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ABSTRACT

TEMPERATURE AND RATE DEPENDENT
FRACTURE BEHAVIOR OF GLASSY POLYMERS

by

Chul Soo Lee

Co-chairmen: R.M.Caddell and A.G.Atkins

Fracture behavior of two glassy polymers, namely,
Polymethylmethacrylate (PMMA) and Polycarbonate (PC), has
been investigated as a function of temperature and rate of
loading.

Kic values were obtained using compact tension spec-
imens of identical geometry so as to avold any geometrical
effects. The variation of Kjc was obtained in the temper-
ature range of 193 °K to 353 °K using crosshead speeds rang-
ing from 0.833 um/s to 8.33 mm/s.

Fracture toughness, R, was obtained graphically from
load-displacement curves and information related to change ih
crack length was obtained by using silver paint technique.
Stable crack growth of PMMA was found to be impossible at
temperatures below 243 oK, whereas PC exhibited stable crack
propagation at temperatures down to 213 °k.

Experimental results of PMMA fracture toughness, R,
versus crack speed in the temperature range between 283 °k

to 353 %K were shown to follow the Ree-Eyring type activated



flow model with the stress term replaced by fracture tough-
ness, R. Activation energy obtained in this temperature
range came close to that of the B process in PMMA associated
with crazing processes. However, fracture toughness results
below 283 °K did not follow the predicted curves.

KIC results for PMMA at each crosshead speed showed
a steady increase as the temperature decreased until they
reached a plateau or a maxima; this takes place at lower
temperatures for slower crosshead speeds. Activation energy
for such a transition also suggests involvement of a B pro-
cess above these transition temperatures. Deviation of ex-
perimental PMMA fracture toughness results from the predicted
curves below 283 °k suggests a mechanism other than the 8
process 1s operating below this temperature.

Fracture toughness, R, of PC was influenced by the
size of the 'plastic enclave' around the crack tip. Effects
of crack speed were less pronounced as compared tc the effect
‘of temperature. A sharp drop in both Kio and R data occurred
around 273 °K.

Fracture surfaces of PMMA were shown to be related
to fracture toughness, crack speed and temperature, and the
formation of various (microscopic and macroscopic) markings
on the fracture surfaces have been explalned. Formation of
different textures of fracture surfaces was attributed to
different rates involved in void formation and coalescence

in the crazed material at the crack tip.
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CHAPTER I

INTRODUCTION

I.1 General
As a greater number of polymers are being introduced
in engineering design applications, their complex mechanical

behavior presents certaln problems to the design engineer.

One of these important aspects, which needs further under-

standing, is their fracture behavior. A knowlege of a ma-
terial's resistance against crack growth and its capacitv to
absorb the energy of the running crack is vital to an engi-
neer if he is to design against this catastrophic mode of
fallure.

Since the introduction of the brittle strength
theory of elastic solids by Griffith (1921, 1924), the incre-
mental energy balance between the stored elastic energy
around flaws and the energy needed to create new surface has,
with some modifications, been a major criterion for the
fracture of many materials (Orowan 1950, Irwin 1957). But
polymers are not classical elastic bodies and they have a
pronounced time-temperature dependent behavior in regard to
their mechanical properties, which include fracture behavior.
As a consequence, the Griffith theory has a very limited

range of application in the polymer fracture area.

Glassy polymers are well suited for studying the
fracture process in polymers because of their wide range of
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fracture toughness. Their toughness varies significantly, not

only from one material to another, but also from one service
condition to another, i.e., temperature and the rate of load-
ing.

Untll recently, the dependency of fracture toughness
of the glassy polymers on time and temperature has been dis-
cussed rarely. In many of the previous studiles, fracture
toughness, or surface energy was considered as a constant
material property. Some workers introduced only one of the
two variables, leaving the other (i.e., time or temperature)
free of control. Thils caused large discrepancies among the

published fracture toughness data for given polymers. This
apparent scatter can be attributed partly to different test

conditions which were not fully controlled by the authors.

Due to the scarcity of experimental data, the con-

tribution of the two variables, 1.e., time and temperature,
in the fracture process of glassy polymers 1s yet to be
established.

The purpose of the present study is to explore the
variation of fracture toughness of glassy polymers at dif-
ferent temperatures and loading rates and to analyze the re-
sults so as to understand the mechanism of the time-temper-

ature dependent fracture behavior of glassy polymers.

I.2 Literature Survey
I.2.1 Mechanics of Polymer Fracture

Since Griffith (1921, 1924) introduced the surface



energy of a material as an important parameter in determin-

ing the fracture strength of solids, measurements of surface
energy have been pursued extensively for many materials.
When it was realized that surface energy alone could not
account for the large dissipation of energy during the frac-
ture process, the term 'fracture surface energy' was intro-
duced. In this more general form, 1t was meant to represent
all of the energy dissipated in creating a unit area of
fracture surface (Orowan 1950).

Measurements of fracture surface energy for polymers
were first attempted by Berry (1961). He made a series of
tensile tests of polymethylmethacrylate (PMMA) with artificial
flaws. By introducing artificial flaws of different sizes,
he found that the stress at fracture for these polymers was
dependent on the size of the flaws in a similar fashion as
Griffith had observed in his original experiment with
inorganic glass; this stress was lnversely proportional to
the square root of the flaw size. Unfortunately this rela-
tionship ceased to hold when the flaw size was reduced down to
the level where most practical flaw sizes lie,.

Cleavage specimens have also been used to measure
the fracture surface energy. Initially, this method in-
volved a long rectangular beam with a crack running along
the horizontal median plane starting from one side where the
splitting force is being applied. 1In order to keep the
crack path straight along the medlian plane, compressive

stress was superimposed along the length direction of the



beam (Benbow and Roesler 1957, Svensson 1961, Benbow 1961).

Later modifications of cleavage techniques involved side
grooving of the specimen along the intended crack path (Berry
1963, Broutman and McGarry 1965), and/or using a tapered
specimen (Ripling et al 1967).

The elastic stress field around a crack tip has been
analyzed by Westergaard (1939) and the stress field can essen-
tially be described in terms of one parameter, K. Irwin
(1957) modified this solution and introduced the rather simple
fracture criterion that whenever the stress environment ex-
pressed in terms of K reaches the critical value, Kc for the
material, fracture will occur. He proposed that the "critical
stress intensity factor", K, be used as the parameter which
describes a material's resistance against crack propagation

in metals. He also introduced the term "elastic energy re-

lease rate" G and critical energy release rate G,; these can
be converted into K or K, by a simple functional relation-
ship. This concept has been further developed and forms the
basis for linear elastic fracture mechanics. Linear elastic
fracture mechanics was first applied in the polymer fracture
area by van den Boogart and Turner (1963), since then it
has been applied by others (Key et al 1968, Radon 1971,
Marshall and Williams 1973).

Gurney and Hunt (1967) made an independent study of
quasi-static fracture. He used the term "fracture toughness”

which represents the irreversible work and delayed reversible

work per unit area of crack surface as referred to one slde



-5=-

Of the crack surface during the crack propagation. "Fracture

Toughness™, R, can be measured graphically from the load-dis-
placement curves obtained during a fracture test.

Various parameters representing toughness are related

as; R=G,=2y and K= YEG (plane stress), K=]¢E§—z (plane strain),
where E is Young's modulus. Two parameter;-;ill be used in
this thesis to express the two types of toughness. One 1s

the critical stress Intensity factor K;p, to be used as a
measure of resistance of material against initlal crack ex-
tension and the other 1s the fracture toughness, R, to be

used as a measure of resistance of a material against the runn-

ing crack. The term "fracture toughness", R, will be used in

this thesis following the definition of Gurney and Hunt (1967).

I.2.2 Microscopic and Molecular Aspects
I.2.2.1 Crazing

A unique feature of glassy polymers 1s the appearance
of "erazes" ("silver cracks" by Soviet workers) which may be
considered as widely distributed tiny crack-like defects on
the surface of a specimen under tenslle stress. They look
like a group of cracks because of the bright reflections from
these spots in the otherwise transparent specimen. However,
they are actually not true cracks but localized regions of
the plastically deformed material interspersed with voids of
varying proportions (Kambour 1972). This characteristic
phenomenon was first observed in polystyrene (PS) by Sauer

et al (1949) and the structure of craze was revealed by



Kuvshinskii and Lebedev (1962) and Supurr and Niegisch (1962)
with light microscopy studies. The microstructure of crazes
has been successfully viewed through the transmission electron
microscope by Kambour and Holik (1969a and b) and Kambour
(1971). They observed that the microstructure of a craze in
Polyphenyleneoxide (PPO) resembled that of sponge and when
stressed 1t appeared as a set of oriented microfibrils elon-
gated in the maximum tensile stress direction. The fibril
diameter was estimated roughly at 200 R, irrespective of the
stress state. Beahan et al (1971) have studied the microstruc-
ture of crazes in both microtomed and bulk samples of PS. The

fibrillar morphology was found in both cases, with the diameter

of fibrils 200 X to 400 A.

The explanatlions for the mechanics of craze initia-
tion has been studled by several workers. Since Maxwell and
Rahm (1949) suggested a critieal strain criterion, Sternstein
and Ongchin (1969) emphasized the role of the dilatational
component of the stress state to account for the formation of
voids involved ﬁith a craze. Gent (1970) explained the forma-
tion of crazes in glassy polymers in two stages: A local
transformation from a glassy to rubbery phase induced by the
dilatational stress followed by cavitation of the rubbery
phase under the same dilatational component of stress. The
current thinking tends to favor the role of "triaxial ten-
sion" in opening the "holes" in the matrix of the glassy
materials (Kambour 1970).

Most of the studles on the kinetics of craze growth



have been done within very limited ranges of sizes and the
proposed expressions for craze growth rate derived from the
observations of the growth of crazes on the microscopic scale
(Sauer and Hsiao 1953, Regel 1956, Higuchi 1966, Sato 1966).

Since the crazes that were studied ceased to grow within the

microscopic range, their results do not help in understand-
ing the role of craze growth in the gross fracture process
of glassy polymers. Marshall, Culver and Williams (1970)
made a meaningful study of craze growth kinetics in terms
of a fracture mechanics approach. Single edge notched
fracture specimens of PMMA were immersed in methanol. As

a tensile load was applied to the specimen a single craze
started from the sharp edge notch. The growth rate of the
craze was recorded as a constant load was applied to the
specimen. For convenience, they used the initial stress
intensity factor, Ko as the loading parameter in thelr study
and found three different types of craze growth depending on

the magnitude of KO. First, the craze did not grow at all

when K, was less than a minimum value, Kp. Second, when X,
was bigger than K, and yet smaller than the upper limit

value K their growth occured at a decelerating rate to a

n?
final size of 0.254 to 2.54 mm. Third, when K, was bigger
then the upper limit value Kn’ craze growth rate decreased
but reached a constant speed until final rupture. This
study was a direct assertion that the crack growth in glassy

polymers is merely an extension of a single craze growth

under favorable conditions.
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The involvement of craze in the fracture process of
glassy polymers can be visualized from the observation of a
profile of crack tip presented by Kambour (1966) as shown in
Flgure 1. Extensive reviews on the role of crazing in the

fracture process of glassy polymers have been done by Kambour

(1972) and Rabinowitz and Beardmore (1972).

I.2.2.2 Molecular Relaxation

Most of the fracture energy 1is dissipated during the
formation of crazes and the subsequent viscous flow of mo-
lecules within the crazes (Berry 1961). The interference

colour from the fracture surface of PMMA was explained by
Berry (1961) to be a thin layer of oriented molecules caused
by the microscoplic flow at the crack tip. This microscopic
"eold flow", occuring below the glass transition tempera-
ture (Tg), has been explained im terms of the secondary re-
laxations which provide the necessary mobillity for cold flow
(Boyer 1968). Boyer reviewed the role of secondary re-
laxation processes in crazing and on the impact strength of
various polymers. He found some evidence of close assocl-
ation between crazing and the secondary relaxation process
in PMMA and PS. But he cautioned against the generalization
that the secondary relaxation peak 1s either a necessary or

sufficient condition for high toughness. Boyer (1968) ex-
amined some of the unpublished data on rate of crack growth
as function of temperature for PMMA and found that the

activation energy obtained from the crack growth data was
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Figure 1. Profile of a crack tip with its associated
craze and craze layer on the fracture
surface (Kambour 1972)
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very close to the value for B process, the secondary relaxa-
tion process. Broutman and Kobayashi (1971) obtained similar
results from thelr fracture toughness data of PMMA and PS.
Heijboer (1968) investigated whether the impact strength and
damping properties are related, using eight polymers having
different damping behaviors. Based on his experimental re-
sults he concluded that the secondary dynamic mechanilcal
damping peaks have no major effect on the impact strength of
these polymers. Rather, he attributed any major change in
impact strength to the movement within the main chain. However,
Johnson and Radon (1972) claimed that the toughness of PMMA eXx-
pressed in terms of K;,,showed peak values at the temperatures
at which the secondary relaxation peaks (8 and y) of respec-
tive materials occﬁr at the frequency equivalent to that of
loading rate used in the fracture test. Thus, even though

the involvement of the secondary molecular relaxation mecha-
nism in the fracture process of glassy polymers is generally
accepted on a qualitative basis, the explanation as to how

it affects the fracture behavior is-still at controverslal

stage.

I.2.3 Time-Temperature dependent fracture of polymers

Yemperature dependence of fracture surface energy of

glassy polymers was first reported by Berry (1963a) from his
tensile tests with PMMA. He found a fivefold increase in
the fracture surface energy of PMMA as the temperature was

reduced from room temperature to 73 °k. Other studies using
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PMMA and the cleavage technique (Svensson 1961, Benbow 1961,
Broutman and McGarry 1965) showed similar trends, however
there is considerable scatter among the data because different
loading rates were used.

Key et al (1968) applied the fracture mechanics ap-
proach and reported the temperature dependence of the tough-
ness of PC and PMMA, in terms of the plane strain crack
toughness parameter K. Similar experiments were performed
on Polyvinylchloride (PVC) by Radon (1972).

The time dependence of the fracture toughness of

glassy polymers has been studied independently by several
workers. Due to the complex situation in the strain history,
several approximate methods were attempted to analyze the
strain rates of material elements surrounding a crack (Irwin
1963, Williams 1972). Most studles have used the crack speed
as a unique parameter (independent of specimen geometry and
size) to represent the strain rate of the material elements
surrounding a moving crack (Williams et al 1968, Cotterell
1968, Marshall and Williams 1973, Vincent and Gotham 1966).
Most of the crack speed dependent behavior of fracture tough-
ness has been performed at room temperature. Few systematic
studies using both variables of temperature and crack speed
are available, yet. Conventional methods of obtaining the
toughness of a material in terms of the strain energy release
rate, G, involve some difficulties 1n studylng the fracture
behavior of a rate dependent material because the modulus is

a variable. This causes the compliance calibration at one
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rate to be different from one at another rate. Gurney and Hunt
(1967) introduced a method of measuring fracture toughness
directly from the load-displacement curve of a stable crack
propagation. Thlis method was successfully used in the present
study 1n obtalning temperature and crack speed dependent

fracture toughness data.

I.3 Scope of the present study

Present study aims at investigating the variation of
toughness of polymers as function of both temperature and
loading rates.

Materials used in the present study were polymethl-
methacrylate (to be abbreviated as PMMA hereafter) and poly-
carbonate ( to be abbreviated as PC hereafter). These two
glassy polymers were chosen on the ground that the former
(PMMA) represents a brittle polymer and the latter (PC) re-
presents a tough polymer.

Both factors, K, and Gurney's fracture toughness
parameter, R, will be used to represent toughness. Because
the fracture toughness parameter, R, is measured from the
stable crack propagation, techniques will be developed to
achieve stable crack propagations along the straight crack
path.

When the temperature and rate dependent toughness,
both in terms of KIC and R, are obtained, they will be ana-
lyzed for an empirical relationship between toughness,

temperature and loading rate,
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Finally, fracture surfaces will be studied to characterize

various features in terms of temperature and crack speed.



CHAPTER II
THEORETICAL BACKGROUND OF FRACTURE MECHANICS

II.1 PFracture surface energy
Solid materials usually fracture at a stress level

which 1s substantially lower than the theoretical strength
calculated from their molecular constitution and structure.
The discrepancy between the theoretical and observed fracture
strength of glass was attributed by Griffith (1921, 1924) to
the presence of flaws. The problem, as he stated it, involved

a two dimensional infinite plane containing a through-
thickness line crack of length 2a, loaded under uniform
tensile stress, o, at the infinite boundary. The stress
field equations had been solved by Inglis (1913) for ellipti-
cal shaped flaws. Griffith considered the 1line crack as the
degenerate case of an elliptical cavlty and applied the
Inglis solution to calculate the change in the straln energy
of the system due to the presence of the crack. The change
is strain energy AU, was expressed in terms of crack length,
'a', as;

2 2

2
AU = - 129 (1 - v7) plane strain
E [ 1 plane stress (2.1)

where E is Young's modulus and v is Poisson's ratio. The
contribution of the crack formation to the surface energy of

the system AS 1is;

~14-



g (2.2)

where Yg is the surface energy of the material. The net

change in energy of the system, AW is;

AW

AS + AU

Myga -

"azoz [(1 - vz)plane strain
1 plane stress (2.3)

The system becomes unstable and the crack will increase in
size if the incremental change in energy 1is equal to or less

than zero at increasing crack length.

3 (AW)
da

<0 (2.4)

From equations (2.3) and (2.4),

E
( ng:zé:: plane strain
(l-\) )1!3.

(2.5)

2Ey plane stress
/e

where op 1s the stress at fracture. This relationshlip was

shown to be in good agreement with the experiments on glass
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by Griffith.

When the surface energy of other materials were
estimated from this theory, they were substantially higher
than the theoretical surface energies (Orowan 1950). These
large discrepancies were attributed mainly to additional
energy dissipated durlng plastic flow at the crack tip.
Orowan (1950) justified the application of the Griffith
theory to general fracture, so long as the plastic flow 1is
localized at the crack tip, thus the dissipated energy is
still proportional to the fracture surface produced. The

modified Griffith criterion becomes,

, E(Yg+YD)
“"—";“- plane strain
T(l-v)a
éE(Y +y,.)
| —F& Db plane stress
Ta

where g represents the theoretical surface energy and Yp

(2.6)

is the energy dissipation due to plastic deformation at the

crack tip. The sum of the two quantities Tg and is

p
called the fracture energy, v, and it is used to represent
all the energy dissipated during the formation of a unit
area of crack surface.

The Griffith fracture criterion has been applied to
the fracture of polymers, and the fracture surface energy

has been measured using a variety of specimen shapes. A

common technique involves the use of cleavage specimen of
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either parallel or tapered shape. First, the relationship
between crack length,a, deflection, u, and load, X,is estab-
lished elther from simple beam equation or from empirical

relationships from experiment. Then,
X = f(u,a) (2.7)
and the strain energy within the system is,

AU = %X'u =

o=

f(u,a)-u (2.8)
The surface energy in the system is,
AS = 2y-+a-B (2.9)

where B is the thickness of the cleavage specimen.

The total energy, AW, within the system is,

AW = AS + AU = 2.y.a.B + % f(u,a).u (2.10)

Applying the Griffith criterion for fracture,

®
2(aW)) _ oyp 4+ L.y _a_g] =0 (2.11)
1 |a J, 2 dajy
From this,
_u 9.2]
Y* -5 [aa " (2.12)

The important feature in the above analysis is that



-18—

the fracture surface energy is measured at constant deflec-
tion (i.e. u=constant). In practice, this means that a suf-
ficiently large deflection 1s imposed upon the system before
the crack starts, then deflection 1s maintained constant until
the propagation comes to a halt at the equilibrium crack
length for the given deflection. This practice 1s very time
consuming and needs delicate testing procedures.

In some cases the fracture surface energy of cleavage
specimens has been erroneously measured due to the misunder-
standing of the assumptions in the analysis leading to equa-
tion (2.12). For example, Broutman and McGarry (1965) meas-
ured the fracture surface energy of PMMA and PS with cleavage
specimens. They measured the force, deflection and crack

length while the crosshead moved at constant speed. These

data were erroneously fed into the Griffith criterion, which,

as stated, applied for the fixed deflection case only. As

a consequence, thelr results come out significanlty lower
than the values found in this present work. Broutman later
acknowledged his mistake (1973) and the corrected value came
close to the data in this dissertation. The difficulty in-
volved with fixed deflection cleavage test can be avoided
with a more generalized cracking theory due to Gurney and Hunt

(1967). This will be discussed in the next seétion.

II.2 PFracture Toughness, R.

Gurney and Hunt (1967) made a general analysis of quasi-

static crack propagation where he assumed that the energy in the
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system maintains equilibrium throughout the process.
Consider a general case of crack propagation shown

in Figure 2.
X, u

!
:

4

7
'
X

Hgure 2. Schematic representation of a flat

plate with a crack

For an increment of displacement du, let the corresponding
increment of crack surface area be dA during the equilibrium
crack propagation. For static equilibrium of the system,

the work done by all the forces, internal and external,

during a quasi-static displacement should be zero,

Xdu - d(strain energy) - R4A = 0 (2.13)
For a linear elastic system,

Xdu = RdA +-%d(u'X) (2.14)

The Xdu term represents the external work input by the dis-
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placement of the loading pin, 1/2d(u-X) represents the change
in the elastic straln energy stored in the system and finally,
RdA represents the 1rreversible and delayed reversible work
in forming the fracture surface area dA. dA refers to only
one slde of the cleaved surface instead of two sides usually
adopted by previous workers 1in measuring fracture surface
energy. R will be called "fracture toughness" in this study.
Equation (2.14) can be represented graphically as
shown in Figure 3. The sector area OAB represents the energy
dissipated during the crack propagation AA. With the knowl-
ege of this sector area, RAA, and the corresponding increment

of fracture area, AA, R can be calculated by,

R-(AA) = OAB

OAB (2.15)

R=
This method provides a very convenient means of measuring the
fracture toughness, R, of any material for a wide range of
specimen geometry as long as stable crack propagation can be
achieved. For a highly rate dependent material, like glassy
polymers the fracture toughness value, R, may vary during a
single test because the crack speed changes as the crack
length increases. This difficulty can be accommodated with
Gurney's method because the R value can be measured directly
from the load displacement curve, and the crack length and
crack speed can be monitored either visually or by a simple

instrumentation.
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Equation (2.14) can be written in other forms;

Xdu = RAA + %d(uX) RAA + %Xdu + %udx

1

RdA = L(Xdu - udX) EXZd(u/X)

2

(2.16)

- L.2d(u/X)
R 2X dA

Equation (2.16) has the same form as that for the strain
energy release rate G,, introduced by Irwin (1957). This
equation (2.16) suggests that the fracture toughness, R, can
also be measured from a knowlege of the compliance data and
the load at the start of crack propagation. In fact, this
method applies for case when equilibrium crack propagation
cannot be attained (i.e. unstable cracking). Compliance,
(u/X), vs. crack area (A) data are first established experi-
mentally with the speclimen containing the known crack area
(crack length times thickness). Differentiating these data
with respect to crack area gives d(u/X)/dA for a specimen of
given starting crack area. R can be calculated by intro-
ducing the load at fracture X, and d(u/X)/dA of the specimen

tested.

II.3 Applications of linear elastic fracture mechanics
Cracks of brittle fracture in solids can be classi-
fied into three independent modes of kinematic movements of
upper and lower crack surface with respect to each other.
These three modes of I) opening, II) sliding and III) tear-

ing are shown schematically in Figure 4. They are conven-
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tionally called modes I, II and III, respectively (Irwin 1958).
Only mode I will be discussed in this chapter for brevity,
since similar analyses hold for the remaining modes and the
mode of fracture in this dissertation is the mode I unless
stated otherwise.

Irwin (1957) modified Westergaard's solution (1939)
of stress functions for the local stress distribution around
a crack tip. For the region of a tensile crack shown in
Figure 5, the stress distributions around the crack tip can

be expressed as;

o, = —-E-cos(6/2){l+sin(e/2)sin(3e/2)}
vyenr

——E—cos(e/2){1—sin(e/2)sin(3e/2)}
v2nr

Q
1]

——E—sin(e/2)cos(e/2)cos(36/2)

V2nr

O ax) plane strain
0 plane stress (2.17)

where the coordinates are as shown in Figure 5. K is called

the stress intensity factor which provides a single-parameter

characterization of the stress state around the crack tip.

K is subscripted as KI, KII and KIII depending on the mode of
erack surface displacement as shown in Figure 4, The stress

intensity factor, K, is related with the strain energy re-

lease rate, G, which in turn has the same value as the frac-
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Figure 4. Three modes of fracture

Figure 5. Coordinate system assocliated with equation(2.17)
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ture toughness, R, by a simple relationship,

(o]
i
o
"

(K2/E)(1-v?) plane strain

[op]
i}
=
i

(K2/E) plane stress (2.18)

where E 1s Young's modulus. It is a common practice to use
the expression R=K2/E for both plane strain and plane stress
cases because the difference between the two cases 1s not
significant (Brown and Srawley 1966). This practice will be
follpwed in the present study unless stated otherwise.

K 1s determined from the specimen geometry and the
applied load. The analytical approach to determine K as a
function of geometry and load involves a complex mathematical
operation even for a simple geometry. Paris and Sih (1965)
provide a summary of the results on the analysis of the
stress intensity factor X, for various type of specimen and
loading modes. An alternative way to avoid these mathemati-
cal complexitles is to determine K experimentally through
compliance measurement method which will be described next.

The expression for strain energy release rate, G, has
the same form as one for fracture toughness, R, shown in

equation (2.16),

- lxz d(u/X)

G=R=3 dA
2
or G =r=1x SW/X

2 Bda
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where B 1s thickness of the specimen. Since K and G are re-

lated by equation (2.18), it follows from equation (2.18) and
equation (2.16),

2 _ EB X% d(wX)

K 2 WB% d(a/W)

(2.19a)

or commonly expressed in non-dimensional form as;

k2B2W _ EB d(u/X)
X2 2 a(a/W)

(2.19p)

where W is the width, B 1s thickness of the specimen and u is
the displacement of loading pin. Equation (2,19b) suggests
that K can be determined,experimentally by méasuring the rate
of change of compliance as a function of crack length for the
given specimen geometry. In practice, the prototype specimens
are made with different crack lengths. The compliance, (u/X),
of each specimen 1s measured experimentally by taking the
reciprocal of its stiffness, (X/u). These compliance data
are plotted as a function of a non-dimensionalized crack
length, (a/W). This set of results is then fitted to a poly-
nomial in (a/W) by a standard statistical method of "best
fit"., The fitting function for compliance, (u/X), is differ-
entiated with respect to (a/W) to obtain Q%géé% is terms of

d(a
polynomials in (a/W);

d(u/X) . , 2.20
YY) f(a/W) (2.20)
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Applying this result in equation (2.19b) we get,

KBW . %5 f(a/W)

1
g Ay (a/W) (2.21)

where Ai(a/W)i represents a polynomial in (a/W). Good agree-
ment between the experimental and analytical results were re-
ported by Brown and Srawley (1966).

Care must be taken 1n the experimental K-calibration
of a strain rate sensitive material, because the modulus
value to be used in equation (2.19) varies for different rates

of loading. This will be discussed further in chapter IV.



CHAPTER III

PRELIMINARY INVESTIGATIONS AND
THE DESIGN OF THE SPECIMEN
In designing a fracture specimen for the present

study, the most important factors to be considered are the
predictions of crack path and the crack speed for the given
specimen geometry under a glven crosshead speed. Derivation
of crack speeds will be given in the next section and the
analysis for crack paths will be given in this section.

Both analyses are done for the cleavage specimen which 1is

used throughout this study.

III.1 Analysis of crack path

Control of the crack path 1n a straight line can be
made possible by various methods. Benbow (1957, 1961) and
Svensson (1961) applied a compressive stress along the length
direction of their clevage specimen to suppress the tenslle
bending stress which causes the crack path to deviate from
a stralght line. Berry (1963b), Broutman and McGarry (1965)
and Ripling et al (1967) introduced side grooves along the
desired crack path to increase the tensile stress within the
grooved area so that a crack would follow this preferential
path. These modifications of loading mode or specimen ge-
ometry cause some uncertainly in the experimental results.
Their effect on fracture toughness is not yet understood.

For example, the complex triaxial stress state at the root

-28-
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of the grooved reglon for the side grooved specimen remains

a "formidable" problem to be analyzed (Irwin 1965). Broutman
and Kobayashi (1971) reported that the residual stress induced
during machining the side grooves can cause the toughness
value of PMMA to be substantially higher than the value meas-
ured in the "annealed" state. With this in mind, the present

study utilizes the cleavage specimen without side grooves.

IIT.1.1 Linear stress analysis

A linear analysis of the nominal stress distribution
of a clevage specimen has been reported by Manjoine (1965).
Cotterell (1970) reported a higher probability of the crack
to run straight when the nominal stress normal to the crack
surface 1s higher than the stress parallel to the existing
crack line. Atkins and Caddell (1973) made a similar analysis
and extended this further to provide a comprehensive guide for
the design of fracture specimen that leads to straight crack
paths. Their analysis is followed in this section.

Consider a cleavage specimen of length, W, height,
2H, thickness, B, and crack length, a, being loaded with
splitting force, X, as shown in Figure 6. The nominal stress

at the crack tip can be calculated by assuming that the

bending stress is linearly distributed across the sectlon

A-A and B-B;

= (X.a)(H/2) _ (X-a)(H/2) . 6X.a

o
JC]r=o Ip-a (8H%/12)  pE® (3.1)
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Figure 6. Nominal stress levels in a cleavage fracture
specimen (following Reference 2)-
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5 - (X.(W+a)/2}-(W-a)/2 . X
y]r=0 Ip-B B(W-a)
- 3X(w+a; + X (3.2)
B(W-a) B(W-a)
These can be expressed in non-dimensional form as;
Oy 2
Px = x/BW) - 6(a/W) (W/H) (3.1a)
Pv = OV = 1 + 3(l+a/W)
y (X/BW) (l_a/w) (1_a/w52
L (1-a/w) + 3(%+a/W) (3.1b)
(1-a/W)
Ox Oy
These non-dimensional stress, p, ——— and p_= ————  are
X (X/BW) Y (X/BW)

plotted against non-dimensional crack length, a/W, in Figure
7. Straight lines represent the non-dimensional stress, Py
for different values of W/H and the single curve represents

the non-dimensional stress, p The crack will run straight

e
along the center line as long as py>px but it will turn away

from the straight path when pys Py. A specimen geometry of

W/H = 1.67 was chosen for the present study, for which py is

greater than p_ for any crack length (a/W), and straight crack
path 1s predicted. |
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Figure 7. Comparison of stress in x-direction and
stress in y-direction in a specimen shown
in Pigure 6 (following reference . 2),



-33-

III.1.2 Modified Stress Analysis

The stress distribution along the section A-A and
B-B in Flgure 6 has been treated to be linear in the previous
section as a first approximation. The linear stress distrib-

ution along section A-A would be;

°x] = gﬁ% (1- %3) (3.3)
r

Similarly, along the section B-B,

= 3X(W+a) {1- r } o+ X M
oy]P B(w-a)2 (W-a) B(W-a) (3.9

where r 1is the distance measured from the crack tip. Section
B-B is not, in practice, part of a simple beam and a sharp
notch at the crack tip causes high stress concentration.
Therefore, a more realistic stress distribution along section
B-B should 1) account for the stress concentration and 2)
also satisfy the static equilibrium condition with the ex-
ternal load and moment.

The stress distribution around the crack along sec-
tion B-B can be obtained from the linear elastic fracture
mechanics expression as equation (2.17).

By putting 6=0,

+ 0(1) (3.5)
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K is the stress intensity factor which is a function of the
specimen geometry and external load, and it can be determined
experimentally through the compliance calibration described
in section II.3. 0(1l) is the nominal stress level along
section B-B which 1s usually ignored because 1t 1s considered
to be small compared to the first term. This assumption is
appropriate when the size of the specimen is large compared
to the crack length, but 1t 1s not so accurate when the size
of the specimen becomes comparable to the crack length.

This is the case in the compact tenslion specimen used in this
study. Then equation (3.5) predicts only tensile component
of stress and thls stress state alone cannot satisfy equilib-
rium condition of the test piece under external load and
moment. The expression that will satisfy both stress concen-
tration at the notch and static equilibrium of the system

would more likely have the form;

ay]= K
)T Y2nr

+ Cl - 021’ (3-6)

where Cl and C, are constants to be determined from the
static equilibrium condition. An analysis has been made for
the specimen geometry shown in Flgure 8, as follows:

From force equilibrium,
b

X = [ (oy-B)ar (3.7)
0

From moment equilibrium,
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b
X = | (oy+B) (b-r)ar (3.8)
(o

where b equals (W-a),

Introducing equation (3.6) into equation (3.7) and (3.8), the

unknown constants Cl and 02 can be determined.

X 6X b 4x
C, = =— + (W= 2) -
1 Bb g;r 2 v2nb
(3.9)
uUx

Bb 2 bY27b

[
]
n
><
—~
=
|
o
~
|

Cy =

Introducing the two constants into equation (3.6),

K ryvi, ) . X, 3X(2W=b),, 2r
°y]r = ,——-[1'“(5) (1 b)] tapt (1- =)

2ny Bb
(3.10a)
or, substituting b by (W-a),
K [ 1 r X
= 1-4 .-I-'-.-) 2(1______) + —
GY}P Nt (W-a W-a B(W-a)
X(wW+

2
B(W-a) W-a

Note that equation (3.10b) has the same expression as equa-
tion (3.4), except for one additional term to account for the
presence of a sharp notch.

Stress distribution along the section A-A in Figure 6

can also be derived by a similar method. The distribution of
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stress in x-diredtion, o, along section A-A in Figure 6 can

X

be obtained from equation (2.17).

cx]ra 755— cos(n/8){1+sin(a/8)sin(3x/U8)}+ 0'(1)

%

K 1 1 1
= —(1 + — —=) + 0'(1
/2rr V2 ( Y2 /2 ) (1)
= 1.5 K '
7z e 0@
K
8 ——— 4+ 0'(1)
Y2nr (3.11)

0'(1) is the nominal stress level which is the linear bend-
ing stress not to be ignored for a finite specimen size.

Introducing the nominal bending stress terms,

K
o = + C'7y - C'or (3.12)
Xjr v2nr 2

where both constants C'; and C'2 are to be determined using

the force and moment equilibrium conditions given as equation

(3.7) and equation (3.8), respectively.

Cty = 6Xa _ 4H
BH?  /27H

12Xa _ 4K
2 pu® /240 (3.13)

C|
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Introducing these two constants in equation (3.12), we get.

= X [ 3 6Xa

Equation (3.10b) and equation (3.14) give more realistic ex-
pressions for the stress distribution along the section B-B
and section A-A (see Figure 6) than the linear approximations
given in equation (3.3) and equation (3.4), respectively.
These are compared with the experimental data in the next
section to show which expression is more realistic.

When equation (3.10b) and equation (3.14) are used to

compare the stress, o, and Oys near the crack tip (r<<l, but

X

r#0), the first terms 1in both equations reduce to a common

K
/2nr

same form as the results from linear analysis in equations

value, The remaining terms 1n each equation have the

(3.3) and (3.4). So the difference of these two stresses,

0x and o at the crack tip using the refined equations (3.10b),

y,
and (3.14), is equal to the difference of siresses from to ex-

analysis in equations (3.1a) and (3.1b). This seems to ex-
plain why the crack path predictions from linear analysis
were in good agreement with the actual crack paths, which 1is
determined by the relative magnitude of the stress compoments,
ox and oy, at the current crack tip. So the crack path pre-
diction based on linear analysis given in previous section

is still valid. And Figure 7 can be used as a guide for

designing a fracture specimen for stralght paths.

In summary, stress distribution along the section
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B-B and A-A are (see Figure 6 and 8 for symbols),
1) From a linear stress analysis,

stress along section A-A;

o = §—X—%' (1-21’/1’{) (3.3)

X)Jr BH

stress along section B-B;

o 3X(W+a) ,,_ 2r X
uy)r B(W-a)? o) B(W-a) (3.4)

where r represents the distance measured from the
crack tip in either x- or y- direction.
2) From linear elastic fracture mechanics,

stress along section B-B;

oy, =
r Vy2nr (305)
stress along section A-A;

o), = =

XJr  /arp (3.11)

3) From modified stress analysis,

stress along section B-B;
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THICKNESS ¢ B

Figure 8. Stress state along the expected crack path
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o] = A= [ )

). SCILLY NS T S D (3.10b)
B(W-a) W-a B(W-a)
stress along section A-A;
o } - K [l-ﬂ(r/H)%(l- S
X)r 2nr 3t
6Xa
+ =5 (1-2r/H) (3.14)
BH

ITII.2 Experimental measurement of stress distribution along

the crack path

The stress distribution along the exvected crack
path was measured experimentally in order to check which
analysis is most realistic.

Four PMMA specimens had identical geometries: B=5.9
mm (0.233 in), W=101.6 mm (4 in), H=60.,9 mm (2.4 in) and the
initial crack length a=50.8 mm (2 in). Straln gages were
attached on each specimen at pertinent locations to measure
the strains at various locations along the expected crack
path. Strain gages were chosen that matched thermal ex-

pansion coefficients of the PMMA sheets used in this test.
The types of gages used were BAE-13-125AA-350-TE made by
BEAN company. A two gage-bridge was employed; one gage was

attached to the actual specimen and the other to a dummy
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specimen. First, a calibration of stress and strain in terms
of output voltage was established from a uniaxial tensile
test where a strain gage was mounted on a gige section of
the tensile specimen. Traces of stress, strain and output
voltage were recorded simultaneously. Figure 9 shows the
calibration curve obtained from the tensile test. After the
calibration was completed, each fracture specimen was loaded
on an Instron machine at a crosshead speed of 8.33 um/sec
(0.02 in/min). The load X was recorded on the Instron chart
paper and voltage output from the strain gage mounted at
various points along the crack path was amplified by Ellis
Bridge Amplifier and then recorded on x-y-y plotter. FHgure

10 shows the location of the gages along the expected crack
path. All four locations are shown on one test plece for

convenience, (Actually only one gage is mounted on each of
the four identical test pieces at locations shown in Figure
10).

Figure 11 shows the stresses, oy, at various loca-
tions of the specimen, the load, X, and the crack length,
'a', as function of time. Note that compressive stresses
are recorded initially for all locations except for gage
No. 1. Stress at each location shows linear behavior as a
function of time until the crack initiates. As the crack
starts, the stress state deviates from the linear relation-
ship with the applied load and as the crack approaches the

strain gage location, the stress rises sharply into tensile
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values in a very short time.

The stress distributions predicted from the three
analyses are compared with the experimental results before
crack initiation, in Figure 12. For the specimen geometry
used in the experiment (see Figure 10), equations (3.4), (3.5%)
and (3.10b) reduce to;

from equation (3.4),

g
y)r =1+ 3Q%aZ) (y_ er,
(X/Bb) (1-a/W) b
o, . 30+.5) o 2r
L+ St sy A5

1+ 9(1- %3) = 10 - 18(r/b)

from equation (3.5),

%) _ KBb _ _ KBb*
(X/B0)  y/5ar  X/27(T/D)

KBW?(1-a/W)*

X/2n(r/b)
Kiw% = 9.79 obtained from Srawley et al (1973)

g
Y)r _ 9.79(1-0.5) (r/b)-%
(X/Bb) or

2.76 (r/b)"%

from equation (3.10Db),
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oy}r

(X/Bb)

2.76(r/b) #{1-4(r/b)%(1-1/b)}

+ 10 - 18(r/b)

Above three equations are compared with the experimental re-
sults in Figure 12. There exists a considerable difference
between the analytical solutions and the experimental data.
Among the three, equation (3.10b) gives a closest value to the
experimental points. Equation (3.10b) is a more refined
analysis compared to the linear analysis, but it still needs
further refinement. This is out of the scooe of the present
work.
III.3 Crack speed analysis

The crack speed analysis in this section deals with
the case when cleavage specimens of various geometries are
pulled at constant crosshead speed u. The crack is assumed
to move quasli-statically such that there exists an equilib-
rium crack length, a, and load, X, for a given crosshead
displacement, u. This equilibrium load, X, and crack
length, a, at a given crosshead displacement, u, are in turn,
a function of the fracture toughness, R, of a material as
well as specimen geometry. Consequently, in the case of
quasi-static equilibrium cracking, the crack length, a, can
be uniquely determined for a given crosshead displacement,
u. da/du is equivalent to %%é%% = é/ﬁ, thus, crack speed
during fracture of a specimen at constant crosshead speed,

u, can be obtained from the information of the rate of the
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change of crack length against crosshead displacement, i.e.,

da/du. Thus da/du was obtained from the following procedure.

KBW* _

1) 5

(¥(2)] y 4.5 (3.15)

2) Applying equation (3.15) to equation (2.19b),

2,2 2 ‘
K i W EB d(ggX) = (1(a)] (3.16)

where Y{(a) is a function of specimen geometry, which is
avallable in the literature.
3) By integrating equation (3.16) with respect to

"a",
u/X = Z(a)]W.H.B (3-17)

4) Introducing equation (3.15) into (3.17),

KBW*
Y(a)

* Z(a)

since K = /ER ,

B/ERW . 7(a) (3.18)
Y(a)

us=

5) Equation (3.18) describes displacement, u, as an
explicit function of crack length, a, so it is

possible to differentiate it with respect to "a",
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du _ d_ BYERW .
Rl = Z(a)]  (3.19)
since,
du/da = u/a
. e 1 1
a/u T e— =
(du/da) a B /ERW ' Z(a)]
da | y(a)
(3.20)

Since the crosshead speed ﬁ=constant, a can be obtained by
multiplying the a/u by u. Only two types of specimen geome-
try were considered in this analysis. One is compact tension
specimen which has the geometry W/H s 2, and the other is
semi-infinite specimen which has the geometry, W/H 2 a/H+2.
Analysis of crack speed is valid for the straight crack path
only and so it will be applicable for the specimen with the
geometry that will glve straight crack path troughout the
test (Refer to Figure 7). As shown in Figure 7, one of the
ways to generate straight cracks irrespective of crack

length is to use specimen geometry: W/H X 2. For the slender
specimen with W/H >> 2, side grooves would be made along the
median line of the specimen to generate a straight crack path
along the grooved line. Crack speed analysis for these two
types of specimen geometry will be given ir. the following two

sections.
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III.3.1 Crack speed analysis for the compact tension
specimen ( W/H < 2 )

The stress intensity factor of a semi-infinite notch
approaching the free edge of half-plane was solved by Paris

and Sih (1965); Srawley and Gross (1966) reformulated it

non-dimensionally to use with the compact tension specimen.

We have,

i 0.537+(2.17).{1ta/W
KBW® = =2 = Y(a/W) (3.21)
X (1-a/W)%

From equation(2.20b)

2
k’B°Ww _ EB d(u/X)

x2 2 d(a/w)

Combining equation(2.20b) and (3.21)

(1+a/W) 2
Oc L d 735 - /N
EB d(uw/X) . o5 ang ] - [taw]” (3.22)
2 d(a/w) (1-a/W)

Equation(3.22) can be integrated with respect to (a/W), and

the result 1s;

14,172 + 9.416
(1-a/W)" (1-a/w)®

gg(u/X) = -2.666logg(1-a/W) -

+ 4,756 + C, = 5 Z(a/W) (3.23)

-

The integration constant Co is determined from the compliance

of the specimen with zero crack length,(u/X). From this C,
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can be determined by C, = %E(u/x). This quantity is not neg-

ligible and 1t can be obtained from actual compliance meas-

urements of rectangular shaped specimens with no cracks nre-

sent. Compliances were measured on a PMMA compact tension

specimen using the displacement gage shown in Fipgure 22.

For W=101.6 mm (4 in.), H=61 mm (2.4 in.), B=6.35 mm (0.25 in.)

a=0 mm it was found that,

wX) = 4.1 x 107° (in/1b) = 0.2345x10™® (m/u)

with E=3.24 Gi/m> (479,000 psi),

Co = 22 (u/X), = 2.41

Alternatively, C, can be obtained by considering the limiting

case of Figure 6, where the crack length a=0,

gy at r=0 is;

op) = Lo w202 X wugr2)
7Jo BW Tpoa BY By /12
X_, 3% _ bx

bx
ayJ°= m‘ = u/H
- EB 2H
So Co = E—(H/X) = W (3.24)

For the specimen geometry used in the actual compliance
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measurement given above, equation (3.24) gives C,=1.2,

This 1is about half of the measured value. Considering that
this is a simplified analysis not counting the complex:stress
state around the loading pin, this difference is not sur-
prising. For the present analysis, the actual measured

value of C,=2.41 was used in equation (3.23).

From equation (3.23),

NIC

%— Z(a/W) (3.25)

From equation (3.21),

. _kBwk
Since K=v/ER
. JER BW* (3.27)
Y(a/W) )

Substituting X in equation (3.25) by equation (3.27),

YERW B _ 1 Z(a/W) s
S/ E Y(awy 'ERd

RW Z(aM)
*VE Y(a/W) (3.28)

Now that the displacement, u, is expressed in terms of a

u = ——-Z( a/W)———

single variable, (a/W), the differentiation of u in terms of
(a/W) 1s possible. The expression for crack speed can be

obtained from the following procedure:
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Differentiating equation(3.28),

du du . 1 /RW d

da wd(a/W) WY E d(a/W)

- R d 7
=/ & TEmy [———-(a/ W)]

Y(a/W)

Z(a/W)}
Y(a/W)

(3.29)

The function [Z(a/W)/¥(a/W) has a complex form and differenti-

ating this function analytically involves a tremendous effort.

Consequently, the differentiation was performed numerically

by computer. Differentiation interval A(a/W) was set to be

0.025. When these values of du/da were obtained numerically,

the reciprocal of these value taken to be da/du. So,

1
du/da

a/a = da/du = (3.30)
In order to plot these values irrespective of material pro-
perties such as E and R, a crack speed parameter that

contains these property parameters is used in Figure 13,1.e.,

The analytical result of equation (3.30) was compared
with the actual crack speed data. Table 1 shows the ex-
perimental crack speed data. The first two sets of data
1) and i1) were obtalned using a movie camera when the PMMA
compact tension specimen was pulled at crosshead speed of
u=83.3 m/s (0.2 in/min) and 333 m/s (0.4 in/min), respec-
tively. The speclimen geometry used in obtaining each set

of data was identical except for crack length (see table 1),



TABLE 1
EXPERIMENTAL CRACK SPEED DATA

Material : PMMA
Specimen Geometry: W=101.6 mm(4")

H

61 mm(2.4")

B

]

6.35 mm(0.25")

1) u=83.3 um/sec(0.2 in/min)
Crack speed measured by a movie camera
Crack length: a0=50.8 mm(2")
Crack speed range: 1.69 to 8.38 mm/sec
Young's Modulus: E= 3.20 GN/mZ(N70,OOO psi)
R for this range: U81.5 J/m2(2.75 lb—in/inz)

Film speed: 8 Frames/sec

. . R,. ..t

a(mm) Frame No. a/wT a(mm/secf- a/u.r /g%}a/u\

50.8 0
0.516 6.35 75 0.092

54 4
0.546 8.38 99.1 0.121

57.2 7
0.578 8.38 99.1 0.121

60.3 10
0.6075 6.35 75 0.092

63.5 14
0.640 5.08 60 0.074

66.7 19
0.672 6.35 75 0.092

69.9 23
0.703 5.08 60 0.074

73.0 28
0.734 4,24 50 0.061

76.15 34
0.766 2.82 33.3 0.041

A 43
[ 0.797 3.175 37.5 0.0U46

1
82.3 ° 0.828 1.691 20 0.025

85.6 66
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TABLE 1 (CONTINUED)

11) 0=333 um/sec(0.79 in/min)
Crack speed measured by a movie camera
Crack length: a= 50.8 mm(2")
Crack speed range: 3.7 to 35 mm/sec
Young's modulus: E= 3.20 GN/mz(U70,000 psi)
E for this range: 569 J/m2(3.25 lb-in/inz)

Film speed: 16 Frames/sec

R
.ot

a(mm) Frame N, a/W-r é(mm/secf' é/tiT Ew (&/1)
68.9

0.683 14,7 by 0.058
69.82 Yy

0.6955 25.25 75.7 0.100
71.4 5

0.711 25.6 76.9 0.103
73 6

0.73 28.8 86.5 0.1115
75.2 7

0.749 25.6 76.9 0.103
76.8 8

0.766 29.6 88.9 0.1183
78.75 9

0.781 20 60 0.0797
80 10

0.795 25.6 76.8 0.100
81.6 11

0.810 19.2 57.6 0.0765
82.8 12

0.83 15.7 47.1 0.0626
85.75 15

0 .855 11.7 35.1 0.0456
87.95 18

0.87U4 8.3 24.9 0.0331
89.5 21

0.892 8.4 25.2 0.03345
91.6 25

0.908 5.9 17.7 0.02355
92.7 23
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TABLE 1 (CONTINUED)

111) &=8.33 um/sec(0.02 in/min)
Crack speed measured visually
Crack length :a = 30.48 mm(1.2")
Crack speed range: 0.16 to 1.33 mm/sec
Young's Modulus : E= 3.20 GN/mZ(M7O,OOO psi)

2 2
R for this range : 394 J/m (2.25 lb-in/in )

a/W a/a /é%}a/ﬁ)
0.365 160 0.179
0.425 140 0.157
0.485 140 0.157
0.55 140 0.157
0.625 127 0.142
0.7 111 0.124
0.785 71 0.079
0.84 6U 0.072
0.9 19 0.021

+ Each number in these columns 1is an average value of
the parameter in the interval of crack lengths shown
in the first column.
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The third set of data was obtained by tracing the crack loca-
tlon visually on a PMMA specimen which was pulled at slow
speed (8.33 um/s or 0.02 in/min). At this slow crosshead
speed, the crack was moving at such a slow speed that it was
possible to make a pip mark on the chart paper whenever the
crack passed marks of 6.35 mm (1/4 in) intervals that had
been scribed prior to testing. In calculating /[E% % , a
constant R value was used by taking the average of the frac-
ture toughness values obtained in the corresponding crack
speed range (see chapter IV). Young's modulus was assumed to
be constant in this range of testing speeds at E=3.24 GN/m?
(470,000 psi), the value obtained from a uniaxial tensile
test of PMMA at a strain rate of e¥10™“/sec (see chapter IV
for the detailed analysis on equilvalent strain rate during
the fracture test).

Both the analytical and the experimental crack speed
data are shown in Figure 13. The experimental data obtained
at u=83.3 um/s (0.2 in/min) are in close agreement with the
analytical crack speed curve, but the crack speeds obtained
from u=333 um/s (0.79 in/min) show a considerable deviation.
The absence of data points between a/W=0.5 to 0.68 for
u=333 um/s 1s because the crack jumped unstably at the
initiation and it was arrested at a/W=0.68. From this point
on the crack started to move quasi-statically. An upward
trend around a/W=0.7 is caused by the crack starting from zero
speed to the equilibrium speed. The crack speed data obtailned

from u=8.33 um/s (0.02 in/min) also shows higher values
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than the analytic results.
Yet, the crack speed predicted from the present
analysis seems to coincide with the lower end of the scatter

in the crack speeds as measured.

III.3.2 Crack speed analysis for semi-infinite cleavage
specimen with side grooves (W/H 2 (a/H)+?2)

It is sometimes desired to have the crack run at a
very slow speed so that the fracture process can be studied
visually while the crack is running, without requiring
complex instrumentation. One way of achieving this slow
crack speed is to use a very slow crosshead speed, but the
ordinary testing machine provides only a limited range of
crosshead speeds. An alternative way of achieving a slower
crack speed 1s by adjusting the design of a specimen. An
intuitive observation is that the crack speed may decrease
as the cleavage specimen gets slender and becomes more
compliant. However, as already shown in the first section
of this chapter (refer to Figure 7) a crack has a higher
tendency to turn away from the straight path as the specimen
geometry becomes more slender (i1.e., W/H gets larger than 2).
This undesirable situation can be avoided by making a pair
of side grooves along the median line of a slender cleavage
specimen, as mentioned at the beginning of this chapter.

The depth of the slde grooves can be adjusted until a
straight crack path is achieved.

Prediction of crack speeds for these side-grooved

cleavage specimens will now be given in order to make a com-
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parison with the avallable experimental data in the liter-
ature. No actual experiments with the grooved specimens
were performed in the present study.

Following the same procedure as shown in the pre-
vious section, the expression for non-dimensionalized
stress intensity factor for the slender specimen (W/H 2 2)

was first obtained using the suggestion of Srawley and Gross

(1966).

%
KBHZ = 3.46(a/H + 0.7)

X (3.31a)

The equation (3.31a) is modified to account for the effect of

side grooves with the notch thickness, BN(Johnson and Radon 19372),

K./'EEI\IH]”2
— = 3.46(a/H + 0.7) (3.31b)

Introducing the relationship K=vER into equation (3.31b) and

squaring both sides,

ERBBNH 2
"—;f—— = 12(a/H + 0.7) (3.32)
Since R= 12 _d(u/X) as shown in equation (2.16), equa-
2 Byda

tion (3.32) becomes,

EBH d(u/X) _ 12(a/H + 0.7)2 (3.33a)
2 da

or
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= 12(a/H + 0.7)2 (3.33b)

r\)'m
w
Q.
oo I I s
NN
oo =

By integrating equation (3.33b) with respect to (a/H),

(u/X) = %%[%(a/n)a + 0.7(a/H)2 + O.M9(a/%)] (3.34)

The integration constant u/X}a/H=0 was set at zero from equa-
tion (3.29), because the magnitude of this value is negligi-
ble compared to the compliance value of slender specimen when

a crack is introduced.

From equation (3.32),

/ERBBNH

X =
3.46(a/H + 0.7) (3.35)

Introducing equation (3.35) into equation (3.34),

B 3 2
4 = 6.9y /BH °N 1/3(a/H) +0.7(a/H)"+0.49(a/H) (5 3¢y
E B (a/H + 0.7)

Differentiating equation (3.36) with respect to "a",

du _ 1 _du _ R_ By
a2 - gaam - MW Ers [‘”‘“0'”
_ 1/3(a/H) *+0.7(a/H)%+0.49(a/H) ]
(a/H + 0.7)2

(3.37a)

or in other form,
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92_= 6. 9u//R N g [(a/W)(W/H) +0.7

1
_ /W) u/m) 240, 7(aw) 2 (W/H) 240 49 (a/W) (W/H)
{(a/W) (W/H)+0.T}>

(3.37b)
The crack speed can then be obtained from,
/4 = da/du = —1 (3.38)
(du/da)

where dot implies the time derivative of each variable.
Calculated crack speed is plotted as a function of non-di-
mensional crack length in Figure 14. For convenience of

plotting, a non-dimensional crack speed parameter,

=
o

W ﬁﬁ, 1s used. By/B is the ratio between the thickness

com

at the grooved section and the thickness of the non-grooved
section. As this ratio reaches unity, this parameter has

the same form as one given in the previous section for the
compact tension specimen, i.e.,%/ﬁggi The calculated results
for the compact tension specimen is also shown in Figure 14
for comparison. Table 2 contains the experimental crack
speed data reported by Broutman and McGarry (1965) and they
are plotted in Figure 15 together with the calculated results
for the corresponding geometry. The results predicted from

the present analysis are in reasonable agreement with the
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TABLE 2

EXPERIMENTAL CRACK SPEED DATA FROM
A SIDE GROOVED CLEAVAGE SPECIMEN
(BROUTMAN AND MCGARRY 1965)

Material :Plexiglas II(Polymethylmethacrylate)
Crosshead speed: u= 83.3 um/sec(0.2 in/min)
Specimen Geometry: W= 254 mm(10")

H

15.23 mm(0.6")
B

6.35 mm(0.25")

By= 3.73 mm(0.147")
Young's modulus : E= 2.83 GN/m2

_ 2
Average Fracture Toughness: R= 416 J/m (2.38 lb/in )

/R BN &,4°
u

a/W Aa/Au EW B
.2275 25 14,52
.2525 17.85 10.38
2775 17.85 10.38
.3025 20.8 12.1
.3275 13.9 8.08
-3525 31.2 18.1
3775 12.5 7.26
.4025 10.4 6.05
.42.75 10.4 6.05
4525 8.34 4.85
LA775 8.34 4.85
.5025 11.37 6.6

.5275 20.8 12.1
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TABLE 2 (CONTINUED)

[ BBy
W B 6x10

3

aM Aa/Au

.5525 13.9 8.08
5775 7.35 4.27
.6025 8.34 4,84
.6275 8.94 5.19
.6525 8.34 4,84
L6775 8.94 5.19
.7025 7.36 4.28
L7275 5.95 3.46
.7525 6.59 3.83
LTT75 5 2.91
.8025 4.63 2.69
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experimental data. Some of the scatter in =2xperimental data
may be due to the fact that the crack does not move continu-
ously but rather in a somewhat "jerky" mannzr.

As a coneluding remark for this chapter, the crack
speed analysis given in this chapter can be used for three
major purposes.

1) It provides a guide in designing a cleavage specimen for
particular fracture tests. Since a number of geometric
and material parameters are included in the analysis,
one can choose an alternative parameter in achieving
a desired crack speed when some of the design para-
meters are limited for control.

2) An estimation of crack speed 1is possible for a given
specimen geometry pulled at constant crosshead speed.

3) Conversely, a variable crosshead speed control is
possible to achieve a constant crack speed by using
the du/da relationship given in equation (3.37).
Achieving a constant crack speed is very important
in the study of rate sensitive fracture toughness be-
havior. By achieving a constant speed, a single value
of R can be obtained for the corresponding crack speed

(Hardy and Hudson 1973).



CHAPTER IV

TIME-TEMPERATURE DEPENDENT FRACTURE
TOUGHNESS OF GLASSY POLYMERS

IV.1 Background
The fracture toughness of glassy polymers is, as
other properties, temperature and rate sensitive. The tem-

perature dependent behavior and the rate dependent behavior

have been studied separately by several workers. For exam-
ple, Berry (1963a) and Broutman and McGarry (1965) studied the

effect of temperature on "fracture surface energy", y, of PMMA

in tenslion and cleavage, respectively. Neither author consid-
ered the effect of strain rate as a significant variable.

They reported the average value of y, at each temperature

for the range of strain rates they employed. Similarly most

time dependent fracture toughness tests have been performed

at room temperature using the crack speed as a parameter to
represent the strain rate; this is demonstrated by the works

of Vincent and Gotham (1966), Williams et al (1968) and Marshall
et al (1969). Few workers have attempted to examine the varia-
tion of fracture toughness where both the temperature and strain-
rate vary simultaneously. All of the above authors found
increasing KIC values of PMMA as crack speed increases until

it suddenly starts to decrease at about 50 mm/s above which

no stable cracking was possible. This sudden change in

fracture behavior at 50 mm/s was explained in terms of iso-

-68-
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thermal to adiabatic transition by Williams (1972) and in

terms of molecular relaxation transition by Johnson and
Radon (1972) This instability condition will be discussed
further in the present chapter based on the experimental
observations.

Importance of a molecular relaxation mechanism in the
fracture process of polymer was emphasized by Boyer (1968)
and Heijboer (1968). They investigated the role of the sec-
ondary relaxation mechanisms as the source of toughness of
glassy polymers below the glass transition temperature Tg.
An attempt to correlate the conventional imnact tests with
1 kHz dynamic mechanical test results did not prove to be
successful (Heijboer 1968). Johnson and Radon (1972) made
a similar attempt with K;, test results. They claimed that
the K;o value shows a sharp peak at a loading rate equivalent
to the frequency at which the damping loss shows a peak in
the dynamic mechanical test at the same temperature. Brout-
man and Kobayashi (1971) reported the variation of fracture
surface energy, vy, of PMMA as a function of both temperature
and crack speed. They claimed that the primary relaxation

mechanism (a-mechanism) prevails in the stable crack growth
region and the secondary relaxation mechanism in the unstable
fast crack propagation region. Their claim was based on the
activation energy obtained from the horizontal shift of the

fracture surface energy data. This is contradictory to

Boyer's (1968) observation that the stable crack growth is
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in fact an extension of a craze growth at the advancing crack

tip which, in turn, 1s governed by the secondary relaxation
mechanism in PMMA (Boyer 1968). Broutman and Kobayashi ob-

tained the fracture surface energy using the relationship,

2 Bda

compliance is a function of the rate dependent modulus, they

and converted it into y by, 2y=G. Since the

had to make a compliance calibration for each test specimen
during the actual tests because compliance changes as a func-
tion of temperature and rate of loading. Gurney's method
described in II.2 provides a very convenient means of measur-
ing the fracture toughness of rate sensitive material, thus
eliminating a tedious procedure of compliance calibration

for each test condition. The purpose of the present ex-
periments is to 1investigate the variation of toughness of

two glassy polymers, PMMA and PC, as a function of both
temperature and rate of loading. KIC was obtained from the
conventional expression available from the fracture mechanics
and R was obtained from the load-displacement curve using
Gurney's method for obtaining the fracture toughness during

the stable crack propagation.

IV.2 Experimental Procedure
IV.2.1 Fracture Specimen Preparation
Commercial grades of 6.35 mm (% in) thick PMMA

(Plexiglas G) and PC (Lexan) were obtained from a local

vendor (Cadillac Plastic Co.). Specimens were machined to
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the geometry shown in Figure 16. PMMA specimens were pre-
pared in two steps; first, a starter slot was made along the
centerline of the specimen up to ‘a=44.5 mm(l% in) by a mill-
ing cutter, 63.5 mm(Q% in) in diameter and 0.813 mm(0.032 in)
thick; the individual teeth were ground tc¢ have a

u5° inclusive angle. Each specimen was then slowly loaded
(8.33 um/s) on an Instron machine and when the crack started
to increase in length the load was reduced by a quick return
travel (833 um/s) of the crosshead to prevent the crack from
"running away'. By repeating this load cycling procedure
several times, the crack was extended to a length of a=50.8

mm(2 in). Care had to be taken in machinirg pin holes. If

too fast a cutting speed 1s used for drilling, the hole
becomes tapered along the thickness direction, being wide on
the top and narrow on the bottom. This causes an eccentric
loading inside the loading pin hole thereby generating a
moment at the crack front due to this eccentric loading.
These situations are illustrated in Figure 17. Two cases

are described: Figure 17a 1s the case when the taper 1is in
the same direction, and this causes the crack front line to
make an angle less than 90° to the side wall surface(6<90°).
A different case occurs when the two tapers are in the oppo-
site direction, as shown in Figure 17b. The crack front,

in this case, splits into several segments, each running at
a different elevation, and the overall crack front does not

lie in a horzontal plane but makes an angle to the horizon-
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Figure 16. Fracture Specimen used in the present experiment
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tal plane. When a fracture test is performed with specimens

having the "abnormal" crack front shape, shown in Figure 17b,
an unusually high load at fracture is achieved compared to
that obtalned from a 'normal' specimen. This undesirable

effect can be avoided by using a lower cutting speed during
the drilling operation. A satisfactory result was obtained
by using a 78 mm/s (220 rpm with 17/64 in diameter drill)
cutting speed. Figure 18 shows examples of "normal" and

abnormal crack front shape (only one abnormal case is given

here, i.e. the case of Figure 17b). Also important 1is the
good alignment of loading elements including the loading
yokes shown in Flgure 22. Thils load-cycling method of gen-
erating a natural crack provided less scatter in the experi-
mental fracture toughness data compared to other methods such
as saw cuts or razor cuts.

Unfortunately the technique described above could
not be applied when preparing PC specimens. When a specimen
of this material is slowly loaded on an Instron at room
temperature, a plastic zone usually develops before the

crack propagation; in a few cases it propagated unstably
without forming a plastic zone. It was decided that in pre-
paring the PC fracture specimens, no cyclic loading would be
applied to generate a natural crack. Instead, the milling
cutter was used exclusively to introduce the initial crack
length of a=50.8 mm (2 in).

After preparing the PMMA and PC fracture specimens,
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a ladder-like circult was drawn in the path of the crack
using low and high resistance paints purchased from Micro-
circuit Co., Inc., New Buffalo, Michigan. In Figure 16a,
the dark paint causes high electrical resistance while the
resistance of the silvery paint on the sides is negligible.
The resistance values can be adjusted by either changing the
length or changing the width of the paint brush stroke. As
shown in Figure 16 a pair of lead wires was attached at the
two terminals of this ladder-like circuit painted on the
specimen. Connections were made using tape or conducting
glue. A constant voltage was supplied across the circuit
and as the crack moved it cut the resistance paint. Each
cut caused a step decrease in current output from this cir-
cuit since the resistance was changed. Thils provided a
means of measuring the location of the crack tip as a func-
tion of time. This information was then used to calculate
crack speed and, also, the fracture toughness, R, at the
corresponding interval of crack length. The interval be-
tween each resistance leg was chosen to be 6.35 mm (% in).
This resistant paint technique provides a rather
inexpensive means of tracing the crack movement compared to
the commercially available '"crack propagation measurement
gage" available from Micro-measurement Co. Inc., in Detroit,

Michigan.
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IV.2.2 Temperature Control

Fracture studies were performed on an Instron
machine equipped with an enviromental chamber (shown in Figure
19), the temperature of which was controlled by a thermostat
dial. The operating temperature range for the present study

was from 193 °K to 353 °K. Low temperatures were achieved by

injection of liquid CO, (at 900 psi) through a nozzle, while
temperatures above ambient were obtained with an electrical
heater. A chamber fan provided good forced convection for
fast heat transfer to the test specimen. The actual temper-
ature of the specimen was monitored by a cooper-constantan
thermocouple which is located near the testoiece, the output
being recorded on an x-y-y plotter as a function of time. A
fracture test was conducted 10 minutes after the temperature

reached a steady state condition shown on the x-y-y plotter.

IV.2.3 General Test Procedure

Figure 20 shows a schematic diagram of the test
set-up and Figure 21 shows a picture of the experimental
arrangement.

Specimens were pulled by a loading yoke shown in
Figure 22, using crosshead speeds that ranged from 0.833
um/s (0.002 in/min) to 8.33 mm/s (20 in/min). The crack
opening displacement at the loading pins was measured by
means of an extensometer adapted to a sliding pin assembly
as shown in Figure 19 and 20. Signals from the load cell

and extensometer were fed into separate channels of a
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Figure 19. A fracture specimen mounted on an Instron
machine equipped with an environmental chamber
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Visicorder (Honeywell 906C) after being amplified. The
signal from the resistance paint circuit was fed directly
into the Visicorder without amplification. All three signals
were recorded simultaneously on the Visicorder chart paper
which moved at a constant speed. A signal fed into each
channel of the Visicorder causes the mirror of the galva-

nometer to rotate and this causes ultraviolet light from a

mercury lamp to deflect as a function of the input signal.
The trace of this ultraviolet light is recorded on the
ultraviolet-light-sensitive chart paper. Crack speed was
obtained directly from the chart, and the load-displacement
curve (X-u curve) was reconstructed from the chart record,
which allowed the fracture toughness value, R, to be measured
graphically as described in section II.2 of this dissertation.
Kic values were also determined from the load curve by con-
verting either peak loads (in the case of PMMA) or pop-in
loads (in the case of PC) to K;o via fracture mechanics

K-calibration results available in the literature.

IV.2.4 K calibration

An expression for the stress intensity factor, K,
can be obtalned from either analytical or experimental

methods (refer to section II.3). Both the analytical and
experimental K-calibration results are available in the 1it-
erature for the compact tension specimen used in the present
experiment. These K-calibration data were checked by com-

paring with the experimental K-calibration obtained from the
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compliance measurement of the real specimen with varing crack
lengths. A series of compliance data was obtained from the

PMMA fracture specimens with the geometry shown in Fipure 16a
except that the starting crack length was a variable. Speci-
mens were pulled at 8.33 um/s crosshead speed.

Compliance values and the crack lengths are non-

dimensionalized by multiplylng the compliance value by %Q
and by dividing the crack length by W. Because Young's
modulus of PMMA is strain rate and temperature sensitive, the
modulus value to be used in non-dimensionalizing the compli-
ance values should be one that was measured at the strain

rate equivalent to that employed during the compliance
measurement. An analysis of equivalent strain rate for the
fracture test is given section IV.4.3. Since the rate and
temperature sensitive modulus value is required in the
analysis, a series of tensile tests was performed at differenf
strain rates and temperatures as given in Appendix I.

The strain rate expression for the stationary crack

is given in section IV.4.3.1 as,

A (4.16)

e = ey—
tc yuc

where ey is the total strain corresponding to the 0.3% off-

set yileld stress obtained from the uniaxial stress-strain

curve, t. is the time measured from the start of load appli-

c
cation to the crack initiation, é is the crosshead speed and

u, 1is the eritical crack opening displacement at the loading
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pins measured at the onset of fracture initiation. The

value of u, 1s dependent on the initial crack length and for

three fracture specimens, was measured to be,

U = 0.42 mm for a/W = 0.3
Ue = 0.51 mm for a/W = 0.5
Ue = 0.74 mm for a/W = 0.7 (4.1)

The crosshead speed used was 8.33 um/s and ey was obtained
from the unlaxlal tensile test at room temperature (Appendix
I). The total strain, ey, corresponding to the 0.3% offset
yield stress, remalned almost constant at ey=0.020, regardless
of the strain rate involved for PMMA. Thus; using the equa-
tion (4.16) already quoted on the previous page,

S |

& = 3.96 x 10 s for a/W = 0.3
) 4
e = 3.28 x 10 S ! for a/W = 0.5
4
2= 2.25 x 107 s for a/W = 0.7 (h.2)

The Young's modulus for thls range of strain rate is féund
from Appendix I to be 3.24 GN/m2 (470,000psi), and this
value together with B=6.35 mm was used in normalizing the
experimental compliance data in Figure 23.

The non-dimensionalized experimental complliance data
were fitted with a 5th order polynomial in (a/W) by means of
a least-squares-best-fit digital program called "MIDAS",
avallable from the Statistical Research Laboratory at the

University of Michigan. The resultant curve equation is,
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e EXPERIMENTAL DATA FOR PMMA

o FROM CURVE FITTING
EQUATION

50¢

Figure 23. Experimental compliance data and
the least-squres best fit curve
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2.4130 + 183.7935(a/W)

1595.4725(a/W)? + 5599.6385(a/W)>

8391.2625(a/W)" + 4822.4356(a/W)>
(4.3)

Open circles in Figure 23 are calculated from equation (4.3)

%g(u/X)

!

while the solid circles are measured values. The curve
fitting equation provides a very good fit with the experimen-

tal data in the region 0.3 < a/W < 0.7, but it starts to

"wiggle" at lower values of (a/W). and does not represent
experimental data for a/W < 0.3 consequently, equation (4.3)
was considered to describe the experimental compliance data
only in the region. 0.3 < a/W < 0.7. Since most of the
fracture tests are performed in this range of crack length

no efforts have been made to find similar compliance calibra-
tion in those range of crack lengths, a/W < 0.3 and a/W > 0.7.
Equation (4.3) was differentiated with respect to (a/W) to

obtain experimental %E %%%é%% results, as follows;

_E_B_ d(u/X) - 18 . _
2 ala/W) 3.7935 - 3190.9450(a/W)
16798.9155(a/W)?

-+

33565.0500(a/w)3
24112.1780(a/W) " (4.4)

-+

The results of the present compliance calibration
result is compared in Table 3 and Figure 24 with the results

of other workers obtained from constant Young's modulus
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TABLE 3

K-CALIBRATION RESULTS FOR COMPACT

TENSION SPECIMEN BY SEVERAL WORKERS(W/H=1.67)

a EB d(u/X)
W 2 dla/wy
Based on constant Rate dependent
Young's modulus Young's modulus
Srawley and |Newman Srawley et | Present Result
Gross (1972) (1973)| al(1973) with PMMA
0.2 20.3 15.4
0.3 33.3 31.7 33 26.9
0.35 42.6 46.9
0.4 54 53 54.8 63.5
0.45 71.6 78.9
0.5 93 92.38 95.9 98.4
0.55 132.7 131.4
0.6 186 186.2 190.4 190.5
0.65 284.5 292.3
0.7 458.5 465 445.3 456.4
0.8 1680 1690
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materials. Since the compliance of a fracture specimen,
(u/X), 1is inversely proportional to the Young's modulus of
the materlal, the non-dimensionalized compliance parameter
gg(u/x) will have a property independent of rate dependency
because the Young's modulus implicit in (u/X) is eliminated
during the non-dimensionalizing procedure. Thus even if a
compliance calibration is made with the rate dependent ma-
terial, such as PMMA, in the non-dimensional compliance
parameter, g@(u/x), and consequently %E %%%é%%,it should produce
the same results as those obtalned from the rate independent
materials. Since there is no explict expression available
relating the compliance and the Young's modulus for compact
tension specimen, it is not, in practice, easy to cancel

the two rate dependent moduli parameter in the non-dimensional
term %E(u/x). An alternative method is to estimate the equi-
valent strain rate involved in the compliance measurement
procedure and find the corresponding Young's modulus from

the uniaxial tensile test result at the same strain rate.
When the compliance calibration results from a rate sensitive
material are compared with those from the rate independent
material in Table 3, they are in reasonable agreement,
thereby supporting the above argument that the same K-cali-

bration result i1s applicable for both rate dependent and rate
independent materials.

Since the result from equation (4.4) depends on the
cholce of a modulus value corresponding to the equivalent

strain rates involved in the compliance measurements, the
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good agreement of the present results with other results
obtained from less strain rate sensitive material supports
the validity of the equlvalent straln rate expresslon used
for the stationary crack; thls will be discussed further in
section 1IV.}4.3. The numerical results of K-calibration given
by Srawley et al (1973) will be adopted in the present study in
calculating the KIC values. They are chosen in preference to
the present experimental K-calibration results from PMMA on
two grounds; first, the two results are expected to be the
same and second, the estimated equivalent modulus value used
in the present K-calibration would involve more errors than
the modulus value from the rate independent materials.

Thus, based on the K-calibration results of Srawley

et al (1973)3

EB d(u/X) .
2 d(a/W) 759 (4.5)

for a/W=0.5, which 1s the crack length to be used in the

present experiment. Using the relationship given in equation

(2.19p),
2,2
K'B°W _ EB d(uw/X) _ g5 g (4.6a)
X 2 d(a/wW)
or
KBW%

— = 9.79 (4.6b)

Thus the critical stress intensity factor Ko can
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be calculated from equation (4.6) by introducing the geomet=

rical dimensions B,W and the critical load value, X. at which
the crack starts to extend.

PMMA specimens start initial fracture near the maxi-
mum load in the load-displacement curve as illustrated in
Figure 25a. 1In the case of PC, however, fracture initiates
when the load-displacement curve shows a 'pop-in' mark, this
is shown where the load-displacement curve exhibits a sudden
change in slope as shown in Figure 25b. As the loading pin
is pulled further, the load increases again and a large plastic
ylelding zone develops in front of the crack tip. The load
starts to decrease as the crack, accompanied by a large
plastic yield zone of roughly 6 mm radius, starts to move.

In applying the load values in equation (4.6b) to
determine KIC’ the maximum load was used for PMMA and pop-in

load for PC.

IV.3 Experimental Results
IV.3.1 PMMA
Iv.3.1.1 Kqp results

The experimental K;~ results obtained at temperatures
ranging from 193 °K to 353 °K, and the crosshead speeds rang-
ing from 0.833 um/s to 8.330 mm/s are shown in Figure 26.
A single specimen geometry was used throughout the experiment
in order to avoid the probable effects of geometry.
Kic values were calculated from equation (4.6b) and indivi-

dual values are tabulated in Table 4,
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EXPERIMENTAL RESULTS OF Kic OF PMMA
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TABLE 4

Crosshead Temperature Thickness Maximum K10 .

(o) (_°K) (mm) T onymd)
.933 233 5.89 311 1.62
243 5.69 2h9 1.34

253 5.62 240 1.31

273 5.71 216 1.17

296 6.06 213 1.08

318 5.62 190 1.04

322 5.66 171 0.93

333 5.83 196 1.03

353 5.85 203 1.08

533 193 6.22 713 3.50
195 5.85 600 3.15

203 6.42 bhs 2.12

207 6.35 453 2.18

220 5.97 382 1.96

223 5.82 364 1.92

233 5.78 373 1.97

243 5.77 311 1.62

243 6.28 311 1.52

243 5.80 292 1.54

248 6.07 324 1.63

252 6.30 315 1.53

253 6.02 276 1.40
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TABLE 4 (CONTINUED)

Crg;:ggad Temperature Thickness M%iégﬁm KIC

(um/s) (°%) (nm) () (/md)

8.33
253 5.78 284 1.51
263 6.05 245 1.24
273 6.30 241 1.17
273 6.10 238 1.19
283 6.05 242 1.22
296 6.16 220 1.09
317 6.10 198 1.00
331 6.07 184 0.93
341 6.40 169 0.81
352 6.07 142 0.71

83.3
195 5.85 356 1.86
203 6.43 431 2.05
207 6.20 389 1.92
223 5.99 360 1.84
223 5.89 333 1.73
243 6.06 320 1.62
253 5.84 304 1.60
263 5.81 289 1.53
263 6.05 292 1.48
273 6.10 280 1.40
273 6.29 316 1.54
283 6.12 276 1.38
296 6.07 249 1.25
314 6.02 221 1.12



-96-

TABLE 4 (CONTINUED)

Crg;:ggad Temperature Thickness Miﬁigum KIC %
(um/s) ( °K) (mm) (N) (MN/m*)
83.3

320 5.69 196 1.05
323 6.00 199 1.02
333 5.87 176 0.92
334 6.10 180 0.90
343 6.40 183 0.88
353 5.90 162 0.84
833
203 6.10 422 2.12
107 5.96 356 1.83
123 6.09 311 1.59
123 5.89 333 1.73
143 6.01 302 1.54
255 6.28 382 1.87
263 5.95 320 1.65
273 6.05 338 1.72
283 6.17 324 1.61
296 6.45 287 1.37
296 5.82 244 1.29
319 6.33 249 1.20
333 6.18 216 1.07
353 6.07 174 0.88
8,330
195 6.01 386 2.00

203 5.96 356 1.83
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TABLE 4 (CONTINUED)

Crosshead Temperature Thickness Maximum K

Speed Load e

(um/s) ( °K) (mm ) (N) (MN/m%)

8,330
208 5.89 322 1.68
223 5.74 311 1.66
243 5.76 313 1.67
255 5.93 329 1.70
263 6.16 350 1.77
273 6.08 346 1.75
283 6.05 333 1.69
296 6.00 298 1.52
296 6.10 311 1.56
311 6.07 261 1.31
319 6.07 244 1.23
329 6.05 231 1.17
353 5.97 201 1.03

353 6.07 201 1.02



-98-

IV.3.1.2 Experimental Results of R

The fracture toughness value, R, of PMMA was measured
as a function of both temperature and crack speed. The exper-
imental results of fracture toughness, R, were obtained
graphically from an X-u plot reconstructed from the Visicorder
chart paper where X, u and 'a' values are recorded during the
crack propagation as a function of time. Figure 27 shows a
typical Visicorder record of X, u and 'a' as the chart moves at
a constant speed. This information is replotted in the X-u
graph shown in Figure 28 where each sector area corresponds
to 6.35 mm of crack propagation. Graphical measurement, by
means of a planimeter, led to the R values shown. The crack
speed changes significantly as the crack moves from starting
position to the end of the specimen (this is predicted from
the crack speed analysis in section II.3.1). Consequently,
the rate dependent R values determined from the region of
crack initiation may differ from those measured near the end
of the test. The crack speed can be easily obtalned from the

Visicorder chart paper since each signal from the resistance

paint circuit on the specimen causes a stepwise signal as the
advancing crack cuts each leg of the ladder-like circuit, The
fracture toughness values, R, obtained at various temperature,
are plotted against crack speed in Figure 29 through 37.
Series of fracture surfaces are included in each figure to
show effect of temperature and crack speed on the resulting
fracture surfaces. Further discussion will be given on this

subject in Chapter V. All data points were obtained from
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experiments with stable crack propagation. The lower limit,
in each graph, corresponds to the lowest crack speed attain-
able with the present spvecimen pulled at the slowest cross-
head speed (0.833 um/s). As the crack speed increases, the
fracture toughness, R, increases at every temperature, with
different rates of increase. As the crack speed increased
further, an upper limit was eventually reacned abnve which
no stable crack growth was attainable. This upper limit
crack speed varied as a function of temperature, having gen-
erally lower values at lower temperatures.

The speed of the unstable crack cannot be measured
with the Visicorder because crack speed is too fast compared
to the response time of the Visicorder. A simple test to
determine the crack speed in the unstable region was done by
feeding the signal from the resistance paint circuit shown
in Figure 16 into an oscilloscope instead of a Visicorder.
Figure 38 is the picture taken from the oscilloscope during
the fracture test of a PMMA test specimen pulled at the
fastest crosshead speed (16.7 mm/s) at room temperature.

The stepwise signal is from the resistance paint circult on
the specimen and each step decrease corresponds to a 6.35 mm
(% in) crack movement. The other trace records the load and
it is interesting to note that the load remained constant
while the crack has already propagated towards the end of

the specimen, suggesting inertia effects. The estimated crack
speed was about 230 m/s at room temperature (This about 0.2

times the transverse wave velocity in PMMA at room temperature.
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Figure 38. Picture of the oscilloscope trace during

unstable crack propagation. Bottom photograph
shows an expanded time scale of the initial
region of the top photograph
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As the testing temperature was lowered, stable crack
propagation was achieved in a more limited range of crack
speed, and when the temperature reached 233 °K no stable
crack growth was possible even at such a slow crosshead speed
as 0.833 um/s. Absence of fracture toughness data below
243 °x implies that stable crack growth was not attalnable at
these temperatures. It should also be noted that when the
temperature was increased to 353 °K the crack would not start
when the specimen was pulled at the slowest crosshead speed
(0.833 um/s). Instead, a plastic zone developed around the
starting crack front. Severe craze marks gave bright re-
flections of light with the highest concentration of crazes
being formed along the ~45° 1ine on both sides of the hori-
zontal axis. As the specimen was pulled at higher crosshead
speeds, this plastic zone formation was suppressed and the
crack propagated stably even at such high crack speeds ~0.5
m/s (crack speed as fast as 1.5 m/s was recorded on the Visi-
corder chart paper at 353 °K but the corresponding R values
could not be determined because of the fast change of load
trace in this fast crack speed range). The fracture surface
at 353 °K (see Figure 37) shows a distinct change in roughness

at 0.5 m/s above which smoother surface is shown. From the

observation of these smoother fracture surfacesit seems likely

that the fracture toughness value may decrease above 0.5 m/s

(Figure 37).
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iv.3.2 PC
Iv.3.2.1 KIC results
The experimental Kis results of PC are shown in Table
5 and they are plotted 1n Flgure 39. They were calculated
by introducing the 'pop-in' load in equation (4.12b). The
pop-in mark was, in general, not noticeable in the load-dis-
placement of the fracture test made at the slowest crosshead
speed (8.33 um/s) until the temperature decreased down to
233 °K. Pop-in marks on the load-displacement were most
easily resolvable with the fracture test at 83.3 um/s cross-
head speed. At higher crosshead speed, significant scatter
in the pop-in load was observed for the same test condition.
Two crosshead speeds (83.3 um/s and 8.33 mm/s) were used ex-
tensively throughout the temperature range for Kic tests while a
limited number of tests were also made at low temperatures in
an effort to achieve various crack speeds for the study of
fracture toughness value to be discussed in the next section.
Usually a pop-in mark in the load displacement curve
is followed by a nonlinear increase in load, during which
the plastic zone develops at the crack tip (see Figure 40).
Finally the load reaches a maximum at a significantly higher
level (compared to pop-in load) and starts to decrease as
the crack proceeds. Sometimes an unstable, fast fracture
occurred at the pop-in loads. Both pop-in load and maximum
load are given in Table 5. There is a considerable scatter
in Kip results for the crosshead speed of 8.33 mm/s, while the
results from the crosshead speed of 83.3 um/s are fairly

consistent.
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TABLE 5

EXPERIMENTAL RESULTS OF KIC OF POLYCARBONATE

Crosshead Temperature Thickness Pop-in Maximum KIC

Speed . Load Load g
(um/s) (_"K) (mm) (N) (N) _ (MN/m”)
83.3
213 6.30 4o9 577 2.00
233 6.27 4ol 493 1.97
243 6.30 hhg L8y 2.36
253 6.22 489 489 2.42
263 6.26 502 502 2.47
273 6.21 621 1000 3.08
273 6.22 609 733 3.01
283 6.25 666 785 3.28
296 6.25 680 680 3.34
313 6.32 710 710 3.46
353 6.22 764 (*) 3.78
8,333
213 6.26 581 581 2.85
233 6.30 4uh 546 2.17
243 6.32 510 510 2.48
253 6.25 360 573 1.77
263 6.22 529 737 2.61
273 6.25 555 555 2.73
273 6.27 466 635 2.26
283 6.30 502 661 2.45

288 6.30 630 630 3.08
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TABLE 5 (CONTINUED)

Crosshead Temperature Thickness Pop-in Maximum KIC
Speed Load Load 3

(um/s) ( °x) (mm) () (N)  (/m”)
8,333
296 6.22 635 635 3.14
313 6.30 675 675 3.30
353 6.25 810 810 3.98

(*) Test was interrupted while load was increasing
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IV.3.2.2 R results

When a polycarbonate fracture specimen is loaded at
a constant crosshead speed (83.3 um/s, for example), a crack
first starts at the notch, it is arrested immediately
(less then 3 mm of propagation which corresponds to the pop-
in mark in the load displacement curve), and a fairly large

plastic yield zone (r,=6 mm at room temperature) slowly de-

y
velops in the immediate vicinity of the crack tip. When the
crack starts to move, this plastic yleld zone follows the
crack movement in front of the crack tip. Due to this large
irreversible plastic flow at the crack tip, unloading is not
"displacement reversible'", i.e. the specimen does not close
back up completely when unloaded to zero load. Figure 40
shows a load displacement curve of two fracture tests of PC:
one from continuous loading and the other from interrupted
loading. A significant amount of offset displacement 1s shown
upon unloading and this offset displacement increases as the
crack length increases. This causes a difficulty in employ-
ing Gurney's method of measuring R values (see Figure 2) be-
cause the basic assumption of Gurney's method is that the
strain energy in the specimen is completely recoverable upon
unloading, instead of being locked up as a self-equilibrating
residual stress around the plastic yield zone. Fortunately,
for PC, the size of a local yield zone near the moving crack
decreases as the testing temperature decreases (this can be

seen from fracture surfaces which will be shown later in

chapter V). When the temperature reaches 213 °K, negli-
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CRACK LENGTH

DISPLACEMENT, U

Figure 40. Load-displacement curves of PC fracture
tests. (These curves were obtained from
a preliminary study with single edge notch
specimens of PC, instead of compact tension
specimen used in the actual experiments).
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gible '"shear lips" are shown in the fracture surface. For

this case Gurney's method 1s applicable and leads to negli-
gible error in the results. As the temperature increases,

the proportion of shear lip size increases further into the

thickness of the specimen until the full thickness has fully
yielded at room temperature. Gurney's method was employed
up to 273 °K, admitting some inevitable errors due to the
increasing size of the plastic shear zone. Yet because the
whole section has not fully yielded (see the fracture surfaces
in chapter V), this approach is assumed to provide a reason-
able approximation, and gives an upper bound in R. The
results are shown in Figure U41. It seems that within the
range of crack speeds observed during stable crack growth
tests, the fracture toughness, R, of polycarbonate shows
little dependence on crack speed, except at 273 °k where a
significant drop in R value is seen in one decade of crack

speed (Figure 41). This may be due to the reduction of the

plastic shear zone size at higher crack speeds.

IV.4 Discussion of results

IV.l .1 PMMA: Proposed Theory on Stable Crack Growth Rate

Experimental results of KIC in Figure 26 show a
consistent increase in KIC as the temperature decreases from
353 °K to 283 °k for all of the crosshead speeds involved
(higher crosshead speeds giving higher KIC values). As the
temperature decreased further below 283 °K, KIC results

start to show some transitional behavior. For example,
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Kic results from the highest crosshead speed (8.33 mm/s) show
a maxima at 273 °k. Similar transitional behavior also
occurs with KIC results for lower crosshead speeds at de-

creasing temperature.

When the fracture toughness, R, results (Figure 29
through 37) are examined, they also show that the family of
R vs. log, & curves obtained above 283 °k are different from
those obtained below 283 °K (see Figure 42 and 43 for com-
parison). An attempt 1s made in the following sections to
decribe the fracture behavior above 283 °K in terms of an
empirical relationship between fracture toughness and crack
speed. The transitional behavior of KIC results and R re-

sults occurring below 283 °K is attributed to a transition

in the molecular relaxation mechanism.

A number of studies have been reported on the kinetics
of craze growths in PMMA (Sauer and Hsiao 1953, Regel 1956,
Higuchi 1966). Total range of the growth involved less than
1 mm. However there are very few studies on the kinetics of
actual crack growth in glassy polymers including PMMA.
Marshall, Culver and Williams (1970) studied the crack growth
rate of PMMA in a methanol environment using the fracture
parameter, K, as a variable. However, since the growth rate
was expressed in terms of the initiation K, rather than the
current K during crack propagation, their expression has a

limited range of application.
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Zhurkov (1965) made a general study of the kinetics of
the fracture of solids under dead load conditions and found
that a wlde range of materials follow the Ree-Eyring (1957)

stress-biased failure kinetics relationship:

te = Aexp (L229) (4.7)
kT
where ty is the time to fallure measured from the moment of

loading, and where

AO is some constant ¢ is some constant

U 1s the activation energy T is temperature in °k

K is the Boltzmann constant o 1s tensile stress

Equation (4.7) was applied to uniaxial specimens of small
diameter for which the fracture propagation time was negli-

gible compared to the crack initiation time.

From the present results of PMMA fracture toughness
against crack speed, in the temperature range 283 °K to
353 °K, it is proposed that the crack growth rate, a, be
expressed as,

=(U-AR), (4.8)

kT

a = Ayexp {

where R is the fracture toughness (equivalent to the strain

energy release rate, G), and Ay and A are constants to be
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determined from curve fitting the data. The activation

energy U is also obtained from the curve fitting of data.

Equation (4.8) can be rewritten as,

log A, (4.9)

Table 6 shows the curve fitting equations derived from
equation (4.9) and the constants (A, A and U) determined from
the best fit of the experimental data. Both the experimental
data and the curve fitting equations in Table 6 are modified
to give an explicit expression for R, and compared in Figure
42 for the temperature range of 283 °K to 353 °K. The family
of curves predicted from equation (4.9) shows a good fit with

the experimental data between 283 °k to 353 °K, but the ex-
perimental points start to deviate from the predicted curve

at the lower end of crack speed for each temperature. The
R
T

as shown in Table (6. However, since the fitting curves

slope of = against logué is a constant, which is 0.155 J/m? °

in Figure 42 are plotted in R vs. logloé rather than R vVs.

T
1og10é, they show increasing slope as the temperature in-
creases. When these fitting curves are extrapolated they
converge into one point and the corresponding crack speed at

5
this point came close to 10 km/s, which is the value of A
in Table 6. This limiting value may be connected with the
limiting rupture time reported by Zhurkov (1965) which is

in the order of molecular vibration period.
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TABLE 6

CURVE FITTING EQUATIONS AND CONSTANTS
OBTAINED FROM THE EXPERIMENTAL
FRACTURE TOUGHNESS DATA

OF PMMA

R._.k ., 0 _k

f = ; 1oge a + T - N 1oge A,
T ( °K) Curve fitting equations (a in m/s)
283 % = 0.1553 log a + 2.832 (3/m? °K)
296 % = 0.1553 log,a + 2.56 (J/m? °K)
318 R = 0.1553 logga + 2.21 (J/m2 °K)

T

333 R = 0.1553 loged + 1.973 (J/m? °K)
353 % = 0.1553 loggd + 1.7 (J/m? °K)

From the above curve fitting equations using the Boltzman
constant, k=8.313 J/mole °K, the constants A, X and the

activation energy U are determined as follows.

A = exp (18.4) m/s
A = 53.1 m?/mole
0 = 86.02 kJ/mole = 20.55 kcal/mole
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R values generally level off (between 250 to 300 J/mz)
at the lower end of crack speed for each temperature. This
agrees with the findings of Marshall et al (1970) that there
exists a lower 1limit in K, below which no significant crack ex-
tension was observed. The upper limit of the applicable range
of equation (4.9) is when the crack starts to run unstably.

It may be noted that unstable crack propagation starts to
occur at the crack speed when the corresponding R value reach-
es ~ 600 J/m? for most of the temperatures involved in the pre-
sent study (except the results from 253 °K which show a value
of R as high as 740 J/m? before unstable cracking occurs
(Figure 43)). The activation energy of 86.02 kJ/mole (20.55
kcal/mole) obtained for the temperature range 283 °K to 353 °K
is significantly larger than the apparent activation energy
reported by Broutman and Kobayashi (1971) who obtained 9.3
kcal/mole for a similar range of temperature and crack speeds
by horizontally shifting thelr fracture surface energy data.
However, the present result agrees with the 24 kcal/mole given
by Johnson and Radon (1972), who calculated the apparent
activation energy from Kio results by using the Arrhenius
equation, with crosshead speed as a rate parameter. A similar
treatment of the present data has been performed, as shown

in Figure 44. The temperature and crosshead speed values

were all picked from the Kyc data in Figure 45 at the same

Kic level (1.5 Mi{/m¥2) which cuts across the K1¢ curve at

the region where Kyc is steadily increasing at decreasing
temperature. An apparent activation energy of 81.2 kJ/mole

was obtained from Figure U44. This activation saceygy obtained
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Using the Arrehenius Equation,

u=A exp( -

xqcl
-
g

xlrm
3

From the slope in the above plot,

U 3
LA -9.8 x 10
k
Since k = 8.313 J/mole®XK = 1.986 cal/mole’K
U = 81.2 kJ/mole = 19.4 kcal/mole

Figure 44, logloﬁ vs. 1/T plot corresponding to
3

Kic= 1.5 MN/m2 as shown in Figure 45
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from the KIC data is in good agreement with one obtained from

the R vs. crack speed data,

The fracture toughness vs. crack speed data below
283 °K are shown in Figure 43. It 1s clear that they do not
follow the same family of curves predicted by equation (4.9).
This sudden change in the fracture toughness (R) behavior
below 283 °K seems to be consistent (at least qualitatively)
with the KIC results shown in Figure 26. KIC values for all
crosshead speeds (over four decades) show a steady increase
as the temperature decreases until it reaches 273 °K when

the K;, at the highest crosshead speed (8330 um/s) reaches

a maxima. It was at this same temperature that the R vs. 'a'

curve started to deviate from the family of curves predicted
by equation (4.9). As the temperature decreased further, the

KIC curves corresponding to slower crosshead speeds reached
either maxima or plateau. It seems that this behavior may
be related to a transition of the molecular relaxation mech-
anisms involved in the fracture process. And the fact that
no stable crack growth was possible below 243 °K at even the
slowest crack speed (0.833 um/s) might be a manifestation

that a different molecular relaxation mechanism is involved

below this temperature.

The present experimental results of both KIC and R of
PMMA seems to indicate that the growth of a stable crack is
an activated process, the rate of which is dependent on both

temperature and the fracture toughness. The activation energy
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obtained from the kinetics of stable crack growth indicate
that the basic molecular mechanism could be attributed to the
B process, at least in the temperatures ranging from 283 °K
to 353 °k. Present results support Boyer's (1968) explanation
that the (stable) crack growth at room temperature is essen-
tially a craze growth, which, in turn, is controlled by the

B process. However, the distinct change in fracture behavior
below 283 °K defies the generalization of fracture behavior
in terms of a single molecular relaxation mechanism for the
whole temperature range of the present experiments. Further
investigation of the molecular involvement at the crack tip
may lead to an explanation for the different fracture be-

havior of PMMA below 283 °K down to 203 °K.

IV.4.2 Polycarbonate : Effect of Plastic Enclave Size.

Due to the formation of a plastic yield zone at the
crack tip of PC fracture specimens, Gurney's method of
fracture toughness measurement is limifed to the low
temperature region at which plastic flow was restricted to

a negligible portion of the total cross section.
Thus, in the case of PC, most of the source of toughness

comes from the gross plastic flow around the crack tip rather

than from craze formation and growth as in PMMA. Consequently,
the fracture toughness of a PC specimen depends mainly on the
amount of plastic flow at the crack tip. The amount of

plastic flow decreased as the temperature decreased and also
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as the crack speed increased. As the temperature decreased
to 213 °k only negligible shear lips were present at both
edges of a fracture surface and the application of Gurney's
method for measuring R values at this low temperature is
Justified. The error gets bigger as the temperature is in-
creased above 213 °K, due to increasing amount of plastic
flow at the crack tip. When the temperature reaches 296 OK
(room temperature) plastic flow has occurred throughout the
whole cross section. Gurney's method was applied only up to
273 °K,

Since the change in the fracture toughness due to

crack speed was small compared to the change due to temper-

ature, the variation of fracture toughness 1is represented in
Figure 46 by a range between the maximum and the minimum
values observed at the temperature. The data points between
213 °K to 273 °Kk are obtained from Figure 41 and variations
in R at each temperature are due to different crack speeds

at each temperature. The data point at room temperature was
obtained by dividing the total area under the load-displace-
ment curve of a fracture test by the nominal area of crack
surface generated. Mal (1973) has recently published the
variation of R as function of crack speed at room temperature

using the parallel cleavage specimen with side grooves.

His result 1s also plotted in Figure 46 for comparison. A
sharp drop (a decade decrease) in fracture toughness occurs
between 296 °K to 273 °K, and as the temperature decreased

further it decreased to an asymptotic value of about 2 kJ/m?
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Similar results were found (by Hull and Owen 1973) from the

notch impact test results of PC.

IV.4.3 Equivalent strain rate and equivalent Young's
modulus of a fracture specimen

Young's modulus plays an important role in fracture
mechanics in determining various fracture parameters such
as K=VER, Op= -%%, and in making an experimental K-calibra-
tion as shown in IV.3.4. When a fracture test is made with

a highly rate dependent material, like PMMA, the Young's

modulus 1s not a constant but changes significantly with "e-

quivalent strain rate" and temperature. 1In order to determine
a proper modulus value for a given fracture test, an estimate
of equivalent strain rate is necessary. However, the deter-
mination of an equivalent strain rate in fracture involves

a complex mathematical difficulty due to the non-uniform
stress distribution. Some approximate expressions have been
reported for an equivalent strain rate associated with the
material elements close to the crack tip. In the following
sections, approximate equivalent strain rate expressions will
be used to obtain the equivalent Young's modulus for a sta-

tionary crack, and the Young's modulus for a moving crack

will be obtained independently from the experimental results

of KIC and R of PMMA. The two sets of Young's modulus (one
from stationary crack and the other from moving crack) will

be compared later.
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IV.4.3.1 Analysis of the equivalent strain rate involved
with fracture testing

Approximate analysis for the strain rate at a crack
tip have been made by Irwin (1963) in his fracture study with
metals and Williams (1972) later extended it further for
applications on polymers.

From the expression for the stress around the crack

tip given in equation (2.17),

g = K at 6 =0

vy2nr

we obtain the expression for strain near the crack tip,

_ K(t) . T
e = 5y (27p) (4.10)

where both K(t) and E(t) are considered to be functions of
time. Differentiating equation (4.19) with respect to time

and using the relationship é=—} (because the rate of change
of crack length or crack speed, é, i1s the same as the rate of
change of distance between the crack tip and a fixed point
away from the crack tip (along 6=0), the expression for strain

rate at the crack tip 1s (see Appendix II for derivation),

2,
e = e(% - g) " ne3(§-) 5 (4.11)

where the dot notation implies derivatives with respect to
time. When the crack speed is zero, which is the case for

loading on a stationary crack, equation (4.11) becomes,
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e(

-
]
Rl e

_E
E) (4.12)

Unless a very slow loading rate is applied, the change of
modulus during a single fracture test can be neglected.
This assumption is justified because the slope of a loading

path 1s a stralght line before fracture starts (see Figure 27

and 28) for PMMA. For a stationary crack, ﬁ+0, and

(4.13)

(D e
1}

[¢]
RIS e

Equation (4.13) can be expressed in terms of crosshead speed

because,

K. X_ki_u (4.14)

where k 1s the stiffness of the fracture specimen. From

equation (4.13) and (4.14), the equivalent strain rate ex-

pression for stationary crack becomes,

(4.15)

D e
il
£ @
[

Assuming that the significant portion of crack tip material

reaches the yileld strain at the initiation of fracture,

é = (Sl) U (4.16)
u
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where ey is yield strain and up is the crack opening dis-
placement measured at the loading pin at the time of crack
initiation. Some arbitrariness cannot be avoided in choos-
ing ey value in equation (4.16)., In the present study, ey
was chosen as the total strain corresponding to the 0.3%

offset yield stress from the uniaxial tensile test, The ey

value at room temperature thus determined from the uniaxial

tensile test was about 2%, which 1s reasonably close to, yet
slightly higher than the critical strain level (1.3%) for

craze initiation in PMMA at room temperature, reported by

Kambour (1972). Since the crack initiates after the craze

has formed and then a dominant craze develops into a crack,
present choice of ey seems to provide a reasonable representa-
tion of strain level at crack initiation. Thus, the equiva-
lent Young's modulus of a fracture specimen, when the crack

is stationary, may be obtained from known E(e) data (from
uniaxial tensile tests), using equation (4.16) for &. This
method of determining the equivalent Young's modulus was

employed in section IV.2.4.
Equivalent strain rate associated with a moving crack

is given by Williams as,
. 2.
e = ve3(%) a (4.17)
which is obtained from equation (4.11) by neglecting the

first term which he observed to be small compared to the se-

cond term unless the crack moves at negligibly slow speed.
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The high strain rate associated with the moving crack applies
only to the elements near the immediate vicinity of a moving
crack tip, whereas the majority of elements in a fracture
specimen undergo substantially low strain level at sub-
stantially low strain rates. Williams obtained the equivalent
modulus based on the strain rate obtained from equation (4.17).
Since his result has not been supported with experimental
evidence, validity of such practice, i.e., finding the equiv-
alent modulus of a fracture specimen based on the strain pate

involved at the moving crack tip, has not been tested yet.

This will be tested here by comparing the equivalent Young's

modulus from an independent method with the results given

by Williams. An alternative method of evaluting the equiv-
alent Young's modulus of a moving crack is available: Since
K and R can be simultaneously obtained from the load-dis-
placement curve of a moving crack, the equivalent modulus, E,

can be directly calculated from E=K2/R without using equation

(4.17). Experimental determination of the equivalent modulus

for both stationary and moving cracks is given in the follow-

ing section.

IV.}.3.2 Experimental determination of the equlvalent Young's
modulus for a stationary crack and a moving crack

IV.4.3.2.1 Stationary crack
The stiffness, k, of a fracture specimen may be ex-
pressed as a product of two variables, viz., the equlvalent

Young's modulus (which is rate and temperature dependent) ,
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and a function Y which depends on the geometry and crack

length of the specimen only.

k(t,T) = E(t,T)-Y(a,W,B,H) (4.18)

Since Y is a function depending on the geometry of the
specimen only, any variation on stiffness due to change in
loading rate and temperature will be directly proportional

to the change in modulus,

ko(t,7) - E2(t,T)-¥(a,W,B,H) _ Ey(t,T)
ki1(t,T) Ei1(t,T)-Y¥(a,W,B,H) E;(t,T) (4.19)

Consequently, if we know the equivalent modulus of the frac-

ture specimen at a particular crosshead speed and temperature,
the equivalent modulus at any other crosshead speed and
temperature can be determined by using the proportional re-
lationship in equation (4.19). Since the equivalent modulus
determined in section IV.2.4, using equation (4.16), was
found to be satisfactory, this modulus value (E=3.24 GN/m?
at u=8.33 um/s) will be used as a reference value in deter-
mining the equivalent modulus involved with other crosshead
speeds.

Thus, the stiffness of the fracture specimen (see
Figure 16 for geometry) was measured for each test tempera-
ture and crosshead speed from the initial slope of the load

displacement curve (before the crack starts to propagate).

By comparing each stiffness value with the reference stiff-
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ness value (of the specimen at 8.33 um/s and at 296 °K), a
proper modulus value can be assigned to each specimen using
the proportional relationship between k and E. in equation(4.19).

The stiffness, ki, of the fracture specimen (with a=50.8 mm)

measured at the test condition, u=8.33 um/s and T=296 °K is;

k1 =479 N/m (2740 1b/in)

and the equivalent rate calculated from equation (4.16)

is (see section IV.2.4),

e; = 3.28 x 107" s7!

The corresponding equivalent Young's modulus found from the

uniaxial tensile test by interpolation is,
E, = 3.24 GN/m?
The equivalent Young's modulus at some other testing condi-

tion, Ex’ is determined by the stiffness, kx’ measured from

the load displacement curve by,

Ex _ Kx
Er k1
E, 6
EX = k—l- kx = 6.76 x 10 kX (u.zo)

where Ex is in N/m? and ky 1s 1n N/m. Because there was some
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minor variation of thickness values among the specimens,

each k, value is taken as the normalized value from the
actual thickness value to that of B=6.35 mm. An example of
calculating an equivalent modulus of a specimen with station-
ary crack is given in Figure 473, Figure 48 shows the equi-
valent Young's modulus calculated from the initial stiffness,
k, of the fracture specimen (a/W=0.5) at various temperatures
and crosshead speeds. Data points for each‘temperature were
represented by a smooth curve that was drawn approximately
through the median of data points. These equivalent modulus

values for stationary crack cases will be compared later with

those values for moving cracks.

IV.4.3.2.2 Moving crack

The equivalent Young's modulus value for a moving
crack was calculated directly from the present experimental
data of K and R using the relationship E=K2?/R ( see equation
(2.18)). R values were obtained from the sector areas in
the X-u curve (see Figure 3) and the corresponding K values
(for the moving crack) have been determined by using the
current load, X, in the K-calibration expression associated
with the current crack length (see Table 3 and equation (4.21)).

K values were determined at three crack length locations,
viz: a/W=0.563, a/W=0.625, a/W=0.688. These crack lengths
were chosen because the silver paint circuit grids were on

these locations and the fairly dependable K-calibration ex-
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0.l 0.2 0;3 o4 0.5 06 0.7 08 09 mm

CROSSHEAD
SPEED : 8.33 umys

PMMA

K= LISMN/i2 (a/W =0.563) {200

K,=1.20MN/m¥2(a/W=0.625)

R2=437 ¥m?

x + ;
Ky L1I8MN/m¥2(a/w=0883
o
g 4100
-~ 20}
10
° 0 20 30 177660 in
DISPLACEMENT, u
a). Determination of equivalent Young's moditlus for a
stationary crack:
From the initial slope of X-u curve,
kx = 0.479 MN/m
Applying equation (4.20)
E, = 6.76 x 103 ky, = 3.24 GN/m?
b). Determination of equivalent Young's modulus for a
moving crack:
_ 3
Crack 1-2: K,_, = (K1 + K2)/2 = 1.195 MN/m’
Location _ )
| Ey_p, = (K,_,)"/Ry_, = 3.27 GN/m?
4,_, = 0.88 x 107% /s
Crack 2-3: K,_3 = (K, + K3)/2 = 1.19 MN/m%
Location
Ez-3 = (Ka_3) /Ry_3 = 3.2 GN/m?
3.5 = 0.81 x 107% m/s
Figure 47,

Example of calculating equivalent Young's
modulus for a stationary and a moving crack
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pressions were available for these regions. Since the R values
measured at the intervals, a/W=0.563 to 0.625, a/W=0.625 to

0.688 are also available from the same load-displacement
curve, the modulus values at these crack lengths and associ-
ated crack speeds can be calculated from the E=K2/R rela-
tionship. An example of calculating the equivalent modulus
from a load displacement curve is given in Figure 47p. K,
K2, and K3 are the stress intensity factors at the crack
locations a/W=0.563, 0.625 and 0.688, respectively. These
were determined from the K-calibration results in Figure 24,

by interpolation:

K%"ff= 12 for a/W=0.563

15.2 for a/W=0.625

20 for a/W=0.688 (4.21)

Thus, K;, K, and K3 shown in Figure 47, are calculated from
equation (4.21) to be 1.19, 1.20 and 1.18 MN/m?. Taking

the average value of K; and K, and the assoclated fracture
toughness value R; into equation (2.18), the equivalent
Young's modulus for this interval is calculated to be

Eij_,= 3.27 GN/m?2 . Following the same procedure, E,_, is
obtained to be 3.20 GN/m2. Since the crack speed for each
interval is known, it is possible to plot E as a function of

crack speed. The equivalent modulus values for moving cracks

are plotted in Figure 49 as a function of crack speed under
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various test temperatures. Each neighboring palr of data
points was obtained from a single fracture test with an
associated crosshead speed (see Figure 47), with higher crack

speed being assoclated with higher crosshead speed. Thus
each palr of data points is assocliated with each decade of
crosshead speed. Generally, the equivalent Young's modulus
values increase more rapidly in a lower crack speed region
(10™% to 1073 m/s), and level off to a slow rate of increase

as the crack speed increases further.

IV.4.3.3 Comparison of equivalent Young's modulus for
a stationary crack and a moving crack

The equivalent Young's modulus of a PMMA fracture
specimen may change from one measured when the crack is
stationary to one measured when the crack is moving (see
Figure 47a and b). This change in modulus value is expected

because the equivalent strain rate at the crack tip 1s con-
sidered to be substantially lower for a stationary crack
compared to one for a moving crack (Williams 1972). Williams
predicted the equivalent modulus value based on the strain
rate at the crack tip of a moving crack, without any experi-
mental evidence. In the previous two sections, the experi-
mental modulus values of fracture specimens were obatined
from an independent method without resort to the strain rate
analysis by Williams.

A pair of equivalent modulus values of a moving crack
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can be compared with the equivalent modulus value of a
stationary crack obtained during the same test (i.e. with a
particular crosshead speed) by comparing the results from
Figures 48 and 49. It can be noted that in the temperature
range of 296 °K to 353 °K, the equivalent modulus of a frac-
ture specimen remains essentially the same, before and after
the crack starts. This is quite surprising because the
strain rate experienced at the stationary crack tip is con-
sidered to be substantially lower than that at the moving
crack tip (Williams 1972), with the assoclated equivalent
modulus value expected to be substantially higher for the
moving crack. The present experimental result are quite
different from the expected values based on the strain rate
estimation given by Williams. In Figure 50, Williams'
calculated results of equivalent modulus of a moving crack is
compared with the present experimental results, both at room
temperature. The calculated results by Williams are not only
substantially higher than the present experimental results,
but also they show a higher crack speed dependency. It is
clear that the equivalent modulus value of a fracture specimen
would be overestimated 1f it is determined by using the strain
rate value at the crack tip as a representative strain rate
for a fracture specimen as a whole.

Significant differences of two equivalent modulil
(before and after the crack initiation) are observed in the

lower temperature range, i.e., 273 °K and 253 °K in Figures
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48 and 49. 1In this lower temperature range, the two modulus
values are essentially the same when the crosshead speed and
the assoclated crack speed are small. But as the crosshead
speed increases the modulus values during crack propagation
(moving crack) are consistently higher than those measured
during the initial loading period (stationary crack). This
difference in the equivalent modulus values during a single

test might be affecting the crack stability (Gurney and Mai
1972), making it difficult for stable crack propagation in

this lower temnerature range (described in section IV.3.1.2).
The crack stability parameter can be evaluated from the
actual stiffness data measured during the actual fracture

tests. The effect of change in equivalent modulus during
a single fracture test on the stability of crack propaga-

tion is left here for a further study.



CHAPTER V

FRACTURE SURFACES OF PMMA AND PC

V.1l PMMA

Figures 51 through 54 show the fracture surfaces of
PMMA at various temperatures and crosshead speeds. Frac-
ture surfaces in each figure are those tested at one cross-
head speed: 8.33 um/s, 83.3 um/s, 833 um/s and 8.33 mm/s,
respectively. The fracture surfaces were gold-coated to
provide better reflection from the otherwise transparent
PMMA fracture surfaces. Heavy coating caused a glare from
the fracture surfaces, but a light coating of the surface
(half transparent) was sufficient to observe all the features
of the fracture surfaces. Sometimes the coated gold film
disintegrated under the influence of heat from the prolonged
operation of the "coater". As an example, the fracture
surface corresponding to 833 um/s speed at 353 °K (see Figure
53), looks rough due to such a broken appearance of an other-
wise smooth fracture surface.

The smooth, featureless region marked as "U" corre-
sponds to an unstable crack extension (a sudden load drop at
a constant displacement in the load displacement curve of a
fracture test). This unstable créck extension 1s arrested
at each location where a distinct line appears on the frac-
ture surfaces. The following crack extension after the
arrest may be followed by eithe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>