. Begley and Landes [22] performed
the first experimental evaluation of J in 1972 via this
definition. Their methodology suffered in that a number of
specimens of different a/w ratios were needed to identify
J1c. However, the most serious disadvantage of this method
is the fact that crack initiation was not identified in any
of these tests., Crack initiation was taken to be coincident

with maximum load, P which for any real engineering

max:?
material that contains blunting of the crack tip, this would
yield an optimistic Jyg.

Subsequently, J-integral estimation formulae were
developed to estimate J for different specimen shapes. The
most important one is the estimation formula for all
specimen shapes, subjected to a bending moment, where the
only significant specimen dimension is the remaining

ligament width. Rice [23] showed that for this case J can

be evaluated exactly through
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J = ( 2.19 )
b
where U = the area of the load displacement curve per unit
thickness
b = remaining ligament length

Applied to a Compact Tension Specimen, Eqn 2.19 takes

on the form [24]:

1 4+ ¢ 2 U
J = ( 2.20)
1 + 02 b
where o = geometric factor for compact tension specimen

Currently, a standard for Jic testing has been issued
by ASTM (American Society for Testing and Materials) under
E813-85, The J-integral Resistance curve method is
illustrated in Fig. 2,10,

For all real deformation cases, J's interpretation as
the change in potential energy lends itself as a
characterizing energy parameter that encompasses the overall
energy requirement of the fracture process. It is this
interpretation that is utilized as the theoretical basis for
interpretating the load/load-line displacement curves

generated in this work.

2.2.3 Strain Energy Density Factor

In general, ductile crack initiation and propagation
involves the creation of many microcracks along the path of
the main crack (cracks), and therefore dilational and
distortional energy must be considered. The conventional
approach of using Von Mises's yield criterion (plastic

deformation (deviatoric stresses) leading to failure) is
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incomplete as it does not account for the dilational energy
or the creation of microcracks. Therefore, it seenms
reasonable to use the total strain energy function

W =.j Gijd Eij to characterize fracture.

As noted in section 2.1, in the elastic region,
013 =_§i__.ﬁij (8 ) and that in the elastic plastic region
2mr
(section 2.2), %ij = Ji 8ij (g ) where X # 1/2. It is
A
r

apparent that a stress discontinuity occurs over the
elastic-plastic interface, and therefore any fracture
parameter based on a stress criterion has unknown errors.
However, the strain energy density for both K and J
controlled regions exhibit a 1/r singularity [19,20], and
therefore strain energy density promises to be an analytical
basis for examining both the elastic and elastic-plastic
regions. Sih[25] therefore proposed a strain energy density

function, dW/dV such that

dW S
=== = —— , § = strain energy density factor
dv T

S is a finite quantity defined by the area under the curve
at a distance r (Fig. 2.11), and dW/dV is the area under the
true stress and true strain curve.

The fracture process is assumed to be governed by a
material achieving a critical strain energy density function

as a crack propagates to global failure, or

aw* S1 Sy S Sc*  Sp*
J— T e 2 e I, S e F oL e T s Y e = CQONSL
dv c I ) rj r.* ro*
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¢ is the critical ligament that triggers failure and
(dW/dV),. is determined experimentally from an uniaxial

tensile test., TFor brittle materials (Fig. 2.12),

Caw ] * [aw]
—_— = — ( 2.22 )
| dV ¢ _dV_|c

and for elastic plastic cases (Fig. 2.13):

Taw | * AW dw
- N - _ ( 2.23)
_dV_C _adVﬁ_C dvV _ip

This concept of using a critical strain energy density
factor to characterize fracture toughness has been verifed ,
by application to a number of ductile fracture problems, for
the assumption of dS/da= constant (Figs. 2.14). However,
this method of elastic plastic fracture characterization

still awaits widespread acceptance.

2.3 Specimen Geometry and Fracture Toughness

One of the most important goals of experimental
fracture mechanics is the "negative" goal to define the
limits of test and specimen configurations to arrive at a
consistent fracture parameter. In this sense, any measured
differences in fracture toughness values (X,J,G) are
indications of dependence on testing variables rather than
actual material toughess variation. Specifically, specimen
geometry variables that should be investigated are the
overall specimen configuration, the specimen thickness B,
and the remaining specimen ligament b, or equivalently the
a/w ratio. An ideal fracture test should be independent of

all these variables,
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2.3.1 Overall Specimen Shape

Earlier works on experimental evaluation of the J-
integral by Begley and Landes [22] indicated that bend bars
and center crack panels yield approximately the same J1c
values. However, the validity of this assessment is

uncertain due to their use of maximum load, P as the

max’
point of crack initiation. More recently, works by Penelon,
Bassim and Dorlot [26] showed that the J-integral from
precracked Charpy size specimens are much lower than those
from three point bend specimens.

At present, ASTM stipulates the three point bend (TPB)
and the compact tension specimen (CTS) as standard specimens
for J~integral and X evaluation. Intuitively, it could be
seen that results from these two specimens should be
different,. Standard quasi-static fracture toughness tests
rely on servo-hydraulic test frames to generate both the
load and stroke signals. The influence of the overall test
frame compliance (test jig and uncracked specimen) is higher
in the TPB due to its cantilever configuration, and
therefore higher J values can be expected for TPB vs CTS

tests. At present, the author is not aware of any direct

comparison of TPB to CTS results.

2.3.2 Specimen Thickness

With reference to Fig., 2.15, region A is known as the
plane stress fracture region where thin sheets fail in slant
fracture profiles. Fracture toughness has its highest value

in region A due to the higher plastic zone allowed by the
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lack of stress constraints (cf. Eqn. 2.6a). For region C,
square fracture in thick sections as a result of crack tip
triaxiality and a constrained plastic zone occurs. The
stress intensification in region C can be as high as 3 Uy.
The size of the plastic zone is usually assumed to be of the
form in Egqn, 2.6h.

In recognition of the need to clearly identify plane
stress/strain fracture mode, associations such as the ASTM
(American Society for Testing and Materials) stipulates

specimen width constraints in the form of B >= « [EIC i2
o
y |

for standard plane strain fracture toughness testing [27].

2.3.3 Crack Length or a/w Ratio

Recent works by Gudas, Joyce and Davis [28] showed that
although the absence of side-groving tends to raise the
apparent Jyo values due to the lack of crack extension
constraint and shear lip formation, Jyc is on the whole not
a function of the a/w ratio. However, an inverse parabolic
variation of G, the strain energy release rate, with a/w was
found by Adams and Munro [29]. Similarly, Kalthoff et al
[30] have shown that Kyp is a function of a/w for dynamic
fracture (Fig. 2.16). This was explained in terms of the
effective crack length as "sensed" by a short duration
pulse. The relation K = ¢ J“?mg— implies a decrease in
fracture stress as the crack length, a, increases to
maintain a constant Kyg. However, in stress wave loading,

as the crack length increases the envelope of the loading
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pulse becomes of similar magnitude to the crack length and a

limiting fracture stress is reached. This limiting fracture
stress translates into a rise in the critical fracture
toughness value,

Furthermore, Dawes [10] reported that the critical
crack opening displacement, COD., is also a function of a/w
and specimen thickness, B. 1In particular, for a/w <= 0.5,
where a/B = 0.5, COD = COD¢

a<<B COD

10 COD¢ ( low a/w )
a>>B COD = 2 CODg ( high a/w )
Dawes' own work have shown that for any temperature, COD.
decreased as a/w increased, for 0.2<=a/w<=0.5, and a similar
trend was observed for J. Similar results were reported by
de Castro et al [13]. They investigated the relationship
between COD and a/w as a function of temperature (Fig.
2.17). As a first approximation, one could view low
temperature as similar to high strain rate in its effects on
fracture toughness.
From Knott [10], it was shown that agreement of X and
J values using different specimen geometries depend
critically on the relative size of the plastic zone and
crack length during test (Fig. 2.18). Although the
principle that underlies any crack length criterion
(alternatively the a/w ratio) should depend on the deviation
of the real stress distribution from that of a single term
approximation (Eqn 2.1), the standard criterion for K and J

testing is still not based on a percent deviation of stress
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but on an arbitrary ratio of the plastic zone and crack

length.

2.4 Stress Wave Analysis

In ordinary engineering structures where the applied
forces or the reactions are either time invariant or occur
over a long period of time, a macroscopic or quasi-static
analysis is adequate in explaining and predicting all
actions and reactions using classical theories. However,
wave analysis must be used for the class of problems where
the finite time required for a body to achieve equilibrium
is of similar order of magnitude to the loading and reaction
times involved. A microscopic analysis of the material in
the sense of analyzing the disequilibrium itself as a
function of time is needed. Although the basic action-
reaction classical laws are not violated, the time dependent
nature of the disequilibrium yields results that are very

different from those obtained quasi-statically.

DEFINITIONS

An elastic wave or pulse is generated and transmitted
through a body when different parts of the body are not in
equilibrium. As a continuum, a finite time is required for
any disturbance in a part of the body to be felt throughout
the body. The rate at which a body will respond to this

disequilibrium is known as the characteristic speed of wave

propagation, or the wave speed, which is a material

property. In general, the wave speeds are different in
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different directions within the body as a function of the
lattice structure.
Fundamental to wave analysis is to make the distinction

between the wave speed and the particle speed in a body.

The particle speed is the rate at which individual molecules

are caused to deviate from their equilibrium position, and
is obviously a function of the applied forcing situation.
Waves that travel through the mass of a body are called
body waves, whereas those that travel over its surfaces are
surface waves,. The waves themselves can be either
longitudinal or torsional waves. As longitudinal waves they
may be compressive waves or tensile waves. In considering a
stationary bar, and neglecting Poisson's effect, a
longitudinal compressive wave causes the individual
particles of the bar to displace or move in the same
direction as that which the wave travels; and in the case
of a longitudinal tensile wave the particles move in the
opposite direction to that which the wave travels., In the
case of a torsional wave the individual particles move or
oscillate entirely in a plane which is transverse or at
right angle to the direction of the wave. The details of
wave propagation and the stresses produced are covered in
reference [31]. For later reference, the stress produced in

a material as a result of stress wave propagation is:

6o = v N E p, ( 2.24 )

where v = particle velocity
E = Young's Modulus
Po = material density
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REFLECTION AND SUPERPOSITION OF WAVES

In considering a rectangular pulse in a bar, it is
understood that a configuration such as that of Fig. 2.19
exists in the bar itself, The pulse is seen as a localized

event that moves within its own envelope. Briefly,

1) a compressive(tensile) wave would be reflected at the
free end into a tensile(compressive) wave where the
overlapped portion would have doubled the original
particle speed and be stress free;

2) a compressive(tensile) wave at a fixed end would be

reflected as a compressive(tensile) wave with the
overlapped region doubly stressed and stationary.

2.5 Theoretical Dynamic Crack Considerations

Traditionally, dynamic LEFM also assumes that the body
in question is governed by some form of the SIF, Kce In its
eéxtension to elastic-plastic analysis, elastic-viscoplastic
models may be used. However, by and large, all
analytical/experimental models merely assume numerous
material simplifying assumptions, such as material
homogeneity and an assumed dynamic yield stress value, to
somehow compensate for the average strain rate effect,

Early works in the area of dynamic material response
includes those by Achenbach [32] on elastic waves in brittle
solid and Clifton [33] on plastic waves. A detail treatise
on crack propagation in an elastic solid under various
loading rates was presented by Freund [34-36].

More recently, small scale yielding in elastic/rate-
dependent solids was investigated by Freund and Hutchinson

[37)]. By imposing a critical near tip energy release rate
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Figure 2,19 Definition of rectangular pulse in bar.
(after Ref. 31)

39



as a fracture criterion, they were able to formulate a

propagation equation for growing cracks.

In addition, Freund and Douglas [38] have studied the
case of steady-state anti-plane crack growth in an elastic
ideally-plastic material. Finite element modelling
indicated that fracture toughness is very dependent on crack
speed due to the significant influence of inertial effects.

With the increased popularity of the J-integral by
Rice, there is much interest in the use of dynamic line
integrals to characterize dynamic crack initiation.

Extension of the traditional Griffith type energy
balance to crack growth in materials exhibiting non-linear
deformation characteristics has been tried but resulted in
physically unacceptable results [39,40]. There is of course
no defect in the idea that energy must balance in the
fracture process. Rather, the inconsistency arises due to
the fact that macroscopic, continuum models of crack growth
does not take into account the energy relations in the
fracture process zone, however small that zone may be.

With reference to Fig. 2.20, Rice [41] has shown that

the energy flow to the crack tip should be properly modelled

as
Ll - d »
Ga = f Ns geu ds - mwm-f W dA + =a I W ny dsS
r dt VA r ( 2.25 )
= - ne0 3 3
where J = IT(W n, ne” o u/ 9 x) dS
Rice further showed that G = J and are both material

r
constants if and only if crack growth takes place under

conditons of steady state with respect to the moving crack
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Figure 2.20

Figure 2.21

Notation for discussing energy flux to a
mathematically sharp, structureless crack
tip;: the x', y axes, region A, and
contour move through the material with
the tip. (after Ref. 39)

Diagramic details of line integral .by
Kishimoto. Aong: fracture process
region, rend: boundary of Aeng:
arbitrary curve surroun%ing A and
s+ curves along crack surfaces,
90 direction of infinitesimal crack
extension. (after Ref. 42)
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tip, ie,

u % u(t) and W % w(t)

This then cast doubts on the use of the line integral
definition of the J-integral as a dynamic crack initiation
parameter, since this static integral does not take into
account the velocity of the crack tip nor the time rate of
change of the strain energy density.

On the other hand, Kishimoto et al [42] proposed a path
independent integral, ?, that they believe accounts for the
fracture process zone, effects of plastic deformation, body
forces, thermal strain and inertia for a material of an
arbitrary stress~strain relation., Derived on an overall

+ F:. = u

energy balance consideration of the form i

%i3,3 is

which recognizes the existance of a net resultant force,
they showed that (Fig. 2.21):

o) g | fotewi- o)
k=]¢,2 or, Ay T‘EZ dr+ ) o’q;f‘%(m!. E);;Z déf ( 2.26 )

A A
with the fracture criterion being J = J_. where
A A A
J = Jl cos 8 o + J2 sin 80
A

J represents the rate of energy change in the fracture
process zone and is undefined explicitly as continuum
mechanics does not operate in the fracture process zone.
They view ? physically as the crack driving force. By
assuming elastic material behavior, and alsoc that body

forces, inertia of materials and crack surface traction are

absent,

>

I

[
et

]

= [ Wemy - T3 Ry 4 ( 2.27)
r 1
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which is the same as the J-integral by Rice.

2.6 Loading Rates and Fracture Toughness

Contrary to specimen geometry dependence of fracture
toughness, fracture toughness variation as a function of
loading rate is probably the most sought after "positive"
relation in current research, as loading rate is one of the
two main factors that control cleavage vs ductile fracture
(transition temperature is the other factor). Loading rates
from quasi-static to dynamic are experimentally and
numerically generated to observe fracture toughness
variations.

As the fracture mode changes from ductile to cleavage
fracture, the energy required to fracture any specimen must
necessarily decrease. Therefore, the usefulness of any
fracture parameter to characterize strain rate effects
depends on the parameter's ability to reflect this fracture
energy decrease with change in fracture mode. Within the
last ten to twenty years, researchers are beginning to rely
heavily on extension of the quasi-static X and J fracture
parameters to quantitatively characterize dynamic fracture.

The usual convention for classifying rate effects on
fracture toughness is k = KIC/tC, assuming LEFM conditions
apply. The critical time, t., is the time from the time of
loading to the critical crack event as defined by the
experimenter. It is assumed that X =1 MPaJ;é‘l constitutes

the static value [27]. Following the static case:
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1) conventional fracture mechanics specimens in servo-
hydraulic machines

k up to 1031\‘IPa\]--rﬂﬁs"1

2) bending impact specimens using pendulum or drop weight
X = 103 to 105 MPaJms~]

3) stress wave loading

K = 104 to 109 MPajms~]

The dependence of X on loading rate is different for
clevage and ductile fracture [43]. In the clevage case K
generally decreases as k increases. However, the trend as
depicted by Fig. 2.22 was observed by Klepaczo [44]), Eftis
and Krafft [45] and Radon and Turner [46],. It is
traditionally believed that as the rate of crack loading is
increased, the deformation may become adiabatic with respect
to the plastic zone, and the subsequent gross relaxation at
the crack tip would drive up the K value. However, a
countering view holds that the rising portion of the curve
in Fig. 2.22 may actually be measuring crack propagation
effects rather than crack initiation energy requirements
[43].

On the other hand, work by Costin et al [47] indicates
that this general loading rate effect may sometimes be
overshadowed by microstructural considerations such as void
coalescence. In their work using circular bar specimens,
they have found that for SAE 4340 steel no strain rate
effect on either Kyg or Jyc was observed. Alternately, SAE
1020 cold-rolled steel was found to exhibit a sharp decrease

of both JIC and KIC with strain rate.
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Joyce [48] determined a dynamic J value, Jgps for A533B
steel at 150°C and K “4x103 MPaJms~l. The general
conclusion was that the slope of the Jgp curve was fairly
unaffected by rate effects but that the level was shifted
upward about 507 compared to the standard J-Resistance
curve., In another investigation on a medium strength alloy
steel Joyce [49] found no significant rate effects.

Bayoumi [50], on the other hand, found significant
decrease in J values from 68.5 to 27.8 KJ/m2 as t. goes from
2.66x108 ps to 26 ps (equivalent K from 0.5 to 3.1x100
MPaIEs'l). In his work, Bayoumi performed dynamic tension
tests using a compression Split Hopkinson Bar and Wedge
Loaded Compact Tension specimens.

More recently, there is a renewed interest in
investigating shear band formation and the role of shear
bands in controlling the fracture toughness-loading rate
relationship [51-53]. Although a complete understanding of
shear band formation and its effects is still lacking, it
would appear that high loading rates sometimes result in
localized shear bands that tend to lower the fracture

toughness of metals.

2.7 Historical Development of Dynamic Fracture Toughness
Parameters

Experimentally, numerous difficulties still persist
after a few decades of intense experimental research into
the area of dynamic fracture characterization. Although

progress has been made in generating short loading pulses,

46



there is still great difficulty in accurately measuring the
load as sensed by a specimen and the subsequent specimen
strain, There is at present no agreed upon specimen
geometry, interpretation of experimental results,
determination of crack initiation or definition of effective
gage length in dynamic fracture analysis. Details of past
and current research works are presented in this section.
It is precisely this problem that has led to the present
work - an attempt to standardize dynamic fracture toughness
evaluation through the use of a specimen that possesses an

engineering wise realistic stress state,

2.7.1 Qualitative Dynamic Fracture Toughness Parameters

Earliest attempts at dynamic fracture characterization
involved qualitative comparison of the conditions that
caused brittle/ductile transition in metal fracture mode.
These early attempts involved notched bar tests using either
Charpy or Izod specimens [54]. These tests provided a high
degree of plane strain, and fracture toughness was measured
in terms of absorption of impact energy provided by pendulum
strikers, These tests suffered in that the relative energy
absorption could not be wused directly for design
calculations. Also, the small specimens used in these tests
did not always provide a realistic model of the actual
service conditions.

The transition to thicker specimens was pioneered by
Pellini [55] and the Naval Research Laboratory. Tests such

as the Drop Weight Test and the Dynamic Tear Test used
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large, guided falling weights to provide the impact energy.
Absorbed impact energy values were then used to

qualitatively compare the fracture toughness of metals,

Although qualitative tests only provide dynamic
fracture toughness information in terms of "degree of
ductility", they have the advantage of simplicity in their

construction and data interpretation.

2.7.2 Quantitative Dynamic Fracture Toughness Parameters

Although qualitative parameters are economical and
simple to obtain, they are inadequate in applications where
low safety factors must be maintained. Also, the impact
energy levels obtainable from these tests are insufficient
to cause stress wave loading of their specimens. Therefore,
in modern engineering applications where stress wave loading
and low safety factors are present, there is a clear need
for quantitative dynamic fracture toughness parameters for
metal characterization. The most promising candidates
todate are variations of the original Hopkinson Pressure

Bar.

HOPKINSON PRESSURE BAR

In November 1913, Bertram Hopkinson [56] released a
paper describing a simple technique whereby "it is possible
to measure both the duration of (a) blow and the maximum
pressure developed by it". The primary contribution of the
Hopkinson Pressure Bar (HPB) to fracture mechanics is the

construction of an essentially compressive/tensile wave
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without significant energy loss. The one-dimensional wave
thus created makes the resultant analysis relatively easy to

handle.

KOLSKY BAR

Kolsky [57] was the first person to apply Hopkinson's
pressure bar concept to dynamic fracture analysis based on a
design by R.M. Davies [58]. In his work, Kolsky used
explosives to accelerate a striker to impact his disc
specimens. The stress-strain signals were measured using
condenser microphones. In his paper he gave an excellent
description of the compression stress wave phenomenon, and
outlined some of the major concerns that are still faced by
present day researchers,. He was able to measure strain
signals of the order of 20 pS and paved the way for future

compression Hopkinson Bar tests.

Compression Hopkinson Bar

Numerous researchers have improved and modified upon
the works of Hopkinson and Kolsky since then. Improvements
have been made in the area of producing the dynamic
compressive loading stress and methods in recording the
transient signals accurately., For example, Clifton et al
[59] have pioneered work in plate impact, where high shear
stresses are produced to simulate material flow properties
at high loading rates. Gorham [60], on the other hand, uses
high speed photography to measure the fracture behavior of a

very small specimen.
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TORSTON HOPKINSON BAR

Due to the dispersive nature of the longitudinal
Compression Hopkinson Bar, researchers have also turned to
the torsion Hopkinson Bar to investigate dynamic material

properties, The differential equation governing torsional

stress wave is such that no dispersion is present and the
solution is exact for the given bar assumptions [31].
Typical of this type of set up is the torsion bar developed
by the late Dr. Campbell [61]. The dynamic torque is
supplied by a stored torque through a motor and pulley
system. Duffy et al [59,62,63] have since used this
technique to study strain rate effects and shear band

formation.

TENSION HOPKINSON PRESSURE BAR

Not withstanding the advances made in dynamic
compression and torsion testing, researchers realize that a
tensile dynamic tester is of greater practical wvalue since
most engineering structures fail dynamically in tension.
Efforts in this area include the use of cruciformed mesh
specimens by Albertini & Montagnani to achieve biaxial
tension [64]; dynamic tensile testing of small, round
tension specimens by Nicholas [78)] and modifications to the
Nicholas design by Ross et al[79]; and the use of
circumferentially notched round bar specimens by Duffy et al
[47] to study the dynamic SIF Kip-

As can be seen, there is ample interest in

understanding dynamic material properties and dynamic
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fracture toughness, However, aside from Duffy et al [46],
few investigators have attempted to combine both tensile
loading and stress triaxiality. In Duffy's case, the use of
precracked, long round bar specimens was both time consuming
and expensive, Also, Duffy's system concentrates on high
loading rates, and does not lend itself to a systematic,
spectrum investigation of fracture toughness from quasi-
static to stress wave speeds. Paris et al [65] were able to
perform a limited spectrum investigation of dynamic K values
using CTS and a high speed servo-hydraulic test frame, but
the critical time in these tests was only din the
neighborhood of 40 ms. EKlepaczko [44] was the first
investigator that attempted to construct a wide spectrum

loading fracture toughness system,

Wedge Loaded Compact Tension System

This wdege loaded specimen configuration, devised by
Klopaczko[44], was used to investigate the loading rate
effect on Kyp. This test system uses a compress gas gun for
acceleration of its striker, strain gages for stress-strain
measurement and a modified ASTM compact tension
specimen for its specimen(Figs. 2.23). This system turns
the traditional Compression Hopkinson Bar into a tensile one
through wedge loading of the WLCT specimens. The advantage
of this set up is that it offers a wide loading spectrum for
fracture testing (1 < il < 100 MPaI;é_l), while using the
same loading mode and incorporating stress triaxiality.

Corran et al [67,68] modified the Klepaczo WLCT system
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(b)

Wedge loaded compact tension setup.
(after Ref. 44)

(a)
(b)

Geometry of a wedge-loaded specimen,

Device for quasi-static slow and fast
loading. The force P acting on the
wedge is applied by a testing machine.
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Figure 2.23 (c¢) Split Hopkinson pressure bar applied
to fracture dynamics. 1,2A,2B:

chambers in gas gun; 3: striker bar;
4: incident bar; 5: transmitter bar;
6: wedge; 7: specimen; TI1,T2,T3:
strain gage stations; V1-V13: valves;
M1-M5: manometers; B1-B3: batteries;
D1,D2: photodiodes; S81,S2: light

sources.
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Figure 2.24 Modified wedge loaded compact tension
setup. (after Ref. 67)
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by replacing the WLCT specimen with a standard CTS, and
loads the specimen through its pin holes via an input wedge
(Fig. 2.24). Corran's modifications to the WLCT System was
meant to minimize the frictional effects of Klepaczo's WLCT
systemn,

Bayoumi et al[80-82], as a result of previous work on
coal fracture by Bassim et al[66], have extended the
Klepaczo WLCT concept to test for the dynamic J-integral
parameter, Jyp. This work by Bayoumi et al represents the
only attempt at the experimental determination of the
dynamic J-integral. As this present work was in part
motivated by Bayoumi's investigation, it would be helpful to
briefly discuss the WLCT test methodology as used by Bayoumi

to appreciate its advantages and possible shortcomings.

J-Integral Determination Using WLCT

The analysis procedure used in the WLCT system by
Bayoumi et al[80-82] is essentially similar to the
conventional compression Hopkinson Bar theory used by
Kolsky[55], and is based on these fundamental assumptions:

1) one dimensional wave analysis is applicable;

2) strain signals obtained on the instrumented bars
are representative of the strain field across the
specimen;

3) all strain signals are time shifted to the same
origin, assuming that equilibrium is established in
the specimen during the fracture process.

The uniqueness of this WLCT system lies in the manner

that the tensile force is generated and the determination of

the point of crack initiation.
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This WLCT system utilizes a compressive stress wave for
tensile loading of its specimens through a loading wedge
that has a wedge angle slightly larger than the notch angle
of the WLCT specimen (Fig. 2.25). As the loading wedge is
pushed forward by the compressive stress wave, the loading
wedge's sides simultaneously separates both halves of the
WLCT specimen and hence loads the crack tip of the specimen
in tension., Strain gages mounted on the incident and
transmitted bars record the load-time signals.

To detect the point of crack initiation, a strain gage
is mounted just ahead of the fatigue crack tip on the
specimen. The point of crack initiaiton is taken to be
coincident with a drop in the strain gage signal. This
signal drop signifies strain relaxation ahead of the crack
tip and is associated with crack propagation (Fig. 2.26).

The dynamic J-integral is taken to be proportional to
the load/load~line displacement curve up to the point of
crack dinitiaition. Correlation with stretch zone
measurement results indicates the J-integral using a WLCT

specimen is best represented by the equation:

s U
J = ——e—- (cf. Egqn. 2.19)
B b
vwhere a = 1, specimen geometry factor
U = area under load/load-line displacement curve

up to t.

specimen thickness
remaining specimen ligament

[=alle~}

nn

The effectiveness of the above WLCT system to

characterize the loading rate effects of the J-integral has
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Figure 2.26 Crack initiation detection on WLCT using
strain gage. (after Ref. 50)
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been demonstrated[50]. Nonetheless, there are serveral
design considerations that warrant closer scrutiny.

Firstly, the experimentally derived geometric factor of

@ = 1 lacks theoretical confirmation, and is in constrast
with the accepted factor of © ~ 2,2 associated with the
standard CTS,

Secondly, <crack initiation is determined using a
specimen surface-mounted strain gage. Variability in gage
placement and crack advance across the specimen thickness
section for each specimen introduces experimental
uncertainties.,

Thirdly, the dynamic loading using the loading wedge
necessarily introduces compressive loading stresses. In
addition, the amount of friction between the loading wedge
and the specimen notch also needs to be more accurately
accounted for and eliminated.

Finally, it has been learned that, within experimental
errors, misalignment of the loading wedge with respect to
the specimen introduces significant scatter to the
experimental results.

As can be seen, while Klepaczko's, Bayoumi et al's and
Corran et al's systems represent the current expertise in
tensile dynamic fracture testing, the wedge loading of
specimens introduces compressive and frictional forces. As
such, these systems are not strictly tensile test systems.
In addition, the high degree of experimental error

associated with a slight misalignment of the striker with

57



respect to the WLCT specimen warrants the search for an

improved dynamic tensile fracture toughness testing system.
In view of these developments, a fracture toughness
testing system that loads standard CTS in an essentially
tensile manner, at speeds ranging from quasi-static to
stress wave loading is proposed. This overcomes the major
shortcomings associated with the WLCT system in terms of
compressive loading, frictional effects and uncertainties
concerning the choice of specimen gemometry factora . This
present system characterizes fracture toughness via an
energy parameter that lends itself to design considerations.
This fracture toughness testing system thus represents a

forward step in dynamic fracture toughness characterization.

2.8 Concluysions

In summary, it can be seen that dynamic fracture
toughness investigation is a logical extension of LEFM and
EPFM analysis. A dynamic fracture toughness parameter must
have clearly defined specimen geometry dependence, and must
also be capable of reflecting the decrease in fracture
energy associated with a ductile to brittle fracture mode
transition. Due to the complexity of stress wave analysis,
theoretical analysis of dynamic crack problems are subject
to numerious material simplifying assumptions. The state-
of-the-art in experimental fracture toughness test systems
capable of quasi-static to dynamic tensile loading involve
the use of wedge strikers. The compressive and frictional

loads associated with the wedge striker and the need for
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dccurate alignment of the entire test system mean

improvements are still needed in the generation of a purely

tensile dynamic loading situation.
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CHAPTER THREE

EXPERIMENTAL PROCEDURES
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3.1 Material

An AIST 1045 steel bar 12.7 mm thick and 76.2 mm wide
was used. The chemical composition of this steel is given
in table 3.1 and the tensile properties in table 3.2. After
cutting the bar into 63.5 mm pieces in length, the short
pieces were annealed at 800°C for 1/2 hour to obtain good

ductility in the metal before testing.

3.2 Specimen

Specimens used in all tests were standard CTS of
dimension 63 mm x 60 mm x 12,7 mm (Fig. 3.1). A notch was
machined in the longitudinal-transverse (L-T) orientation.
The specimens were fatigue precracked, at room temperature,
according to ASTM specifications E399 to crack lengths of
a/w = 0.5, 0.6, 0.7. For the last 50% of the fatigue
precrack, K ,, was kept below 25 MPaJ}; The final crack
lengths were measured on both sides of each specimen to
ensure adherence to the tolerances set forth in the ASTM

code,

3.3 Reference Fracture Toughness Testing LJIC)

A Standard ASTM J resistance curve test [69] was
performed at quasi-static speed on a specimen of a/w = 0.6
using a servo-hydraulic Instron testing machine (Model 1320)
to establish a baseline quasi-static fracture toughness Jyc.
For purposes of computation, the load-line displacement was
measured via the stroke feedback signal, while the load was

measured via the load feedback signal. These two signals
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Table 3.1

Chemical Composition of AISI 1045 Steel

C Mn P{min) S{max) Fe

0.43 - 0.5 0.6 - 0.9 0.04 0.08 balance

(after Bayoumi)®?

Table 3.2
Mechanical Properties of Annealed AISI 1045 Steel
at Room Temperature
(Quasi-Static Tensile Test)
Property Value

Yield stress oy 300 MPa
Ultimate stress ou 600 MPa
Flow stress of={oy+ou}/2 450 MPa
Young's Modulus E 2.07x105MPa !
Percent Elongation 40
Percent reduction in area 65

(after Bayoumi)5®

<1> assumed (30,000 ksi)
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dimensions.
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were recorded on graph paper using an X-Y plotter with the
stroke signal as the X-axis. The graphical data were
subsequently manually digitized for computerized analysis,

Jic was determined using the single specimen unloading
compliance method, where a series of approximately 10% load
unloadings were performed to monitor crack extension during
test, The J value at the first unloading was evaluated
using Eqn 2.20, and subsequent J values corrected for crack
growth were calculated as per E813 recommendations.

A plot of J-integral values vs a was constructed to
obtain the crack advance line. The critical J-integral
value, JIC’ was obtained at the intersection of the
experimentally constructed crack advance line and the
theoretical blunting line originally proposed by Landes and

Begley [70]:

J=20; ba ( 3.1)
o]
where °f = ( v+ Ou) / 2
Of = flow stress
Cy = yield stress
g .
u = ultimate stres

Equation 3.1 was developed using Wells' model (Eqn 2.14),
with m = 1, and flow stress was used to account for the

plastic behavior associated with crack blunting.

3.4 Quasi-Static to Dynamic Fracture Toughness Testing LJQL

Based on the J-integral estimation formula as proposed
by Rice and modified by Merkle & Corten and Landes & Clarke

(Eqn. 2.20), the J-integral can be regarded as a quasi-
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static characterizing fracture energy parameter for all real
engineering materials wvhere limited plasticity occurs. As
such, it is clear that Jyp could be determined from a single

load/load-1line displacement record without unloading,

provided the point of crack initiation can be accurately
identified.

In the case of nonquasi-static loading, Rice[41] has
pointed out that the quasi-static J-integral would represent
a similar characterizing fracture energy parameter, provided
that neither the crack tip displacement nor the strain
energy density is a function of time (cf. section 2.5). 1In
stress wave loading where the process of crack tip blunting
is of similar duration to the loading event, neither crack
tip displacement nor the strain energy density can be
considered to be time invariant. However, Rice[41] did not
point out the relative importance of this time invariancy
consideration in terms of percentage error to the
characterizing fracture energy obtained.

Past efforts at dynamic fracture toughness testing
using the WLCT systems did not take these factors into
considerations, and their analysis was further complicated
by their use of a non-standard CTS where a quasi-static J-
integral estimation formula is lacking. The combination of
these considerations may in part account for their use of a
geometric factor o = 1.

The author designed test system extends past efforts in

dynamic fracture toughness testing through the use of a
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standardized CTS and the generation of an essentially

tensile loading situation. The use of a standardized CTS
allows the use of an established J-integral estimation
formula, and the presence of tensile loading enables the
application of this estimation formula to test results.
This original test system is able to determine a
characterizing fracture energy parameter, tentatively termed
JQ, for quasi-static to stress wave loading, and therefore,
represents a new step in dynamic fracture toughness
characterization of metals., This fracture parameter, JQ, is
strictly not the J-integral at nonquasi-static loading
rates, but approaches Jyc at quasi-static loading.

The fundamentals of the author proposed quasi-static to
dynamic fracture toughness testing system is as follows:

1) provide tensile loading of CTS without unloading at
the desired loading rate;

2) construct the corresponding load/load-1line
displacement curve;

3) determine the point of crack initiation using the
output of the Crack Opening Displacement-time
curve;

4) determine the area under the load/load-line
displacement curve up to the point of crack
initiation

5) apply Egn. 2.20 to calculate the corresponding
critical fracture energy Jq.

By providing the proper load transducers and crack
initiation detection system, the data recording was
performed automatically and data analysis was carried out by
a computer.

The major contribution of this system to fracture
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analysis is that it provides dynamic tensile loading of a
standard CTS and a new method of fracture toughness
characterization. By using a CTS, the experimentally
obtained fracture energy parameter Jg lends itself to
quantitative design considerations similar to the quasi-
static Jyc-

The testing program can be summarized as follow:

1) With the Instron test frame used in fatigue pre-crack
of the specimens, Jp would be determined at quasi-
static, slow speed and high speed loading. In the
remainder of this report, these tests would be
identified as Instron quasi-static test, Instron slow
speed tests and Instron high speed tests.
Collectively, they are known as the Instron speeds
tests,

2) With the stress wave loading apparatus, tests would be
performed at two striker velocities. In the remainder
of this report, these tests would be identified as
Dynamic speed tests, Stress wave speed tests or Impact
loading tests as used in the context of the report.

3) At all speeds, a combination of three a/w ratios (a/w =

0.5,0.6,0.7) would be used to investigate the a/w
dependence of JQ.

3.4.1 Instron Speeds Tests

Photographs of the quasi-static to high speed
experimental set-up are shown in Figs. 3.2. Compact tension
specimens of three a/w ratios (0.5, 0.6, 0.7) were tested
under simple tensile loading at three different test speeds
using standard CTS test grips and conditions. The 1load
signal was provided by the Instron's load feedback signal.
The load-line displacement and the point of crack initiation
were obtained using a high frequency MTS Crack Openig

Displacement (COD) gage. This COD gage has a maximum
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Figure 3.2

(a) Close up of Instron speeds CTS grips and
crack opening displacement detection

instrumentation.
(b) Close up of Instron test frame controller

and signal recording systems.
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Figure 3.2c¢ Overview of Instron Speeds test setup.
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frequency response of 50 kHz and a maximum working range of
2 mm, The Instron high speed tests were subsequently
repeated using a MTS COD gage which has a 0-300 Hz frequency
response range and a maximum working range of 2.5 mm. The
Instron high speed tests were repeated to further confirm
the results obtained.

Load-1line displacement,ﬁll, was obtained from the COD
signal by applying the correction factor, 511/ g, given by
Saxena et al [71], where g stands for the displacement at
specimen face where the COD gage was mounted (Fig. 3.3).

Crack initiation is considered to be coincident with a
sudden rise in the slope of the COD-t signal (Fig. 3.4). As
a crack blunts, it is reasonable to expect the slope of the
COD-t curve to decrease due to the crack's resistance to
opening up under load. Once crack initiation begins, the
slope can be expected to increase tremendously.

The load and COD signals were off-loaded directly to
two Biomation transient recorders. These signals were then
plotted onto an X-Y plotter and manually digitized for
computerized analysis. The tentative fracture toughness
parameter, JQ, was then taken to be the area under the load/
load-line displacement curve up to critical time tee

When using two transient recorders simultaneously,
there was the unique problem of ensuring the trigger levels
of each recorder were approximately the same. Since the
trigger levels were extremely sensitive and were set by

analog and not digital dials, minor differences in trigger
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levels would have meant that one of the signals would always

be delayed or lost. To circumvent this problem, the trigger
levels were first set manually. A function generator was

then used to detect differences in trigger levels,
Approximate adjustments were then made to the individual
trigger levels to ensure that both trigger levels responded
to the same input signal level. For these Instron tests,
the trigger level difference was found to be negligible from
inspection of the test records.

The Instron loading rates were Vo = 0.33 mm/min
{quasi-static), Vi = 1.2 mm/sec (slow speed) and Vo = 20
mm/sec (high speed), with Vo corresponded to the highest
speed achievable on the servo-~hydraulic machine. All three
Instron test speeds were generated with the ramp function of
a digital function generator. Taking the center 1line
distance between the loading pin holes on a CTS as the
nominal gage length (27.5 mm), the nominal strain rates,®& ,
are & = 1.5x107%s71, € = 4.4%10"2s"! ang €, = 7.3x10"1s71,
The actual strain rates ahead of the crack tip would of
course be considerably higher. By using identical test
setup, the Instron tests were able to detect fracture

toughness variations due only to changes in loading rates.

3.4.2 Impact Loading by Modified Split Hopkinson Bar

The fundamental aspects of tensile stress wave loading
system are shown in Fig. 3.5. The box diagram for the
experimental setup is shown in Fig. 3.6. Photographs of the

experimental setup are shown in Figs. 3.7. The dynamic
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(b))

Figure 3.7 (a) Compress gas gun, launching chamber and
gas gun instrumentations.
(b) Close up of dynamic tensile test system.
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(d)

Figure 3.7

(c) Amplifiers and strain gage bridges for
dynamic tensile test system.

(d) Nicolet digital recorders and dynamic
tensile loading outputs.
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Figure 3.7e Overview of dynamic tensile test system
and HP 9845B microcomputer.
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testing system consists essentially of a gas gun, a striker,
the swing arm assembly, a heavy energy absorption anchor
block, modified and instrumented CTS grips (for 1load
detection) that fit into the swing arm and the anchor block,
and measuring and recording instruments.

Compact tension specimens of the same geometry as those
used in the Instron speed tests were placed between the
loading grips. The swing arm assembly converts the kinetic
energy of the incoming striker into a tensile loading pulse
that propagates through the specimen and cracks the specimen

in the process,

3.4.2.1 Rationale for Design

As explained in Chapter One, the objective of this
thesis was to devise a tensile fracture toughness testing
procedure using CTS, with loading rates ranging from quasi-
staticto stress wave loading. It was therefore imperative
that the conditions of Instron loading should be maintained
as closely as possible to ensure compatability of these
dynamic loading rate results with those obtained from the
slower Instron speeds tests.

A compression Split Hopkinson Bar was already in place
at the University of Manitoba as a result of previous
research work. The task faced by the author was to convert
this compression test setup to fit the objectives of this
present work, with as few changes as possible due to

economics and time constraints, while not compromising the
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integrity of the objectives and the validity of test results
thereby obtained.
It became apparent that any proposed system must have

at least the following components:

1) conventional CTS grips as used on servo-hydraulic
test frames;

2) absorber block to dissipate leftover energy;
3) 1low inertia to all moving parts;

4) load and displacement transducers to record the
dynamic load/load-line displacement curve;

5) crack initiation detection system.

It was then decided that the simplest approach was to
leave the gas gun and its associated parts, as they were, as
the source of dynamic stress wave, and to use a swing arm
assembly to convert the compressive force from the incoming
striker into a tensile loading pulse that directly loads one
of the grips, while the anchor grip is safely anchored in
the energy absorber block. To minimize the inertia of the
swing arm assembly, the loading grip need to be as
small/short as possible. Load signals would be recorded by
strain gages mounted on the grips themselves. The high
frequency COD gage used in the Instron tests would again
provide both the load-line displacement signal and the time

to crack dinitiation.

3.5.2 Theory of Operation

In the present setup, the swing arm converts the
kinetic energy of the incoming striker into a translation of

the swing arm's grip end. The velocity of the grip end,
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depending on the striker velocity, is able to set up a
tensile loading wave prior to its actual spatial
translation. The tensile wave then propagates down the

grip, fractures the specimen and travels onto the absorber

block.

The swing arm rotates freely on a hardened steel dowel
pin and has no discernable play in its rotation. The
loading grip is taper fitted to the swing arm and
constrained by a C ring at the top. No vertical lifting
forces on the loading grip are expected, and the C ring is
merely there for safety reasons.

The anchor grip is precision slotted into the anchor
block, and the tapered wedge at the end ensures that the
grip maintains maximum contact with the slot while keeping
the grip down at the same time. The tapered wedge 1is
further secured into the block with a machine screw. The
swing arm taper and the slot on the anchor block are finely
machined to ensure that the grips meet the load-line
requirements of E813., Two strain gages each are mounted
longitudinally on the grips at the center line to record the
dynamic load. The proximity of the gages to the specimen
means incident and reflected signals are very likely to
overlap.

Recalling that a longitudinal wave is set up as a
result of the rapid displacement of one section of a
material with respect to the rest of the material;

therefore, it is the sudden acceleration of the swing arm
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grip end that sets up the longitudinal stress wave, and not
the overall translation of the loading grip. The gross
movement of the loading grip would introduce deformation
that lags well behind the initial stress loading.

In addition to this primary longitudinal tensile stress
wave, numerous other secondary pulses are generated. The
initial impact of the striker on the swing arm sets up a
complex series of bending waves and vibration within the
vertical swing arm and its immediate supports, before any
physical translation can take place at the swing arm grip
end. Also, the area discontinuities of the grips introduce
additional wave reflection and dissipation effects into the
system. Any air gaps would tend to reflect back the
incident wave and further impedes the transmission of the
loading wave, Consequently, it is very difficult to
theoretically predict the overall contribution of these
secondary effects to the loading history of the system.

The CTS is loaded as a result of the swing arm rotating
through a small arc, while an essentially longitudinal
stress wave passes through the system. The swing arm
rotation in the dynamic tests was limited to 5° to minimize
bending loads on the grips while allowing for crack
initiation at the crack tip. The swing arm rotation
introduces limited bending moment on the test assembly of
magnitude proportional to the striker velocity and the
strength of the CTS. However, since this bending effect is
associated with the overall translation of the test

assembly, it does not contribute to the initial stress
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loading of the specimen.

Depending on the force of impact by the striker, the
swing arm assembly would tend to move toward the anchor
block, even though the swing arm supports are secured to the
test bed with four machine screws. Therefore, steel spacers
were placed between the swing arm assembly and the anchor
block, with small gaps filled by forcing metal shimes into
the gaps. The spacers were further clamped onto the test
bed with C clamps. As such, no compressive load could be
transmitted to the specimen, except for those due to tensile
wave reflection and the elastic bending of the test
assembly.

Load-line displacement and crack initiation were again
measured by the high frequency COD gage mounted on the
specimen in the same manner as the Instron tests. The COD
and strain gage signals were automatically recorded by two
Nicolet transient recorders and subsequently off-loaded onto
a Hewlett Packard 9845B micro-computer for analysis.
Amplifiers used to condition the COD and strain signals were
checked for accuracy and calibrated up to 50 kHz by being
subjected to a square wave generated by a function
generator. As such, distortion for signals up to 50 kHz was
expected to be minimal. The high frequency COD gage was
checked quasi-statically through its working range to verify
its linearity.

The major problem in setting up these impact

experiments was the presence of unexpectedly high levels of
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background noise in the room where the tests were conducted.
Originally, the recording of all signals was to be triggered
by the incident wave form. However, the high noise levels
made this form of internal triggering impossible by
consistently false triggering the recording system.
Finally, an optical diode was used as an external trigger
source. The diode was placed just ahead of the base of the
swing arm perpendicular to the path of the striker. A
pencil light source shone across the striker's path was used
to set up a reference voltage with the photo diode. As the
striker cuts across the path of the light, a voltage drop
was created and this signal was used as the triggering
signal. By placing the diode close to the base, an accurate

trigger source was produced by the passage of the striker.

3.4.3 Theory of Analysis

Conventional Compression Split Hopkinson Bar analysis
is based on these fundamental assumptions [72]:

1) one dimensional wave analysis is applicable,

2) strain signals obtained on the instrumented bars
are representative of the strain field across the
specimen

3) all strain signals are time shifted to the same
origin, assuming that equilibrium is established in
the specimen during the fracture process

At first glance, it would seem that conventional SHB

analysis cannot be used here due to violation of conditions
1 & 2 as a result of area discontinuities and the secondary

wave effects. However, since for these impact tests one is

interested in the overall energy dissipation associated with
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the fracture process only (ie. the load-line loading
history), the modified analysis for this particular test
set-up is actually simpler.

A CTS specimen is in essential compression or tension
due to the load being transmitted through the pin holes of
the grips and the specimen, and no significant bending or
torsional effects are transmitted (the pins are free to
rotate with no discernable play in their rotation).
Therefore, only longitudinal stresses are transmitted by the
grips. The longitudinally placed strain gages are able to
pick up the overall longitudinal strain wave loading in the
grips, and one dimensional wave analysis can thus be applied
as a first approximation to obtain the overall loading
history on the specimen. In the evaluation of Jq, one is
interested in the loading history of the specimen at the
start of stress wave loading, and not the complete loading

history of the entire assembly.

Load-l1ine displacement calculation

In conventional SHB analysis [72], the load-line

displacement is calculated using the following equation:

t
5 () = Co fol e() - ep(t) = ep(e) ] dt

where Cg = ‘I E / Pg

In applying this equation, separation of the incident
and reflected wave signals on the loading grip is needed.
However, since in this present dynamic test setup load-line

displacement was directly measured across the specimen gage
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face, there was no need to achieve separation of these wave
forms. Nonetheless, the COD values would have to be

adjusted to yield actual load-line displacement.

Dynamic Load Calculation

Analysis of the loading wave forms is similar to that
introduced by Kolsky and discussed in [73,74].

Specifically, with reference to Fig., 3.5:

Py(t) = E A [ E1(t) + (L) ] ( 3.2a )
PB(t) = E A ET(t) ( 3.2b )
P(t) = 1/2 [ Py(t) + Pp(t) ] (3.2¢)
where E = Young's Modulus
A = area of grip section where the strain gages
are mounted
ET R,.T = 1incident/reflected/transmitted stress waves'
T strain signals
PA,B = dynamic loads on sides A and B of specimen
P(t) = average load as sensed by specimen

Although equilibrium in the specimen is assumed, the
equilibrium equations

€1 + €p = € (3.3a)
and P(t) = E A eqp(t) (3.3b)
are not used and the average load is calculated using
Egn 3.2c to maximize accuracy of the results. Similar to
the Instron tests, the critical time to fracture, t., is
related to a sudden increase in the slope of the COD-t
signal,

As mentioned previously, the proximity of the strain

gages on the loading and anchor grips to the specimen means

an overlap of the incident and reflected signals is
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expected, Noting that the incident wave is a positive
signal and the reflected wave a negative signal, inability
to separate these two signals in time would result in an
overestimation of P,(t) and therefore also the average load
P(t). The degree of this overestimation is lessened as the
reflected wave approaches the incident wave. With the
present dynamic setup and strain gage positions (Figs. 3.5,
3.8),

ty < tg < te
Therefore, the overestimation of P(t) approaches zero as tg
approaches t,.

No prior test calibration was done on the grips since
neither a dynamic load cell nor appropriate fixtures wvere
available on the Instron for this purpose, As a matter of
fact, no mechanical calibration systen capable of stress
wave loading is commercially available, and this of course
was one of the reasons behind this work.

To circumvent the lack of prior load calibration,
certain assumptions were made with respect to analysis
methodology. Keeping in mind the wave nature of all
signals, noise interference and dynamic material properties
must be considered. Electrical noise in the signals
obtained would be eliminated through the use of a multi-
order polynomial that best represents the trend of the
signals, As for dynamic material properties, only the yield

and flow stresses would be loading rate adjusted.
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Figure 3.8 Dynamic load overestimation due to
proximity of strain gages to CTS.
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Dynamic Mechanical Properties

Assuming a general relationship between flow stress and

strain rate, at constant temperature and strain, of the

following form [75]:
0 = C(E)BIE’T (3.4)

log ( %2/ %1 )

where B = - v (3.5)
10g ( 82/ £1 )
91
therefore C = (3.6)
E
CED
. _ €9 B
and 2 = 1 ( ) (3.7)
€
1
with C = constant of proportionality
_B = strain rate sensitivity factor
01,81 = reference static stress and strain rate
09,89 = corresponding dynamic stress and strain rate
With reference to section 3.4, 1let the static

material properties assume the following values:

€ = 1073s71, ;= 300 MPa, ¢ =450 MPa and m=0.018
then the corresponding dynamic values are:

€y = 103571, o = 400 MPa, o = 600 MPa
The choice of 52 is based on the static flow stress of the
steel and a nominal gage length of 27.5 mm, and will be
shown to be a reasonable, though conservative, first choice
in Chapter Four.

The grips and the swing arm assembly were made of high
strength steels with a fully annealed yield strength of 480

MPa. Assuming similar strain rate strengthening relations

apply to this steel, the dynamic yield stress of the test
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system is approximately 600 MPa or a yield load across the
grip sections of 300 kN. Load values exceeding 300 kN are

assumed to signify yielding of the test grips.

Maximum Load Calculation

The actual test strain signals were converted into load
values assuming linear material response { o = E ¢ ) of the
test grips. A modified linear elastic, perfectly plastic
material model (based on material flow stress) was used to
account for material strain hardening in the specimen as a
result of plastic loading of the specimen.

When considering the fracture of a CTS, the fracture
load is a combination of tensile and bending loads. In the
absence of dynamic load calibration of the grips, it is
helpful to estimate the maximum dynamic fracture load
sustainable by the CTS. Maximum dynamic fracture load
calculations provide ©both a check of the analysis used thus
far and an approximate upper bound to experimental results.

Plastic limit analysis by Saxena et al [71] indicated a

lower bound plastic load, P

p*
PP = g Bec (2a )
wvhere B specimen thickness

C
O

half length of remaining specimen ligament
geometric factor for CTS

For the case of CTS with a/w = 0.6, a = 0,123,

It must be borme in mind that the above analysis by
Saxena does not take into account either the increase in
general yield stress due to stress triaxiality, nor the

potential notch strengthening/weakening effects as a

89



function of the failure mode (ductile/brittle) and strain
rate [75]. Orowan [76] had shown that the longitudinal
yield stress in the presence of a notch could be 2.5 times
that of the unnotched case. This factor of 2.5 is known as
the plastic constraint factor.

In view of these considerations, the maximum allowable
dynamic fracture load for these tests is assumed not to
exceed the dynamic flow load, Pg¢1, such that

Pg1 = O4g1 B 2¢ = 150 kN
where Jy¢qy = dynamic flow stress

In summary, the use of strain gages and a COD gage for
load and load-1line displacement measurements enable
automatic data recording and computerized data analysis of
these fracture tests at the desired speed. Determination of
the characterizing fracture energy parameter, JQ, in this
macroscopic manner is therefore both fast and efficient.
However, to verify the accuracy of the analysis and
assumptions associated with this macroscopic method, a
microscopic examination of the fracture surfaces was also

carried out as described in the next section.

3.6 Stretch Zone Width Measurement

Past work has shown that the J-integral is related to
the critical crack opening displacement and, therefore, is
also related to the stretch zone width (SZW), Since JQ has
the same energy interpretation as the J-integral in the
quasi-~static case, it seems reasonable to extend the J-

integral/SZW relationship to the case of Jq. Stretch zone
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(SZ) measurements would be used to provide reference
fracture toughness values in the form of JQ obtained based
on microstrutural features. SZ measurements would therefore
serve to assess the success of the macroscopically obtained
JQ in reflecting the change in fracture toughness (ductile
vs brittle) with loading rate.

As explained in section 2.2.1, discrepancies surround
the value of the stretch zone slope angle, 6 (Fig. 2.7).
In this work, scanning electron micrographs of the stretch
zone at two tilting angles ( ¥ =377, 45%) were taken.
Arithmetic averages of the SZW as measured on the
micrographs at both these angles were calculated. SZW
assumes 1its highest value when ¥ =8 ., With this in mind,
a better estimate of 6 for these tests could be determined.
SZWs based on this 0 were then used to calculate JQ.

Calculations show that the SZW 1is relatively
independent of the assumed SZ angle 6 . Variations up to 8
would only mean a (1/cos 8°) correction to Eqn 3.12b, or
approximately +17% in SZW differeces. The concern with the
appropriate angle of 6 used to calculate JQ is due to the
CTOD's dependence on 6 via the sine function (Egqn. 3.11).
For example, using 8 =41° introduces a +87% error in CTOD
calculations if 0 is either 45% or 37°

In accordance with Phuc Nguyen-Duy's analysis [11], and
using the convention of designating the diagonal of the

stretch zone as the SZW (Fig. 2.7), one gets:
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L 1

SZW. = X ( 3.10 )
cos ( B6-v) G
where SZW. = critical SZW at crack initiation
L = measured length of SZW on micrograph
0 = angle of stretch zone slope
¥ = angle of tilt/observation
G = magnification factor

With this definition of SZW, it follows that
CTOD. = 2 SZW_. sin® ( 3.11 )

By using Eqn. 2.14 to relate SZW_ with JQ, and replacing oy
o

with f to account for the elastic plastic nature of the

real material,

Jg = 2 mog SZW, sin 0 ( 3.12)
L sin® 1

or JQ = 2 m Of b ( 3.13 )
cos (8 - y) G

The value of m to be used in Eqn 3.13 would be
experimentally determined. SZW measurements and the
macroscopic JQ values from corresponding tests would be
compared to arrive at the value of m that best represents
the data. The value of m should fall between 1 and 2 as

explained in section 2.2.
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CHAPTER FOUR

EXPERIMENTAL RESULTS
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4.1 Fracture Toughness (JIC) from Compliance Method

The J-resistance curve, obtained using the ASTM
standard (E813) for Jyp evaluation as applied to the CTS
single specimen unloading method, is plotted in Fig. 4.1.
The intersection of the crack advance line and the
theoretical blunting line gives the Jyo value as 62 kJ/m2.
This compares well with a Jig of 65 kJ/m2 cbtained by
Bayoumi [48] in his work on this same metal under room
temperature using TPB specimen.

The value of Jip =62 kJ/mzmeets the size requirements
of B, b >= 25Jy¢c/c, (25 Jic/ky = 3.4 mm). Therefore, this
value of Jyr is considered valid as the fracture toughness
of this material based on ASTM Specification E813-81.

The J- pa curve was generated by manually digitizing
the load/load-line displacement curve as recorded on an X-Y
plotter, An HP 9845B microcomputer was programmed to
calculate the corresponding J and a (crack extension during

test) values based on these digitized data.

4.2 Instron Speeds Fracture Toughness (Jo)

The characterizing energy parameter, JQ, for quasi-
static to high speed Instron speeds tests was calculated
using Egqn. 2.20 based on the load/load-line displacement
curve of each test at the desired speed. Results for the
Instron tests are presented in Table 4.1. The various
Instron test speeds are identified by their respective
average test speed and nominal strain rate. In Table 4,1,

COD_CRIT refers to the adjusted load-line displacement at
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Table 4,1

INSTRON TESTS

SPEED  TEST SPECIMEN a/w  %COD-  CRITICAL SJq 5j§ 10x K

NO. NO. CRIT TIME  [KJ/m?] [MPa m)
[um] tc [KI/m2s- 1] [MPa ms~ 1]
[us]

'HIGH 2 A2 0.5 0.423  1.95x10*% 46.7 2.4x10% 103 5.3x10?%

SPEED 3 B1 0.6 0.538  1.84x10% 30.4 1.7x10%® 83 4,5x103
5 C1 0.7 7 0.541  1.87x10% 23.% 1.3x10% 74 4.0x103
6 C2 0.7 0.511  1.55x10% 17.8 1,1x10%® 63 4.1x10%
16 A9 0.5 7 0.541  2,02x10% 42.8 2.1x10% 99 4.9x103
18 B11 0.6 7 0.571  1.45x10% 38.3 2.6x103 93 6.4x103

ISLOW 7 A3 0.5 & 0.542  6.92x10° 4,84 - - -

SPEED 9 B3 0.6 & 0.571 5,87x105 4.77 - - -
12 C4 0.7 & 0.595 5,02x105 22 - - -

3QUASI -

STATIC 14 Ab 0.5 % 0.757 3.04x10% 66.4 0.2 123 0.4

$ E813 15 B10 0.6 - - 62 - 119 -

<1> 20 mm/sec, € = 7.3x10"'s" !

V:
<2> v = 1.2 mm/sec, ¢ = 4,4x10" 25!

<3> v = 0.004 mm/sec, ¢ = 1.5x10 45"

<4> COD-CRIT - load line crack opening displacement at tc
<5> Jg = 2{(1+a ) U

<6> J = J/tc ; K = K/tc

<7> COD-CRIT - from estimated COD-t inflection point

<B> COD-CRIT - expected value based on general strain rate effect
<3> COD-CRIT - estimated to show probable value of Jg

<t0> K =JE , v = 0.3
f~-p?
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the point of slope change on the COD-t curve, t..

All test plots associated with the Instron tests were
computer generated. Experimental results as recorded by an
X-Y plotter were manually digitized and fed into a computer
for further analysis and display.

The anticipated COD-t behavior for critical time
determination was observed only in the high speed Instron
tests, For purposes of future reference, the interval it
takes for crack initiation to take place, 0 to tes will be

called the event window.

4.2.1 Quasi-Static Instron Tests

Two specimens of a/w = 0.5 were tested at this speed.
However, errors in test procedures invalidated test #13. The
various plots associated with test #14 are shown in Figs.
4.2.

As can be seen, no definite slope change associated
with crack initiation is observed in Fig. 4.2a. A JQ value
evaluated near P .. ( 611 0.8 mm) yielded a Jq = 66.4 kJ/m2.
When compared to the standard compliance Jyg value of 62
kJ/m?, it is clear that the actual COD_CRIT is ~0.8 mm, and

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

4.2.2 Slow Speed Instron Tests

Two specimens at each of the 3 a/w ratios were tested
at this speed. Test #11 was aborted due to initial

compressive loading of the specimen. The various plots
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associated with tests #7 and #12 are shown in Figs. 4.3 and
Figs. 4.4, The remaining test plots are included in
Appendix A.

The experimental COD signals as recorded by the X-Y
plotter were superimposed with a 60 Hz background noise, and
best fit curves were first applied to the COD signals before
digitizing the results. Again, the sudden change in the
slope of the COD-t signal was not detected.

In addition, tests #7 to #10 =exhibited
uncharacteristically low rise time for the load signal
within the event windows (Figs. 4.4a), and this accounted
for the unrealistically low values of Jq. Representative
experimental Jq values for tests #7 to #10 are listed in
table 4,1. These Jq values were determined using COD_CRIT
values that fall between the quasi-static and the high speed
test results.

Load signals for tests #7 to #10 are seen to be
unrealistic for two reasons. Firstly, the maximum load
level should have varied inversely with increasing a/w
ratios. As the a/w ratio increases, the applied moment to
the CTS is higher and less load to cause crack initiation is
expected. The fact that the maximum load level for a/w =
0.5 is higher than that for a/w = 0.6 validates this
analysis (Fig. 4.5), and results for the high speed tests
showed clearly the expected trend (Fig. 4.8).

Secondly, regardless of the exact load variation trend
as a function of loading rate, results for the slow speed

tests should fall somewhere between the quasi-static result
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(test #14, Fig. 4.2) and the high speed tests (Fig., 4.6),
This of course was not true for tests #7 to #10. It should
be noted that test #12 did exhibit the expected strain rate

dependence., The corresponding JQ wvas estimated to be 22
kJ/mw?, based on the expected COD_CRIT value and the
estimated COD-t inflection point.

Therefore, it is clear that mechanical failure of
either the load recording or generating equipments was
responsible for these unrealistic results, and no conclusive
JQ values could be established, Corresponding JQ values for
these slow speed Instron tests would have to be established

through stretch zone measurements.

4.2.3 High Speed Instron Tests

Two specimens at each of the three a/w ratios were
tested at this speed. The various plots for tests #2 and #3
are presented in Figs. 4,6 and Figs, 4.7, The remaining
plots are listed in Appendix B.

During this series of tests, the slope change
associated with crack blunting was very clearly observed in
tests #1, #2, #3 and #6. TFor tests #2, #3 and #6, the
COD_CRIT was determined as the difference between the two
critical times identified. The initial portion of the COD-t
curve is associated with the proper seating of the COD gage
onto the knife edges mounted on the specimen face,

A very definite load-a/w relation is established (Fig.

4,8). The much lower load level of test #1 is similar to
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that experienced in the slow speed tests, and is assumed to
be caused by similar mechanical problems.

COD signals from tests #16 and #18 were recorded using
a low frequency gage with a 2.5 mm gage range. Although
these two tests did not provide a clear crack initiation
time, t., they did further confirm the load-a/w
relationship, JQ values were further evaluated at COD
signals based on the COD_CRIT of tests #2 and #3 and the
estimated inflection points. These values further support
those already obtained.

The JQ values obtained in these tests exhibit a clear
inverse a/w relationship. Namely, JQ takes on the average
value of 45, 34 and 21 kJ/m? as a/w goes from 0.5, 0.6 to
0.7. In addition, when compared to tests #12, #14, #16 and
#18, these JQ values indicate a definite decrease in

fracture toughness value with strain rate (Fig. 4.9).

4.3 Impact Loading Fracture Toughness (JQ)

Seven specimens of two a/w ratios were tested under two
striker velocities. The experimental results are listed in
table 4.2, while the test wave forms for test #4 are listed
in Figs. 4.10. The remaining dynamic test results are
listed in Appendix C. Tests #1 and #2 were invalidated due
to recording errors. Tests #6 and #7 were unsuccessful
because the strain gages mounted on the loading grip had
developed hair line fractures.

An extensive computer program was developed to analyze

and display the dynamic test results. The horizontal time
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Table 4.2

DYNAMIC TENSILE TESTS

STRIKER ~ TEST SPECIMEN a/w COD-' CRITICAL Jg Jg K K

VELOCITY  NO. NO. CRIT TIME  [KJ/m?] [KJ/m?s" ') [MPa m) [MPa m s~ °
[ am] [us]

p=8 psi 3 BS 0.6 0.65 1 1.5 1.5x108 19 1.9x107

v=15 mm/ms 4 B6 0.6 13.6 2 5.1 2.6x1068 34 1.7x107

p=15 psi

v=25 mm/ms 5 B7 0.6 7.2 2 4.7 2.4x10°8 33 1.6x107

<1> COD-CRIT - load-line crack opening displacement
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axis of the actual test records (Figs. 4.10a) was programmed
to adjust for the "floating" zero point during these tests.
The floating zero point is a direct result of the high noise
level in the test room as explained in section 3.4, The
vertical axis is in units of volts - the amplified output of
the COD and strain signals.

Although the sampling rates for all the signals of each
individual test were the same, the COD signal had twice the
Stored memory as compared to the strain signals. This was
done since it was critical that t. be determined accurately.
Therefore, the time scale of the COD signal was twice that
of the strain signals.

Similar to procedures used in section 3.4, the trigger
levels for the COD and strain signals were set as precisely
as possible. The intersection of all signals with the time
axis represents the transition from compressive to tensile
loading. The trigger delay difference is seen to be
negligible, as the COD and strain signals intersect the time
axis at almost exactly the same instance in time.

Although the noise contribution to the COD signals were
significant, the general trend of the COD signals are
unambiguous. The initial compressive strain signals were
the combined result of background noises and the swing arm
assembly elastically moving forward due to the force of
impact as explained in section 3.4.

The load response of this dynamic tensile fracture

system was very different from those obtained in previous
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compression SHB tests using WLCT or cylindrical specimens
[48]. The smooth loading pulses in WLCT experiments (Fig,
4,11) were not present in these dynamic tests. The
differences were due to the presence of plastic waves during
loading of the CTS, the lower critical time encountered in
these dynamic tests and the overlapping of incident and
reflected wave signals,

The fracture process could be better understood by
concentrating the analysis over a region close to the
initial tensile loading region. The corresponding regions
of analysis for test #4 are indicated in Fig. 4.12, where
the boxed regions represent the portion of the signals that
were digitally expanded for closer scrutiny. Expanded plots
for test #4 is listed in Figs. 4.13.

Focussing attention on the load-time plot for the
moment, it is seen that "epparent” maximum tensile loads
from 400 kN to 800 kN (tests #3 to #5) were registered
within APS of tensile loading. These are considered
"apparent" load values because, as mentioned in section
3.4.3, the maximum dynamic fracture load sustainable by the
CTS is assumed to be 150 kN, while the maximum elastic
tensile load sustainable by the test assembly is 300 kN.
These maximum load values are based on the given strain
rates and material modellig assumptions. In view of these
high tensile loads, it is safe to assume that the following

four factors were responsible for these high load values:
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1) the actual dynamic strain rate and/or strain
hardening coefficient B (Eqn. 3.5) values were
underestimated for the specimen material and
cverestimated for the grip material;

2) slight plastic loading of the test grip sections
where the strain gages were mounted, and hence
nonlinear response of the strain gages;

3) due to the geometry discontinuity of the grips,
partial stress wave reflection occured in the grips
which resulted in a less severe loading of the
specimens than indicatd by the strain gages., The
similarity in strain signals from both the loading
and anchor grips indicates that the stress wave
reflection was limited;

4) overestimation of the dynamic load due to partial
ovelap of incident and reflected wave signals.

Nonetheless, it is seen that the previous estimate of
maximum dynamic fracture load of 150 kN (or equivalently a
maximum dynamic fracture stress of 600 MPa) for the CTS was
conservative. However, engineering sense dictates that the
actual fracture load should be well under 300 kN (equivalent
fracture stress of 1100 MPa).

Keeping in mind that reasonable assumptions were made
in deriving the maximum specimen fracture load of 150 kN, it
seemed proper that a conservative yet realistic estimate of
the actual fracture energy requirement would result by
adjusting the load scale of these load-t plots to reflect
the dynamic fracture load based on a linear elastic
perfectly plastic model of the specimen material. As such,
the maximum fracture load was estimated to be 150 kN.
Results from scanning electron microscopy in the next
section showed that this analysis approach was only slightly
conservative in its estimate of the fracture energy

parameter Jq.
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Of equal interest is the response of the COD gage in
light of these "instantaneous" plastic stress waves. In
Fig. 4.13a, the boxed region is the portion of the COD

signal curved fitted with multi-ordered polynomials to best

represent the trend of this signal (cf. section 3.5.3).
Both COD signals from tests #2 and #5 reached a maximum
value at approximately 120 ps, well behind the critical time
of "2 ps as sensed by the strain gages. The critical
fracture timewas taken to be 2 ps since crack initiation
must occur before maximum load.

From these two vastly different values of critical
time, it would appear that the COD gage was not responding
to the plastic loading of the crack tip. However, it will
be shown that the COD gage signal in fact corresponded to
the average local particle velocity of the crack faces at
yielding, and was therefore a direct measure of the strain
field during crack initiaton at the crack tip. At maximum
COD, the COD gage separated from the specimen and trailing
oscillation of varying frequencies were recorded. As a
first approximation, the displacement history at the crack
tip is assumed to follow the trend set by the COD gage. A
detailed examination of the COD signal is covered in the
next chapter.

Proceeding with the analysis, the strain signals were
further expanded digitally to more accurately determine the
load-1line displacement history at the crack tip at the onset

of crack initiation. The expanded load-t plot for test #4
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is shown in Fig., 4.14, In view of the background noise
associated with the COD-t signals, a second order fit of the
COD-t curve of test #4 was used as the representative COD-t
curve for these dynamic tests. Again, the COD-t curve was
adjusted for load-line displacement.

From the load-t and COD-t plots, the load/load-1ine
displacement records were constructed. As previously
mentioned, the apparent maximum load values were ad justed to
150 kN (Fig. 4.15),

Based on the above analysis the dynamic characterizing
fracture energy parameter JQ was found to range from 1.5 to
5.1 kJ/m2 for a/w =0.6 and 2 striker velocities. Taking JQ
as a measure of the average rate of fracture energy inputed
into the test system, the extremely high J& values reflect

the severity of the loading situation.

4ob Stretch Zone Measurements

Scanning electron microscopy was used to measure
stretch zone widths of fracture surfaces of specimens that
cover four nominal strain rates and three a/w ratios. These
stretch zone measurments provided a direct record of the
fracture energy requirement based on microstructural
details, In addition, examination of the stable crack
growthregions indicates whether the fracture processes were
ductile or brittle in nature.

& s} .
and 45~ were used to examine

Tilting angles of ¢ = 37
the fracture surfaces, On the whole, the stretch zone

widths at ¥ = 37°% were either higher or equal to those at
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¢
45°. Equal values of the SZW at U o= 450 and 377 meant the
¢ .
actual stretch zone slope angle © = 41, Therefore, it was
4
reasonable to assume © = 41, The arithmatic averages of

the SZWs at ¢y = 370 and 459 were themselves averaged, and

along with g = 410, were used in subsequent calculations.

The results of the stretch zone measurements are
tabulated in table 4.3 and graphically presented in Fig,
4.16. All stretch zone measurements were conducted using
stereoscopic pictures at y = 37° and 45%and at 180X
magnification .

For the Instron speeds tests, the failure mode was
entirely ductile (Fig. 4.17) and 10-20% error in SZW
determination is to be expected.

In the dynamic tests, tests #1 and #2 exhibited ductile
failure fracture surface profiles (Fig. 4.18), whereas tests
#3 to #5 were clearly brittle in nature (Fig. 4.19). The
determination of stretch zone boundaries was more difficult
for tests #1 and #2, and a minimum error of 20% is expected.
For tests #3 to #5, an approximate upper bound of 11 mm on
stretch zone measurement was observed, as it was impossible
to determine SZW more precisely. The complete set of
micrographs are presented in Appendix D.

To experimentally determine the proper value of m in
Egn 3.13, JQ values from the l1oad/load-1line displacement
results (table 4.2) were plotted against stretch zone widths
from the corresponding tests (Fig. 4.20). Lines of constant

m's were drawn in as reference lines:
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Table 4,3

SIW
SPEED  TEST SPECIMEN a/w 2! Jg? Jg?3 tc Jg
NO. NO. m=1 m=2
[um] [R3/m ] [us]  [KJ/m2s-']
DYNAMIC 1 a7 0.5 19,7 16 - 2 8.0x108
2 A8 0.5 28.3 22 - 2 1.1x107
3 B5 12.8 10 - 1 1.0x107
4 B6 0.6 11,1 9 - 2 4,5%10°8
5 B7 11.1 9 - 3 3,0x108
HIGH 1 AT 0.5 22,2 26 1.80x10¢  1,4x103
3 Bi 0.6 26.1 31 1.84x10¢  1,7x10°%
6 c2 0.7 21.9 26 1.55x10¢  1,7x103
SLOW 7 a3 0.5 42.5 50 6.92x10% 72
B3 0.6 40.3 48 5.87x105 81
12 c4 0.7 42.5 50 5,02x105 100
QUASI - 14 A6 0.5 33.3 39 3.04x10°8 0.13
STATIC
<1> § = 41

<2> static ofl = 450 MPa
<3> gdynamic ofl = 600 MPa
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Figure 4.16 Relationship between stretch zone width
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- specimen material AISTI 1045 steel
specimen no. (eg. Al)
- a/w ratio (eg. 0.5)
- test condition
INS# - Instron speeds test no. (eg. INS1)
HS - high speed
5SS - slow speed
QS - quasi-static
SHB# - dynamic speeds test no. (eg. SHBI1)
- tilt angle ¢
scanning electron microscope magnification
g -~ scaling for micrograph
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Figure 4.17 Representative stretch zone micrographs
( a) for Instron speeds tests illustrating
ductile fracture mode (from #INS1),
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Figure4.17b Stretchzone micrograph for Instron test
#INSI.
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Figure 4.18 Stretch zone micrographs for dynamic test
(a)-(b) #SHB1 illustrating ductile fracture mode.
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Figure 4.19 Stretch zone micrographs for dynamic test
(a)-(b) #SHB4 illustrating brittle fracture mode.
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1) m=2 is the generally accepted value of m found in
the literatures based on finite element results
(Fig. 2.6)

2) m=1.36 is based on Irwin's plastic zone correction
factor

3) m=1 is used in ASTM E813 to determine the crack
blunting line

The Instron data appear to exhibit quite a scatter in m
value dependence, with the best fit m value being
approximately 2. On the other hand, the dynamic JQ values
are seen to be best represented by the lower bound value of
m = 1,

It would appear, therefore, that increasing the loading
rate from Instron speeds to stress wave loading resulted in
a8 transition of the fracture mode as characterized by two
values of m in Eqn. 3.13: m=1 for the dynamic case and m=2
for the slower cases. By using the proper m value and the
respective static and dynamic flow stresses, the SZWp values
were replotted in the form of the characterizing fracture
energy parameter, JQ (Fig. 4.21)., 1In Fig. 4.21, JQ is seen
to clearly decrease with increasing strain rate and a/w
ratio. For purposes of comparison, these microscopic (SZW)
JQ values were replotted using hQ values to represent the
loading condition (Fig. 4.22), These jQ values were
calculated using the corresponding t. for each test from

Table 4.1 and Table 4.2.
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Figure 4.21 Relationship between fracture toughness
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CHAPTER FIVE

DISCUSSION OF RESULTS
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The objective of this thesis work was to set up an
experimental fracture toughness testing procedure that
utilizes tensile loading and stress triaxiality to
characterize quasi-static to stress wave induced fracture,.
In examining the fracture toughness results obtained using
both the macroscopic (load/load-line displacement curve) and
the microscopic (stretch zone measurement) methods, it is
seen that the objective of this thesis work has been
successfully met.

The success of this test system to characterize
fracture toughness through the energy parameter JQ will be
discussed in its application to the testing of AISTI 1045
steel. This will be followed by a general discussion on the
test methodology used in this work. This chapter will be
concluded with a discussion on the relevance and application

of JQ to fracture mechanics.

5.1 Macroscopic Jg Results

One of the goals of this thesis work was to establish a
characterizing fracture energy parameter that reflects the
loading rate dependence of material fracture toughness. In
addition, this parameter should permit its evaluation
through automated data recording and analysis procedures.
Examination of the quasi-static to dynamic test results
indicate that this goal has been successfully met.

A clear decrease in the macroscopically obtained JQ is
associated with increasing loading rate, with the average JQ

ranging from 65 kJ/m? (quasi~-static) to 4 kJ/m? (dynamic)
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(Fig. 5.1). 1In this way, JQ confirms that it indeed does
characterize the loading rate effect of fracture toughness
by exhibiting the well-known qualitative relationship
between loading rate and fracture toughness. The loading
rate in these tests is defined in terms of jQ , which
represents the average rate of fracture energy inputed dinto
the system, or alternately a measure of the severity of the
loading situation.

The fracture toughness/loading rate relationship for
this steel, for the case of a/w = 0.6, can be approximated
by a bilinear function through eight orders of magnitudes
of 3Q in the form:

61 - 6.3 log (Jq) for 1071 < Jq < 10*

Jq
and JQ

99 - 15 log (Jg)  for 104 < Jg < 107
with Jg in units of kJ/m? and jQ in units of kJ/m?s™!

For the dynamic tests, the effects of striker velocity
on;hgis not evident since the critical time to maximum load
at both striker velocities are approximately the same.

However, a clear a/w dependence of JQ is observgd.
With reference to Fig. 5.1, Jg 1is seen to vary from 45
kJ/m? to 21 kJ/m? as a/w goes from 0.5 to 0.7 for the case
of high speed Instron tests. In addition, this JQ-a/w
dependence is seen to also depend on the loading rate, as JQ
resultsfrom Instron tests performed at the quasi-static
speed were relatively specimen geometry independent.

The Jq—a/w dependence is due partly to the significant

dependence of the applied moment on a/w as a result of the
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shifting of the neutral axis on the compact tension
specimen. With a smaller a/w, a significantly higher
fracture load would have to be used to compensate for the
reduced bending moment available. In the impact tests, this
reduction in moment was seen as a major cause for ductile
fracture in the a/w = 0.5 case and brittle fracture in the
a/w = 0.6 case, as will be covered in the next section.
Although this macroscopic method of fracture toughness
determination exhibits a strong a/w dependence, by focusing
its use on standardized specimens (CTS, a/w = 0.6), a time
saving, economical method of quantifying the loading

rate/fracture toughnes relationship is possible.

5.2 Microscopic ig Results

Determination of the fracture parameter JQ through
stretch zone (SZ) measurement provides a more direct, though
time consuming, record of the fracture energy requirement
based on microstrutural details. As an alternate method of
JQ evaluation, this microscopic approach serves to evaluate
the accuracy of the time saving macroscopic approach.

Results from SZ measurements confirm those obtained via
the macroscopic method. In particular, SZ results
demonstrate a similar loading rate/fracture toughness
relationship (Fig. 4.16).

To convert these stretch zone measurement results to an
equivalent fracture energy parameter, two values of m in
Eqn. 3.13 was seen to be needed to characterize the Instron

and dynamic speed tests (Fig. 4.20). From the corresponding
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micrographs of these test, it is evident that these two
values of m in fact differentiated between ductile and
brittle fracture. From section 2.2.1, it is known that m

represents the degree of crack tip plasticity or constraint

associated with the crack blunting process. When the
fracture mode changes from ductile to brittle, the
associated plastic zone ahead of the crack tip diminishes
and a corresponding drop in the value of m is to be
expected. In this work on AISI 1045 steel, m=2 1is
associated with ductile fracture whereas m=1 best represents
brittle fracture,

Evaluation of the microscopic JQ based on these two
values of m yields Fig. 4.21. Figure 4.21 clearly
demonstrates a bilineér dependence of Jq on loading rate due
to the change in crack tip constraint associated with two
values of m, As mentioned in the previous section, the
loading situation can best be seen through the loading rate
parameter Jb (Fig. 4.22). For the case of a/w = 0.6, the
fracture toughness/loading rate relationship is in the form:

78.6 - 15.3 log (Jg) for 10-1 ¢ Jq < 103

Iq
and Jg = 45.1 - 5.3 log (Jg) for 103 ¢ gy < 107
with Jg in units of kJ/n? and Jy in units of kJ/m2s™!

The fracture energy parameter JQ evaluated using SZ2
measurement is seen to be less specimen geometry dependent
as compared to the macroscopic method. Negligible a/w
dependence is seen for the Instron speed tests while JQ is

seen to decrease from 19 kJ/m2 to 10 kJ/m? as a/w goes from
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0.5 to 0.6 for the dynamic tests. The relatively large SZ
associated with a/w = 0.5 and dynamic loading correctly
reflects the greater resistance to fracture offered by the
larger remaining specimen ligament, and the ductile fracture
surface over the stable crack growth region (Fig. 4.18)
supports the large SZ measured. On the other hand, the much
lower SZ associated with a/w = 0.6 and dynamic loading is a
direct consequence of the transition from ductile fracture

for the Instron cases to the present brittle fracture mode.

5.3 Agreement of Macroscopic/Microscopic Jg Results

The relative agreement between the macroscopic and
microscopic methods of JQ determination can be seen in Fig.
5.2. A clear decrease of JQ is associated with increasing
JQ for both methods, while the macroscopic method has a
greater JQ—a/w dependence. The agreement between these two
methods therefore confirms the general validity of the
assumptions and models used in their determinaiton of JQ.

By focusing attention on a/w = 0.6, the fracture
toughness/loading rate relationship of this steel can be
further simplified. A linear function that spans eight
orders of magnitudes of Jb loading can be used to
approximate this relationship in the form:

Jg = 62 - 8.2 log (Jg) for 107! < Jy < 107
with JQ in units of kJ/m?2 and Jb in units of kJ/m2s™!

From Fig. 5.2, it is seen that the macroscopic Jg
values for the dynamic loading tests are quite low. These

low JQ values can be traced in part to the material model
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used in their determination. In addition, these macroscopic
dynamic JQ values also depend on the choice of maximum load.
These two topics will be covered in the next section under

general test methodology.

5.4 General Test Methodology

In this section, a general discussion on test
methodology will be given. This discussion will cover the
three main areas of 1) crack initiation detection using COD
gage; 2) dynamic load/load-line displacement interpretation
and 3) stretch zone width measurement. This general
discussion will evaluate the data interpretation procedures
used and point out some of the possible sources of errors

associated with these procedures.

5.4.1 Crack Initiation Detection using COD Gage

The use of a COD gage to detect the onset of crack
initiation was seen to be ineffective for the quasi-static
and slow speed single pull tests performed on the Instron
test frame. The inability to detect crack initiation in
these tests could be explained in terms of the available
time for crack blunting. In essence, the COD gage measured
any sudden change in the crack opening rate. The lack of a
sudden COD-t slope change for these two Instron speeds meant
the material around the crack tip had time to relax as the
crack blunting process progressed.

For the case of Instron high speed loading, the
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detection of a slope change implies a lack of strain

relaxation around the crack tip, and points to a change in
the crack blunting mechanisms at the crack tip as compared
to the slower Instron tests. It is expected that this lack
of strain relaxation is intensified at dynamic loading
rates.

The relatively slow rate of loading during the Instron
tests (quasi~-static to high speed) means the crack
initiation process for the Instron tests was the result of
the physical separation of the two halves of the CTS due to
the hydraulic actuator's movement, and not a stress wave
phenomenon.

On the other hand, the crack initiation process in the
dynamic tensile loading case was clearly a wave phenomenon.
In this case, the COD gage is postulated to have measured
the crack edges' average local particle velocity. This
local particle velocity is caused by plastic stress waves in
the vicinity of the crack edges (Eqn. 2.24). As COD_CRIT is
a function of the local particle velocity and therefore the
stress state, COD_CRIT directly relates to the critical time
to fracture, and differs from the critical time based on
maximum load by a constant factor related to specimen
geometry considerations,

It is postulated that the COD gage was simply placed
too far away from the crack tip to response to the local
straining at the crack tip. By being positioned on the
specimen face, the COD gage only responded to the average

physical translation of the crack faces due to the
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substantial area that the gage was mounted on, and not the
fracture process over the crack tip fracture process zone,

Based on a linear elastic perfectly plastic material
model, one dimensional tensile waves travelling toward the
free surface of the specimen crack tip would, at yielding,
result in a local particle velocity of 15 m/s. This
velocity, applied over the COD gage working range (1.5 mm),
yields an event time of 100 us., This corresponds well with
the average COD_CRIT time of 120 us, considering the fact
that a complex wave reflection pattern existed within the
specimen (a combination of the initial compression due to
the elastic bending of the swing arm assembly and the nature
of the incoming tensile wave). This same yield velocity,
when applied near the crack tip, would obviously cause crack
initiation in much less time since the region of interest is
much smaller.

Analysis based on stretch zone results (table 4.3)
indicates a dynamic COD/CTOD ratio of approximately 80X,
This translates into a crack tip critical fracture time of
1.5 ps, which compares very well with the experimental
critical time of 1-~2 ps based on maximum load (table 4.2).
In addition, the notch in the specimen tends to increase the
local strain rate ahead of the notch, and thereby further
affects the critical time at the crack tip.

The effects of local particle yield velocity on the COD
signal is easily distinguishable from the natural background

60 Hz noise. A 60 Hz signal has a period of ~16 ms vs the
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100 ps associated with specimen yielding under maximum load.
The background noise is seen very clearly in test #1's

record (Appendix C).

5.4,2 Dynamic Load/Load~line Displacement Interpretation

Material Modelling

In evaluating the dynamic JQ values using the
macroscopic(load/load-line diaplacement curve) method a
modified linear elastic perfectly plastic model for the
specimen material was used to arrive at a maximum dynamic
fracture stress. This material model was used since the
microscopic method of JQ determination (Eqns 2.14, 3.13) is
based on this model. Flow stress is used in place of yield
stress to account for material strain hardening.

In the application of this model to analyze the dynamic
load/load-line displacement curves, a linear interpolation
between the origin and the maximum load point was used.
With reference to Fig. 5.3, this interpolation procedure is
seen to be necessarily conservative. The degree that this
interpolation procedure underestimates the actual fractﬁre
energy JQ depends on the degree of material strain hardening
during the fracture process. A finer time resolution on the
digital transient recorders used to record the load signals

would be needed to more accurately determine the macroscopic

JQ.
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Dynamic Material Properties

In addition to the choice of material model to account
for material strain hardening, the dynamic JQ values also
depended on the value of the maximum dynamic fracture
stress,

Equation 3.4 was used to account for the strain rate
strengthening of material properties (yield and flow
stresses) since it applies to quasi-statically ductile
materials in general[75], and had been used in past work on
AIST 1045 steel [48]. The choice of B= 0.018 represents
the only value referenced in the literatures[77]. In
establishing the dynamic strain rate, it was necessary to
assume.a similar definition of gage length (27.5 mm) as that
used in the Instron tests, and to use the particle velocity
corresponding to the static flow stress (as a first
estimate) to determine the dynamic strain rate, The
resultant dynamic strain rate was therefore 4x102 s—1,

With the above analysis, the use of 150 kN as a maximum
specimen fracture load was a reasonable assumption based on
available data. The relatively good agreement between the
macroscopic and microscopic results verifies the general
validity of the analysis used.

Nevertheless, a better understanding of the dynamic
tensile properties of the test material through additional
experimentation is needed to enhance the accuracy of the
analysis. The generally lower values of the macroscopic Jg
points to a need to verify the use of g = 0.018 and a

dynamic strain rate of 102 s-1,
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The dynamic strain rate was determined assuming the
same definition of strain rate applies equally to the slower
Instron tests and the stress wave loading tests, At
present, there is no agreed upon quasi-static or dynamic
strain rate definition for the CTS, and therefore the
definition used in this work represents a necessary
assumption. However, it seems reasonable to assume that the
dynamic strain rate used in this work was a conservative
estimate. This assumption is based on the fact that with
stress wave loading, material outside the crack tip region
was not able to response to the straining at the crack tip
as quickly as the slower speed Instron tests, and therefore
the actual strain rate should be higher than assumed.

Of equal importance in influencing the dynamic material
properties of the specimen material were the stress
intensification effects of the notch. As explained by
Dieter [75], the general yield stress of the notched
specimen (based on Tresca's yield criterion) was higher than
the uniaxial yield stress due to the confining nature of
triaxial stresses on the plastic zone, while the basic
material yield stress remained unchanged. In addition,
depending on the striker velocity or the applied strain
rate, the notch's stress intensification effects were
greater for the brittle fracture than the ductile fracture

case,.
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5.4.3 Stretch Zone Measurement

There is no doubt that stretch zone measurement is a
valid fracture characterizing parameter. The fact that it
too exhibits the well known qualitative strain rate and alw
effects validates its use. However, it is important to
appreciate the potential sources of errors in using SZ
measurements for this work.

Stretch zone measurement depends on subjective
interpretation or operator dependency. The first basic
dependency is the operator's choice of a representative
stretch zone for measurement. As stretch zone is known to
vary from £25-50% in width, the choice of the stretch zone
location is therefore a source of error.

Secondly, the choice of SEM magnification determines
the extent the details of the fracture surface appear and
consequently the choice of the stretch zone.

Thirdly, the conventional approach of using arithmatic
averages of stretch zone widths, based on an arbitrary
sample size and sample selection, is also a source of error.

Finally, a ductile or brittle fracture mode carries
with it different amount of SZ measurement errors. Contrary
to the relatively sharp outline of the SZ in the case of
brittle fracture, ductile fracture results in a very jagged
SZ outline. Stereoscopic pictures are of limited help in
this case due to the extreme unevenness of ductile fracture
surfaces. Depending on the extent of ductile tearing near
the stretch zone, this image enhancement method may be

relatively ineffective,
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Notwithstanding the above criticisms of the stretch
zone measurement method of fracture toughness determination,
its use in fracture toughness testing is unquestionably
needed. As an investigative tool aimed at the fracture
surface, stretch zone measurement represents the most direct
record of the fracture process. Any quantitative fracture
parameter must therefore be able to reflect the changes in
stretch zone appearance as a function of the testing

variables,

5.5 Relevance and Application of fg to Fracture Mechanics

One of the current issues in the field of dynamic
fracture study is whether a one parameter, macroscopic
dynamic fracture toughness value exists. To answer this
question, it is helpful to briefly review the principles
behind current static fracture toughness parameters.

In the case of static loading, the use and validity of
both Kyc and Jyr have been firmly established both
theoretically and experimentally. Kjc is essentially an
ideal, critical stress/crack size limiting parameter that
accounts for the breaking of atomic bonds in materials
without significant plasticity. In design situations, a
geometric factor,o , is added onto this necessarily
conservative value to yield critical design stresses.

The use of Jic as a fracture parameter is based upon
the same philosophy, except that J's formulation is based on
a minimal energy requirement for fracture. In practice, Jip

is converted into an equivalent Kie value and used to
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approximate the design stresses needed.

One is then inclined to say that a parallel situation
of dynamic Xs and Js may exist for the dynamic loading
situation, However, stress wave loading introduces more
complex theoretical questions which can be considered only
for a very limited number of geometries and boundary
conditions, and poses numerous additional problems in terms
of the experimental evaluation of a dynamic fracture
parameter.

Fundamentally, fracture involves the initial breaking
of atomic bonds. Therefore, a global energy consideration
is valid for crack initiation for cases of quasi-~static to
stress wave loading. The question is then how one accounts
for the different modes of wave loading when stress waves
impinge upon a crack front. The mathematical answer to the
above question lies in the realm of applied mechanics.
Experimentally, it is possible to obtain this global,
critical fracture energy parameter without full
understanding of the stress wave history involved. This
present work has demonstrated that JQ is indeed a fractﬁre
parameter capable of characterizing quasi-static to dynamic
loading.

From a design point of view, the key to any
static/dynamic fracture parameter is not to just obtain a
unique, characteristic number that is sufficient in
differentiating the varying degrees of fracture toughness in

materials (like a Charpy number), but a number that can also
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be related back to some design stress based on a critical
material loading condition (like a Kpp).

Presently, there is no research work in progress to
systematically evaluate the accuracy in converting J1c into
Kyic for design work. Similarly, the use of dynamic Kig
value, K1p, is without analytic or design verification.

Consequently, the use of the author proposed dynamic
fracture parameter, JQ, also awaits such design
verification, However, since JQ is a critical fracture
energy parameter similar to the static J-integral, a
reasonable first approximation would be to likewise convert

JQ values to K values for design purposes.

155



CHAPTER SIX

CONCLUSIONS
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The success of the present experimental fracture
toughness testing procedure that utilizes tensile loading
and stress triaxiality to characterize guasi-static to
stress wave induced fracture has been demonstrated.

Specifically, standard ASTM compact tension specimens
were loaded in simple tension, at rates ranging from gquasi-
static to stress wave loadings, using a standard servo-
hydraulic test frame and an original stress wave loading
arrangement based on a modified compression Split Hopkinson
bar. The load during testing was monitored by a load cell
for the servo-hydraulic test frame case and by instrumented
loading grips in the stress wave loading arrangement. Crack
initiation and load-line displacement at all speeds were
determined using a specimen face-mounted high frequency
crack opening displacement gage.

Fracture toughness based on this testing procedure is
expressed in terms of a characterizing fracture energy
parameter, JQ, derivable from either the load/load-line
displacement test record or from a microscopic examination
of the fracture surface's stretch zone using scanning
electron microscopy. The loading rate during testing is
expressed in terms of bQ, the fracture energy parameter
divided by the crack initiation time.

A study of the variation of fracture toughness, JQ, of
an AIST 1045 steel in the annealed condition, with loading
rates ranging from quasi-static to stress wave loading, was
undertaken using compact tension specimens of three

different a/w ratios (0.5,0.6,0.7). The experimental
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results based on stretch zone measurements and load/load-
line displacement records both indicate a significance
decrease in fracture toughness for this steel at high
loading rate. In addition, fracture toughness is seen to
decrease with increasing a/w ratio for these two methods of
fracture toughness determination. However, fracture
toughness based on stretch zone measurements indicates a
lesser dependence on specimen a/w ratio than the method of
load/load-line displacement records.

Notwithstanding the success of this prototype,
improvements can be made in crack initition detection and
crack tip displacement calculations., Modifications to the
present dynamic test setup are needed to strengthen it
against impact loads and to minimize the experimental
errors and uncertainties. Efforts should be made to improve
the applicability of one-dimensional wave theory.

Further experimentations are needed to improve the
modelling accuracy of the dynamic tensile properties used in
stress wave analysis, In particular, a more accurate
estimate of the dynamic yield strength of the test material

is needed,
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APPENDIX A

SLOW SPEED INSTRON TEST RESULTS
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APPENDIX B

HIGH SPEED INSTRON TEST RESULTS
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APPENDIX ¢

STRESS WAVE LOADING RESULTS
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APPENDIX D

SCANNING ELECTRON MICROGRAPHS FOR ALL TESTS



Scanning electron micrographs for test #INST3
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Scanning electron micrographs for test #INST6
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Scanning electron micrographs for test #INST7
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Scanning electron micrographs for test #INSTY
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Scanning electron micrographs for test #INST12
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Scanning electron micrographs for test Q.S. #14
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Scanning electron micrographs for test #SHB2
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Scanning electron micrographs for test #SHB3
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Scanning electron micrographs for test #SHBS5
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