.3 i"-f’ul
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY

University of London

THE EFFECT OF RUBBER CONTENT

ON THE STRENGTH OF IMPACT POLYSTYRENE

by

KAMYAR NIKPUR, B.Sc.(Eng.), M.Sc.

Thesis submitted for the degree of
Doctor of Philosophy
of the

University of London

Department of Mechanical Engineering
Imperial College of Science and Technology
London SW7 2BX October 1977



ABSTRACT

Most glassy polymers are susceptible to fail in a brittle manner.
In order to improve the fracture behaviouf, these polymers are comﬁon1y
grafted with a rubbery material and it is generally thought that the
toughness of the rubber-modified derivatives iﬁcreases substantially.
The work presented in this thesis aims at ana]ysjng the mechanical
properties of various types of commercial and specially prepared high
impact polystyrenes (HIPS). Having studied the specié]]y‘prepared grades
of these polymers which containéd different nominal rubber fractional
volumes, the analysis is mainly centred upon the effect of rubber content‘
on the fracture and tensile properties. Although the work was carried
'out on HIPS polymers alone, the findings of this study may be applied for
various types of rubbef particulate-filled polymer composites.

Contributions are made in three areas. Firstly, the tensile
behaviour of the rubber-modified polymers are studied and it is shown that
the moduli and yield stress of these materials decrease significantly with
increasing rubber. The prediction of the low strain properties were made
possible by introducing a two-stage calculation model fn which the
composite particles (consisting of relatively rigid polystyrene beads
floated in a rubbery media) and the HIPS aggregate (consisting of the
relatively soft composite partic1es susbended in the polystyrene matrix)
were analysed using Hill's and modified Kerner's theories of composite
materials. The theoretica1~discussion following has provided a better
understanding of the effect of anisotropic dispersion of rubber particles
on the overall behaviour of the material. The subsequent theoretical
modei proposed for the effect of craze formation upon the elongation to

break can be used as a basis on which to assess the apparent toughness



of modified po]ymers.‘ Fipa]]y, the effect of temperature and strain rate
on the tensile properties of HIPS was demonstrated by employing the non-
-resonance forced vibration method and also the standard tensile tests.

Secondly, attempts weré made to measure the fracture toughness of
HIPS under brittle conditioné, using the standard linear fracture mechanics
theories.  On researching the fracture behaviour of some commercial types
of HIPS, it was shown that, under plane strain conditions with the aid of
dti]ising wider specimens -and also crack constraining media (such as
coating the crack specimens by a fragile glue), a brittle fracture can be
induced. ' Hence, on the basis of these findings, the effect of rubber
content, strain rate and temperature on the fracture toughness of certain
specially prepared HIPS was ana]ysed and it was shown that the toughness

-increases with decreasing temperature, increasing strain rate aﬁd increasing
rubber content up to 2% fractional volume, and thereafter remains fairly
constant.

Finally, the impact properties of certain commercial and specially
prepared HIPS were analysed. The basic theories derived for homogeneous
brittle or ductile materials were shown to be inadequate for describing
the impact strengths of these materials. Consequently, a composite theory
is proposed for rubber-modified polymers which clearly describes the effect
of rubber content on their impact strengths. By this theory, it is shown
that the resistance to impact can be coﬁsidered to be made up of two
components, one being the initiation resistance, depending on the
properties of the matrix alone, and the other the propagation resistance,
being independent of the matrix material but proportional to the level of

rubber grafting.
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NOMENCLATURE

Description

normalised ¢
crack length (SEN); crack depth (SN)
initial crack length

characteristic dimension of a rectangular
para11e1piped particle

effective crack length
characteristic crack length
area of the crack interface

exponential constant in the modulus-rubber
content relationship

general elastic constants of the composite
polymer

general elastic constants of the matrix

general elastic constants of the inclusion
phase

half crack width in centrally notched or
surface notched specimens

characteristic thickness of a rectangular
parallelpiped particle

specimen thickness

exponentia] constant in the yield stress-rubber

content relationship
radius of a penny-shaped crack
cross-head speed

compliance of a cracked specimen

initial compliance of a cantilever specimen

initial compliance of a three-point bend
specimen

particle alignment factor
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_ Description

: characteristic particle alignment factor

specimen width along the crack

characteristié length of the Dugdale
hypothetical crack

restitution factor

output voltage of the stress transdqcer
output voltage of the sfrain transducer
modulus of elasticity (matrix)

modulus of elasticity (composite particle)
modulus of elasticity (composite polymer)
nominal modulus of elasticity

in-phase modulus

out-of-phase modulus

modulus of elasticity of rubber

reduced modulus of elasticity

modulus of elasticity of PS

complex modulus of elasticity

calibration factor for the stress transducer
in the Rheovibron

calibration factor for the strain transducer
in the Rheovibron

geometry function introduced in Westergaard's
expression

amplitude of the applied force

input voltage to the stress transducer in the
Rheovibron '

input voltage to the strain transducer in the
Rheovibron

strain energy release rate

potentibmeter ratio of the strain gauge
(Rheovibron)
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* Description

potentiometer ratio of the stress gauge

(Rheovibron)

brittle impact strength

critical strain energy release rate
ductile impact strength

initiation impact resistance
propagation impact resistance

critical value of shear 1ip width

characteristic dimension of a rectangular

composite element
Goodier's constants

index varying from 1 to ¥

total recorded energy loss in an impact test

impact energy (bkitt]e fracture)

impact energy (composite fracture)

impact energy per unit cross-sectional area

impact energy (ductile fracture)
initiation impact energy
propagation impact energy

reduced impact energy

index varying from 1 to 3
value of Rice's contour integral
zero order J-type Bessel function
first order J-type Bessel function
critical J

bulk modulus (matrix)

bulk modulus (inclusion)

bulk modulus (composite)
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Symbol _ ~ Description

k, : 't shear bulk moduli ratio (= ¢/3 u/k )

k, : shear bulk moduli ratio (= ¢/3 “s/kr)

K., ‘ : bulk modulus (rubber)

kg : bulk modulus (polystyrene)

XK intensity factor

Ky, : minimum value of K,

K;e | ' v plane strain fracture toughness

Ky, : plane stress fracture toughness

K, critical value of X

- : : mean K,

AK estimated spread from X

l : arc length along T contour

A . | : characteristic thickness of a rectangular
composite element

L : specimen length

m | : mass of an impact specimen

M : pendulum mass (impact test)

M, : number of cracks (crazes) generated in a
sample of HIPS subjected to a uniform tensile
stress

ﬁ3 (4 =1,3) : unit vectors along the X3 axes

n, : shear modulus ratio (= u/u')

N ' : number of pa}ticles

v, - hrOporFional.coefficient in the dynamic

: mechanical test
o , : particle radius
p : third power of the ratio of the crack radius

to the particle radius

P : load
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Description

value of dynamic force dial in Rheovibron
apparatus

percentage of. cracked area

load at fracture

constants in Petrenko's expression
constants in Fillunger's expression
potential energy

input energy density

local energy density

radial coordinate from the crack tip
craze zone length

radial coordinates from the centre of the Zth
particle

plastic zone radius

slow crack growth length

cutter radius

Tigament area (of an impact specimen)
gross cross-sectional area

surface (of integration) .

standard error

elastic stress concentration factor

supporting span in impact

normalised Sp

time

temperature

stress vector

principle stresses along cartesian axes

gross transition temperature
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Description

displacement components in spherical
coordinates

displacement components in cylindrical
coordinates (a cracked body subjected to a
tensile stress)

displacement component of an uncracked body
(along the z axis)

strain energy

stra%n energy denéity

strain energy density (combosite)
strain energy at fracture

linear kinetic energy of the flying pieces in
impact

rotational kinetic energy of the flying p1eces
in impact

elastic energy dissipated in slow crack growth

strain energy variance due to the presence of
a crack

effective volume (on an impact specimen)
displacement components in cylindrical
coordinates (a cracked body subjected to an
internal pressure, o)

volume (of integration)

impact pendulum velocity

variance

skewness

Kurtosis

specific fracture work

fracture work

di'ssipation energy dens1ty in a dynam1c
mechanical test

cartesian coordinates
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Symbo1 _ . Description
Ty (z =1,0, 4 =1,3) : cartesian coordinates from the centre of the

ith particle

X, é]ongation per unit length (composite polymer)

= . .

X : displacement vector (composite polymer)

> .

X displacement vector

X; (7 = 1,3) : displacement components in cartesian coordinates
(composite) o

Xx.(7=1,3) : displacement components in cartesian coordinates

J (matrix)

xf : Tload point deflection at fracture

Xﬁ : fraction of specimens having a value equal to
or greater than K,

8+ (2 =1,8, 5 =1,3) : displacement variances due to the Zth particle

‘ (along the @5 axes)

Y -+ geometry function in fracture toughness
expression

2 : normal ordinate (in cylindrical coordinates)

z =z : equatorial p]ahe of the Zth penny-shaped crack

Greek Symbols

o . : constant in Kerner's equation

a, : constant in Hashin's equation

o | : crack angle in surface notched specimehs

B : constant in Kerner's equation

B, : displacement error in dynamic mechanical test

B . fractional surface of particles in a composite

p polymer _ o

% : specific fracture energy

Y specific plastic energy
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Symbol ' _ Descriptfon

Yg : : specific surface energy

r : arbitrary contour surrounding the crack tip
S ¢ crack opening'diSplacement |
5, : minor axis of a penny-shaped crack

5, : critical §

5jk (7, = 1,3) : .Kroneker constant

A ' v damping coefficient

A . displacement variance (mid-layer of the
mid composite element)

Atbp : gg;plagement variance (top layers of the

posite element)

€ ¢ strain

lsjk : strain tensor

€ B elongation

E; :+ amplitude of elongation

£ : strain rate

éo : nominal strain rate

Aéo : strain rate variance

€, : amplitude of strain

€y : yield strain

z : -normalised z (= z/c)

L, ) : ¢ of the 7th particle

n , | : constant in Parvin-Bluhm expression

n; (2 = 1,6) o 581%?;2;:] coefficients of X factor for Charpy
0 : angular ordinate (fkom the crack plane)
0 _ : a coefficient in the intensity factor

expression for SN specimens

A : Lame's constant (matrix)
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_ Description

Lame's constant (inclusion)-
Lame's constant (composi te
load point diép]acement
shear modulus (matrix)

shear modulus (inclusion)
shear modulus (compo;ite)
shear moduli ratio (= /1)
shear moduli ratio (= w'/u,)
shear moduli ratio (= ;/hs)

shear modulus (rubber)

(
shear modulus (polystyrene)

Poisson ratio (matrix)
Poisson ratio (inclusion)

Poisson ratio

(
(

Poisson ratio (composite polymer)
(rubber)
(

Poisson ratio (polystyrene)
constant in Dewey's equation

Young's modu]j ratio (= Er/Es)

coefficients of X, expression (experimental)

normalised » (= r/e)

notch tip.radiué

p of the Zth particle

tensile (gross) stress
amplitude of the applied stress

normal stress components in cylindrical
coordinates

critical stress at fracture
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Description

effective stress in the vicinity of the crack
tip

maximum stress at the crack tip
yie]d‘stress

effective yield stress

yield stress of a composite polymer
stress tensor (in the cértesian system)
summation notation

integral variable in the Sneddon integral

shear stress components (cylindrical
coordinates)

nominal rubber content

maximum packing fraction of particles
fractional volume of rubber particles in HIPS
fractional volume of occluded PS

calibration factor for impact test

constant in the ductile impact formula

correction function in modified Kerner's
expression

frequency (angular)
constants in the Lethersich expression

phase angle



PS
CPS
IPS
HIPS
PBD
ABS
PVC

U A0, U BO, and
U co

U AT,
U A3.33,
‘U B1.11,
U B3.33,
U Ccl.11,
and U C3.

A2.22,
A5.55,
B2.22,
B5.55,
c2.22,
3

wococoacoaca

PTFE
PMMA
coD
BCP

BCF

PET

SEN

SN

PC

T1‘

T2

VR1 andIVR2
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ABBREVIATIONS

polystyrene

: crystal polystyrene

impact po]ystyfene

high impact polystyrene

polybutadiene rubber

acrylonitrile butadiene styrene

polyvinyl chloride

Various types of CPS supplied by the Chemical section
of- the US Steel Corporation

Various types of HIPS supplied by the US Steel
Corporation. The first two letters specify the
type and the subsequent digits specify the nominal
rubber fractional volumes.

polytetrafluorethylene

polymethyimethacrylate (Perspex)

crack opening displacement

a commercial type of HIPS (grade CP40 of BP Chemicals
Limited) :

a commercial type of HIPS (grade 83CFT of BP Chemicals
Limited)

polyethyleneterephthalate

: - single-edge notched (specimen)

surface notched (specimen)
polycarbonate

stress transducer

strain transducer

potentiometers in the Rheovibron apparatus
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* CHAPTER 1
INTRODUCTION

1.1 PRODUCTION OF HIGH IMPACT POLYSTYRENE

It has been generally conjectured by the plastics manufacturers that
the addition of a rubbery phase to inherently brittle materials would
significantly improve their impact resistance, fracture toughness and
elongation to break. This assumption, combined with the relatively cheap
production of crystal po]ystyfene and similar base brittle materials, has
led to the development of many types of rubber modified polymers which
~ have been produced in large quantities. Historically, high impact
polystyrenes were the first impact composite polymers produced, based on a
thermoplastic matrix with a particulate rubber phase. This-was followed by
the production of a vaét number of polymer/rubber combinations, ranging
from ABS (acry]onitri1e butadiene styrene) and PVC/nitrile rubber blends
to modified epoxide resins. The best of these materials have an excellent
balance of mechanical and physical properties achieved by controlling the
blending procedure, qualities and quantities of the constituent phases in
the composite.

In principle, rubber can be added to polystyrene in three ways:

1. Mechanical mixing which results in the dispersion of discrete

irregular rubber particles in a continuous phase of polystyrene.

2. Solution grafting which results.in suspensidn of discrete quasi-
spherical grafted particles (which usually consist of 80% to 85%
occluded polystyrene in the rubber matrix) in a continuous phase

of polystyrene.
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3. Latex mixing (or emulsion polymerisation) which involves blending
small amounts of rubber latex with emulsion-polymerised

polystyrene.

The choice of processing technique for making a toughened polymer is
gdverned by'a variety of technical and economic factors. However, the
toughest modified polystyrene for the least amount of rubber used is
generally achieved by the sb]ution grafting process which is the principal
commercial technique (Boyer et al (1970)).
In summary, the behaviour of toughened polymers is determined by the

manufacturing methods, the choice of principal ingredients (the type and
molecular weights of polystyrene and rubber used) and the quantity of
| other possible processing additives (e.g. initiators, chain transfer
agents, and minera1‘of1). In view of the morphology of the composite,
the quantity, size, shape, internal structure of the particles and the
state of its interface with the surrounding matrix, it can be seen that
maﬁy factors contribute to the overall mechanical properties of the polymer.
It is, therefore, of prime importance to any company manufacturing rubber
modified polystyrene to have a clear understanding of‘the effects of all
these possible variables in their products. The obvious approach to this
is to manufacture materials varying on]y one component at a time and then
to examine the performance of the composite. However, this is not usually
feasible siﬁce a specific modification of the grafting process normally
involves more than one change in the resultant polymer. Recent problems
with rubber supplies have added urgency to the need for more insight into
the effect of rubber content, assuming the other processing factors are
kept constant.

An attempt has therefore been made in this thesis to study the effects
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of the controlling parameters, especially the rubber content, on the
behaviour of some-commercial and specially prepared grades of HIPS. It
is believed that an experimental analysis of these polymers would provide
the basié of a better theoretical understanding of the problem and thus
permit the prediction of mechanical and fracture properties of rubber
modified polymers. In this work, four parameters are considered to be of

prime importance:
1. The modulus of elasticity as the best estimate of stiffness;

2. Average rupture stress of unnotched materials describing the

general yield stréngth;

3. The fracture toughness as measured in a slow test which reflects

the breaking strength and elongation directly;

4. The impact strength as measured by employing a fast test using

fracture mechanics theories and a pendulum-type testing machine.
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1.2 PLAN OF THE THESIS

The work to be presented in this thesis has been arranged into two
parts: Part I contains historical reviews and essential theoretical
principles employed in the second part. | Part II comprises all thé
theoretical and experimental work.performed in this project. The
appendices and the paper following the two main parts contain information
which is not directly essential to an understanding of the main text but
provide a more detailed analysis 6f some relevant problems. The computer
programs attachgd can be used in further research on impact and fracture
toughness measurements; cross-references are used to link the appendices
to the main text.

Chapters 2, 3 and 4, which follow this introductory chapter, provide
a literature survey on viscoelastic properties; fracture and impact
strength of polymers. |

Chapter 5 deals with the low strain and the large strain deformations
and stresses in particulate-filled composite polymers. The experimental
investigation on some specially prepared impact polystyrene is a study of
the effect of rubber content on the stiffness and rupture stress of these
materials. The theoretical work developed is not necessarily an attempt
to predict accurate moduli and rupture stresses due to the presence of
rubber phase inclusions, but rather to provide a basis for an understanding
of the influence of a rubber phase structure, its arrangement and its
configuration, on the overall behaviour of the material. Last, but of
more importance,.the possibilities of reduction in stiffness of the
material as a result of craze generation around particles was studied.

Chapter 6 deals with the fracture of impact polystyrene in air at
20°C and at medium cross-head speeds. Previous work by Ferguson (1973)

and Parvin (1975) has shown that commercial grades of these materials
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behave in a ductile manner even at the highest Instron cross-head speed
(about 50 cm/min). In practice, on the other hand, it is occasionally
observed that similar materials break in a britt1e manﬁer at apparently
lower stresses under the same ambient conditions. Therefore, several
tests on some commercial and specially prepared impact polystyrene were
perfbrmed with a view to defining the lowest fracture toughness at normal
* ambient environments. Finally, the effect of rubber content on the
ffacture toughness of modified polystyrene is studied at the most severe
circumstances of brittle failure.

Chapter 7 is effectively a continuation of Chapter 6 since the
fracture behaviour of the same materjals under impact loading is
investigated. As it turned out, the available theories on impact

'resistance of brittle or ductile materials failed to describe the impact
behaviour of composite materials. Prior to analysis of the effect of
rubber content on the impact strength of modified polystyrene, an atfempt
was made to provide a comprehensive theoretical basis to give an account
of semi-ductile behaviour of composite polymers under impact loads.

In Chapters 8.and 9, the effect of temperature on the moduli, rupture
stress and fracture toughness were studied for various.grades of special
impact polystyrenes which had different rubber contents. Chapter 8 deals
with the dynamic modulus and loss factor measurement at -140°C to f140°C.
Chapter 9 describes the effect of rubber content on the fracture strength
of impact poiystyrene'in the témﬁerature range of -120°C to +60°C.

A general conclusion and discuséibn of the contribution made by this
thesis and a plan for'further research on this subject are provided in the

final chapter; Chapter 10.
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PART I

LITERATURE SURVEY
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 CHAPTER 2
ELASTIC PROPERTIES OF PARTICULATE-FILLED COMPOSITES

2.7 INTRODUCTION

High impact polystyrene (HIPS) is a solution grafted polymer which may
be approximated as a two-phase suspension composite. A suspension, or
particulate-filled, composite is a special kind of heterogeneous mul ti-
phase material in which one phase is regarded as the matrix and all other
phases are embedded in‘the'fokm of inclusions. The study of morphology
of_HIPS shows that the inclusion phase does not merely consist of rubber
particles but is itself a two-phase suspension composite in which |
polystyrene (PS) sub-inclusions are dispersed in a continuous rubber
Amatfix (see Figure 2.1). With regard to this point, Bucknall (1977) has
shown that a composite inclusion has a similar, but not identical, effect
on properties of rubber modified polymers to that produced by a pure rubber
inclusion of the same volume. \

In general, elastic particulate fillers are often added to different
basic brittle polymers in order to improve their fracture resistance. In
particular, a small addition of polybutadiene rubber (PBD) in crystal PS,
which is an extremely brittle material, increases its impact strength and
fracture toughness by several bimes . This is understood to
be engendered by multiple-craze creation emanating from rubber phase
particles. 'However, a large reduction in the materials stiffness is an
ineyitab]e penalty to be weighed against the improvement of the fracture
properties.

Prediction of mechanical properties of a composite from the structure
and the elastic characteristics of its constituents is a prerequisite for

the design of a polymer having specific required properties. The purpose



Figure 2.1: Inclusion phase in HIPS, the inclusion comprising of 80-85%

occluded PS grafted in PBD rubber matrix
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of the present survey is to review theoretical methods in the field of
prediction of elastic properties of composite materials. Literature
surveys on fracture toughness and impact measurements are given in
subsequent chapters. ‘

Although, in principle, it should be possible to evaluate the Tow
strain properties (e.g. modulus of elasticity) of a composite polymer,
there are numerous difficulties in formulating an exact relationship ,
describing the overall behaviour of the material in terms of mechanical
properties and geometry of its constituents. In general, the evaluation
of mechanical constants of a randomly particulate-filled composite should

be of a statistical nature. To simplify the work, however, it is more

convenient to incorporate'the}statistical_nature of the problem by

employing continuum mechanics and variational principles rather than a
systematic statistica]lstudy of the problem. As a first approximation,
this approach basically deals with a hypothetical composite model which
contains an infinite number of small particles, distributed uniformly and
symmetrically in a homogeneous and isotropic matrix. In a statistical
analysis, any kind of symmetry is.defined by spatial independence of all
volume average properties of the material. The average theories of bulk
behaviour are, therefore, concerned with homogeneously heterogeneous media
that is to say the mechanical behaviour of the material at any macro-
scopically large region is independent of the location of that region in
space. |

In fact, the main benefit of the mean theories of heterogeneous
materials is due to the possibility of by-passing the more complicated
problem of stress-strain determination within the composite elements, and
therefore obtaining an average solution for overall ﬁroperties of the bulk

composite.
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An accurate ana]ytica] solution for large strain properties (such as
yield stress and fracture) of a composite material is much harder to
achieve. The Broutman & Panizza (1971) and the Agarwal & Broutman (1974)
finite element solutions only highlight the effect of the presence of
rubber phase particles in an elastic matrix as stress concentrating
elements and thereby are the main source of craze creation. The craze
growth around the rubber particles is, therefore, responsible for large
reductions in the final rupture stress, but also enhances the fracture
toughness of rubber modified polymers. The effect of craze ‘generation on

modulus and yield stress of HIPS is discussed in Chapter 5.
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2.2 A BRIEF HISTORICAL REVIEW OF THEORIES ON PARTICULATE-FILLED POLYMERS

The first step in studying the elastic behaviour of a heterogeneous
material is to choose a suitable mathematical model to represent the |
composite. The simplest approximation‘to rubber modified po]ymeré is a
dilute suspension composite model in which the fractional volume of the
inclusion phase is usually assumed to be less than 2%. The special case
of the suspension of elastic spherical inclusions in an elastic matrix of
differing moduli was first analysed by Bruggeman (1937), who found a correct
expression for bulk modulus and an erroneous expression for shear modulus.
Dewey (1947) re-evaluated the elastic properties of a dilute suspension
composite using Goodier's (1933) solution in which the deformations and

stresses in an elastic body containing a single spherical inclusion are
Adescribed. His results were later derived independently by Eshelby (1957)
and Hashin (1959). | Mbreover, Eshelby extended the theory to

composites containing ellipsoidal inclusions. In all the works mentioned
above, the matrix and the fillers were assumed to be linearly elastic
materials. However, in general, the mechanical properties of polymers,
as well as the rubbery inclusions, are functions of time and strain, that
is the strain history. Bucknall (1977) has shown thét PS and HIPS can
both be treated as approximately linear visco-elastic materials at small
strains . 0ldroyd (1956) and Hashin (1970) developed some general
methods to describe the behaviour of composites whose constituents were
Tinearly visto-e]astic.

When the fractional volume of the suspended phase is finite, the
interaction of neighbouring particles and the consequent distortion of
stress fields have an important role in determining the overall bulk
properties of the material. Heﬁce, the dilute suspension assumptions are

no longer valid and a more suitable modelling of composites is required.
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The first study on the modulus of finite suspension composites known to
the author is the work of Kerner (1956b) who derived an approximate
solution for shear and bulk moduli of compositgs having spherical
inclusions.  Hashin & Shtrikman (1961,1962,1963) and Hashin (1962) used
variatipnal principles of minimum potentia1.energy and minimum
complementary energy and thereby derived expressions for the lower énd
upper limits of the effective elastic moduli of ;omposites composed of
homogeneoUs and isotropic-elastic phases. These bounds do not reflect
any particular geometry and spacing order of the composite constituents
and are, in general, a function of fractional phase volumes and the modulus
ratio of matrix and inclusions. The hypothetical models used by Kerner
and Ha%}n & Shtrikman are shown in Figure 2.2. In these models, the
material was divided into spheroidal (or spherical) éomposite elements,
each containing a concéntric inclusion. If the particles are assumed to
be spherical, it can be shown that the lower or the upper Hashin-Shtrikman
bounds coincide with Kerner's solution when the matrix has higher or lower:
shear and bulk moduli than the inclusion, respectively (Hashin (1961)).
Moreover, the dilute suspension expression obtained by Dewey tends to that
of Hashin's and Kerner's expression as the volume fracfion of inclusions
vanishes.

Sato & Furukawa (1962), Budiansky (1965), Nielsen (1966), Lavengood,
Nicolais & Narkis (1973), and Leidner & Woodhams (1974) étudied the
mechanical hroperties‘of rigid bead-filled composites. Although their
studies are not of direct interest for thi§ present work, they still serve
as a useful guide in describing the internal deformation and the state of
the particle-matrix interface in composite materials. In particular,
Yoshiyasu Sato analysed the molecular reinforcement mechanism of filled

composites, and thus expressed the composite moduli in terms of volume
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. Kerner's Model:
Concentric phases
surrounded by unknown
intermediate zone

. Hashin's Model:
Irregular composite -
elements containing
rubber cores

. Hill's Model:
Concentric composite
elements of differing
sizes

. Bucknall's Model:
Grafted spherical
particles suspended in
an elastic media

Figure 2.2: Composite models
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effect, surface effect and cavitation effect engendered by imperfect
adhesion between filler and polymer.

In 1965, Hill developed a self-consistent theory for two-phase
composites by considering the strain within ellipsoidal inclusions which
were suspended in a composite media having unknown properties. Figure 2.3
shows Hashin's bounds and Hill's seff—consistent prediction for the elastic
modulus of a rubber modified polystyrene containing 0% to 99% rubber-phase
inclusions. The main restriction to Hill's theéry is that it does not
distinguish between matrix and dispersed inclusions, and thus ignores the
phase inversion as the fractional volume phase exceeds 50% of the composite
voiume. Turley (1963), Budiansky (1965), Halpin (1969), Davies (1971),
Dickie (1973), Nielsen (1973), and many others, extended the theory of
‘heterogeneous materials and gave suitable expressions for the moduli of a
composite containing'ihterpenetrating continuous phases.

The Takayanagi et al (1963) treatment of viscoelastic composites is
also based on Kerner's equation. They analysed a combined model of series
and parallel composite elements and thereby deduced a complex modulus for
composites containing spherical viscoelastic inclusions. This so]ution
was, in effect, a curve-fitting procedure.

Bucknall (1969) proposed a two-stage method to calculate the shear
modulus of HIPS containing 5% nominal rubber content. In the first step,
the modulus of the composite inc]usions.(comprising 80% PS and 20% PBD)
was evaluated using the Hashin bound equations. The overall modulus of
HIPS was then calculated for a composite containing 75% PS and 25% grafted
inclusions. Hence, he showed that toughened polymers containing pure
rubber particles are substantially stiffer than those containing grafted

particles (see Figure 2.2 - Bucknall's model).
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_D ewey'S Theory [Suspension of PBDIn PS Mgfrix]
Hashin’s // Hill's Self-consistent
Upper Bound // "~ Theny
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e
Dewy's Theory
- [ PSinPBD Matrix |
Hashins Lower Bound
[ KernersTheory |
{ : ] ' |
0.25 0.50 0.75 1.00

POLYSTYRENE FRACTIONAL VOLUME

Figure 2.3: Comparison of various composite theories
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2.3 DEWEY'S DILUTE SUSPENSION THEORY

The effect of.spherical inclusions in infinitely large elastic
media, subjected to a uniform tensile load, has been studied analytically
by Goodier (1933). In his work, three-dimensional elasticity equations
were used to evaluate the stress and strain changes in a homogeneous
matrix containing one sphericé] elastic inclusion.  Figure 2.4 illustrates
Goodier's model in a spherical system of coordinates. The details of
Goodier's solution are given in Appendix A.

Dewey extended Goodier's solution to determine the moduli of a
composite containing infinite small spherical beads. The following
assumptions were made by Dewey to construct his hypothetical composite

model:

(a) The partic]e§ are spherical and infinitely small compared to
the general dimensions of the composite region over which

integration should be performed.

(b) The distribution of particles in the matrix is assumed to be
~uniform, and the composite in the aggregate is considered as

homogeneous heterogeneous media.

(c) Particles (inclusions) and the surrounding medium(matrix) are
assumed to behave as perfect elastic materials, thus neglecting

the time-dependen;e of their mechanical properties.

(d) The effect of other viscous additives (impurities) are neglected,
e.g. mineral oil, which is usually added for processing

facility ' in rubber modified polymers:
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Figure 2.4: A spherical inclusion in an infinite body
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(e) It is assumed that there is good adhesion between the matrix and
the particles, therefore molecular dislocation cannot appear
before complete fracture. Having assumed complete molecular
bonds between the composite components, the stress and strain
field can be studied in a mathematicaT]y infinitesimal element
of the material. Heﬁce, stress and strain in the matrix-
particle interface may transfer from~the matrix to the particles
in two ways: one being by shear stresses, due to perfect
adhesion and frictional forces; and the other by normal

stresses, due to adhesion only.

(f) The inter-effects of particles on each other are neglected and,
therefore, the properties of the composite, as a whole, would
merely be the summation of the properties of eéch particle in a
plain medium,plus the one of the matrix itself. It is also
assumed that the latter does not alter due to particles presént
in the matrix. This assumbtion is approximately correct if the
dilute suspended inclusions in the matrix are surrounded by
regions free of particles of dimensions three to four times

greater than the radii of the particles.

(g) Thermal stresses, which may be generated in composite processing,
due to differences between the coefficients of thermal

contraction of the composite components, are ignored.

By assumptions (b) and (c), the displacement vector of an arbitrary
point in the composite subjected to a stress vector T can be expressed

linearly as:
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B - -> ~ > »
= Ay X Ny Ay Xy Ny F Ay Xy Ay (2.1)

bt

where x and ﬁ3 are the cartesian coordinates and the unit vectors along
the cartesian axes. Coefficients ﬁj denote the elastic wur/znces of the
composite. In the special case of simple tension, we have:

A, = 4, = =¥ , 4, = 2L (2.2)
where o is the applied tensile stress, and E and v are the modulus of
elasticity and Poisson's ratio of the composite, respectively, and are to

‘be determined.  The coefficients Aj can be calculated by the method
applied by Einstein (1906) to calculate the viscosity of composites. The
displacement vector -of the composite can be described as the sum of

displacements due to the presence of each particle and the one of the

matrix (assumption (f)). Thus:
- N
Yo o= nya, = Mo+ ] pE. (G = 1, 3) (2.3)

where ¥ is the number of particles, and A? are the elastic constants of
the matrixf_ Ang denotes the displacement diffeemes due to the presence
of a single spherical inclusion, and are defined by equations (A.3) and
(A.4) (see Appendix A). .‘

g Axij can be replaced by ¥ times the

1=1
mean value of szj- Thus, by applying Green's integration transformation,

Statistically, the summation

we have:

If ME. = %fol?.x—i?—'ds (2.4)
= 8 7 .
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where the integration must_be carried out over the outer surface of the
composite model (V.and S denote the volume and surface of integration, and
Ty and r. are cartesian and radial coordinates from the centre of each
particle, respectively). The e1asticity4constants of the composife, ﬁj,
can therefore be calculated by substituting for Axgj from equations (A.3)
and (A.4).

Assuming that the total energy stored in thg composite is the sum of
the energies due to the presence of ¥ spherical particles and the one of
the matrix, and equating the results with the apparent composite strain
energy per unit vo]ume,‘defined by:

U, = %2 CAJ + A

, + 43)2 + U (A% + 42 + A%) (2.5)

2 2

expressions for the elastic moduli of the composite can be deduced (i and
; are Lame's constant and -the shear modulus of the composite, respectively).
Denoting Lamé's constant and the shear modulus of the matrix by A and yu,

and those of the particles by A’ and u’, we have:

W= ou {1415 (ut - win o+ 2u) (2u’ (31 + 8u) + u (oA + 14u)) "1 ¢} (2.6)

P1o- kK7l o+ (3 + qu k1) (k"7 ~ k7)) 4

- (2.7)
(3 + 4u k'"1)

where i, k and k' are the bulk moduli of the composite, matrix and
particles, respectively. ¢ denotes the nominal fractional volume of
rubber particles.

In the special éase of rubber particles suspended in a polystyrene

matrix, we have:

u' = 0 ' (2.8)
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and:
(W) = 1-E4¢ » (2.9)
where:
- A+ 2y
g = 1545 14y (2.10)

Equations (2.9) and (2.10) predict a Tinear change in elastic moduli of a

rubber modified polymer containing different rubber contents (see Figure

2.3).
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2.4 KERNER'S THEORY OF FINITE SUSPENSION

A substantial fraction of the mysteries associated with the elastic
behaviour of particulate-filled composites, in particular rubber modified
polymers, might be eradicated if an accufate modelling. of these composites
could be constructed. In this regard, Kerner's hypothetical model is a
close approximation to the case of finite suspension composites having a
relatively large fractional volume of spherical inclusions.  Schematically,
the composite is subdivided into spherical elements, each containing a
spherical inclusion core (characterised by n' and k') and surrounded by a
shell of matrix (characterised by » and k)*. The intermediate zone

adjacent to-the spherical elements have properties which vary, in some unknown

way, between those of a suspending medium and those of an average composite

characterised by ; and i. By using the averaging procedure due to
Bruggeman (1937), and éna]ysing the effect of uniform elongation and uniform
compression on the model described, expressions for the moduli of the
composite are deduced. To evaluate the average stresses and strains in
inclusions, in the matrix shell, and at a point far from the spherical
element representing the average composite, the Goodier's solutions were
invoked by Kerner.  The intermediate zone does not neéd to be analysed, as
by averaging the elongation and normal stresses across a plane orthogonal

to the applied stress, its effect is eliminated. Kerner's calculations

for the bulk modulus, i; and thé shear modulus, ;, of a two-phase

composite results in:

kK(1-¢) , Ko V,[1-96 " &
[3k+4u +3k'+4u]/[3k+4u+3k'+4u ' (2.11)

A

* u, u' and p are the shear moduli of the matrix, inclusions and average

composite, respectively.
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and: :
N 1+
e (2.12)
) . 7= 5v _ ow'/u-1
Where: “ Tty 0 P T WA

where v and v' denote the Poisson ratios of the matrix and particles,
respectively.  The Kerner expressions are not self-consistent since, at
the Timiting case of the suspending matrix vanishing (i;e. the composite is
a mere aggregate of packed pdrtic]es), the elastic moduli still depends on
the properties of the vanished media*. Lewis & Nielsen (1970) modified
Kerner's equations by introducing an additional function, v, and taking
‘into account that the maximum packing fraction of particles suspended in a
matrix, LI cannot excged a definite fraction of the composite volume
(Scott (1960), McGeary (1961)). Henée, thé shear modulus of a two-phase

composite was described by:

- ,1taB¢ (2.13)

The y-function must satisfy the following boundary conditions:

1. ¢ = 0 . at ¢ = 0
2. dlye)/de =1 at¢ = 0
3. ¢y =1 at ¢ = L

Lewis & Nielsen proposed two simple functions which satisfied these.

conditions and were in reasonably good agreement with experimental data;

* Except for two-phase composites.
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these are:
1-4
vo= 1+ L : (2.14)
o
v = [z - ej%%]/cb (2.15)

Figure 2.5 shows the modified Kerner theory assuming ¢m = 0.64, together
with some experimental data on a glass-filled epoxy. resin composite

performed by Lewis & Nielsen.
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[A]

Figure 2.5:

Dependence of relative modulus on volume fraction of filler
A = Original Kerner's equation

B = Modified Kerner's equation

Circles correspond tc experimental results (solid curves are
calculated for v =v' = 0.35, u'/u = 25, ¢,, = 0.64)

(after Lewis % Neilsen)



- 47 -

2.5 SELF-CONSISTENT COMPOSITE THEORIES

In general, the arrangement and geometry of inclusions in particulate-
filled composites are of complete random form. When the composite is
viewed macroscopically, thé random characteristics of its constituents
contfibutes an homogeneous and isotropic behaviour to the material as a
whole. An oscillation in statistica] characteristics describing the
quantity (i.e. average volume fraction), order (arrangement of particles
in the matrix), and geometry (size and shape) of composite cons tituents
should generally engender a change in average behaviour of the composite.
In practice, apart from fractional volumes, the detailed characteristics
of the composite elements are very difficult to measure experimentally.
Thence, when single fractiona} volumes are given alone, the prediction of
vcomposite behaviour, such as modulus of elasticity, in general should be
merely restricted to défining the lower and upper bounds. The bounding
values are essentially deduced by'determining the admissable stress and
strain fields within‘a specifiéd composite of varying composition.

Ha%ﬁn & Shtrikman (1961,1962) derived expressions. for bounds of shear
and bulk moduli of particulate-filled composites having spherical
constituent geometry. In brief, their treatment is bésed on some new
variational theorems for tinear elastic theory and analyse the change in
strain energy in a loaded homogeneous body due to insertion of
inhomogeneities. .In the Ha%}n-Shtrikmén equations, the bulk modulus bounds
coincide and are identical to the solution given by Kerner (equation

(2.11)).  The lower and upper bounds for shear modulus are given by:

o - - 1 6. (k' + 2u’') ¢

uupper = u' + (1 ¢)/[11 —— + 5u’ (3k' + 411')] (2-]6)
~ L 1 6 (k + 2u)(1 - ¢)
“lower - M7 ¢/[u’ T TEn (3R *+ 4w) } (2.17)
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The closeness of these bounds depends on the ratio of bulk and shear
moduli of composite components. In the case of rubber modified polymers,
the shear modulus of the matrix polymer is about 1000 times gréater than
that of the rubbery inclusions. Therefofe, the Hashin-Shtrikman bounds
are widely separated and hence are of limited practical value.

On the other hand, when the particle configuration is known, numerous
approximate equations have been proposed for the moduli of homogeneous
heterogeneous composites (e.g. Turley (1963); Budiansky (1965,1970);

HiT11 (1965); Halpin (1969); Davies (1971); Dickie (1973); Laws (1973,
1974); and Nielsen (1973,1974)). Among these,.the self-consistent
expression developed by Hill (1965) is apparently the most suitable
expression for components containing variously-sized e]asfic spherical
vparticles (Bucknall (1977)). The'theoretica1 technique is essentially an
extension of Hersheyfs'(1954) theory for aggregates of crystals. In
applying this theory, the properties of a typical crystal er attributed to
the particle inclusionﬁ, and the macroscopic properties of the polycrystal
to the matrix polymer. The shear modulus of such composites was then
calculated by HiT], and can be expressed -implicitly by the following

equation:

(1 - ¢) k_, ¢ k' ;] + 5 [(1~' o) u’ o ] +2 = 0 .(2.18)
k+ (4/3) w. k' + (4/3) u L U '

From the above equation, tﬁe shear modulus , ;, can be evaluated using

iteration or graphical techniques. Figure 2.3 shows Hill's modulus of

elasticity versus the volume fraction of inclusions for HIPS. As

previously stated, the main disadvantage of Hi]]‘s solution is that the

method neglects the phase inversion as the.fractional voiume of inclusions

exceeds 50% of the composite volume. This is a particularly serious
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problem when analysing the elastic behaviour of HIPS, as the composite

particles comprise about 80% occluded PS particles in a 20% rubber matrix.
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CHAPTER 3
FRACTURE TOUGHNESS

3.1 INTRODUCTION

An understanding of fracture phenomena of polymers is vital to the
accurate and safe design of any mechanical structure. Design on the
basis of material yie]d stress, even with a high safety factor, is not
adequate, since a disasterous premature fracture can occur from unexpected
brittle failure. In practice, a brittle fracture normally takes place at
1o§ds far below the yield strength and this is due to the presence of
intrinsic flaws or stress concentrations in the component designed.

Most glassy  polymers (e.g. PS and its rubber-modified
-derivétives) are, by nature, apt to fail in a brittle manner so that,
under certain loading énd environmental conditions, the initiation of a
small craék in these materia]é_leads to a sudden shattering fracture.

That is to say, the resistance to crack propagation of these materials is
often insignificant. Since most polymeric materials are liable to
certain processing defects, which act as sources for cracks, it can be
seen that the design of plastic components requires an}exhaustive and
careful consideration.

The fracture of polymers subjected to tensile stresses /3
predominantly doverned by the severity of the stress concentrating’
elements cpnfained in the material, rather than being merely determined by
théir final yie]d.étrengths. From -this it is_c]ear that any va]id
fracture theory should fdcus upon the phenomena of crack initiation and
crack propagation in the material. Accordingly, fracture mechanics, which
is based oh the'analysis of cracks énd their growth, has been developed and

applied to a wide variety of materials, including polymers. The main
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benefit ié to provide a clearer appraisal of the role of stress
concentrators, either as intrinsic flaws or as design features, in
controlling the fracture behaviour of stressed components and to offer a
design technique by which the final stredgth of a material is categorised
by a single fracture barameter. Having evaluated this fracture parameter
experimentally, the design of britt]e or semi-brittle articles and parts
containing various stress singularities can be accomplished by using these
fracture techniques and the normal theories of elasticity.

Fracture mechanics concepts have been expounded in various }
publications, e.g. Andrews (1968); Liebowitz (1968); Hayes (1970);
Turner (1972); Sih (1973); Knott (1973); Williams (1973); and others.
An outline of the basic principles of the subject, employed in the present

work, is briefly reviewed below.
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3.2 THE ENERGY BALANCE CRITERION

The fracture of materials can be categorised as either brittle or
ductile. When the material fails in a brittle manner, the maximum applied
etress is often well below the yield stress. An intrinsic or artificial
flaw in such materja]s grows almost instantly and the parts fail suddenly,
often with violent shattering. | Ductile materials, however, normally .
break at stresses above the yield point and work hardening occurs before
complete failure. In polymers, the phenomenon of work hardening is
usually combined with the appearance of crazes. A fracture criterion
whjch could accurately predict failure of brittle materials would be a
useful engineering tool, both for the structural design of bodies having
stress singularities and the classification of materials. |
| The fracture energy balance criterion based on the first law of
thermodynamics disregands the problem of plastic work hardening and craze
formatien in materials. This theory has been basically founded by
Griffith (1921,1924) who was a pioneer in explaining the significant
discrepancy between the observed fracture toughness of glass and that
predicted from consideration of its intermolecular attraction. For a
certain glass, Griffith found a theoretical strength in tension of the
order of 1.1 x 10% MN/m2, while tensile tests with glass rods gave a
strength of only 1.9 x 102 MN/m2. Griffith attributed this difference to
the preeence of numerous internal flaws in the glass and similar materials
which are ineapab1e of visible plastic deformation. Recent developments
in the manufacturing technology of strong fibres has shown that the
theoretical strength can nearly be achieved if microscopic flaws and local
defects can be eliminated (Kelly (1973)). On the other hand, infra red
observations in most common materials clearly show that an uneven stress

distribution on molecular bonds exists and that fracture of highly
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stressed bonds usually forms the nucleus for subsequent crack expansion.
The Tinear fracture criterion was primarily derived for a centrally
cracked specimen of infinite width, undergoing a uniaxial tensile load.
It postulates that the energy absorbed jﬁ the formation of fresh surfaces
of a crack is provided by the release of potential energy stored in the
material. The instability conditions can therefore be determined if the
energy balance at the inception of crack growth js described. By
integrating the product of stress and strain in each element of a centrally
notched specimen, Griffith obtained the following expression for the

reduction in strain energy due to the introduction of the crack*:

2 2 .
AU = le%ili_gl_ (3.1)
: red

where b = half crack width

B = specimen thickness

o = gross applied stress

- ' f s - -2
Ered = reduced modulus of elasticity (Ered = (1 - v2) E for plane

stress, and Bed = F for plane strain conditions; v denotes

Poisson's ratio)

If the crack is extended and new surfaces are produced over the length

4 &b, the amount of potential energy dissipated is given by:

It

S = -y (4 §b) B (3.2)

* The stress and strain analysis of this model was previously made by

Inglis (1913).
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where vy is the work absorbed per unit area in forming new surfaces.
Griffith initially defined the coefficient y as the surface energy per
unit area, v,. The energy W therefore describes the work spent against
the molecular interaction in producing tHe fracture surfaces. Despite
the importance of the fracture concept introduced by Griffith, it took
almost a quarter of a century before the theory was reconsidered by Zener
& Holloman (1944) to describe the brittle fracture of some metallic
materials. Irwin (1948) argued that, for almost all materials, the energy
dissipated due to molecular disbonding is usually smaller than that used in
p}astic work and hence vy should be interpreted as the plastic energy
absorbed per unit area of fracture surface, Yo Orowan (1945,1949) also
noted that Y is approximately three orders of magnitude greater than Ygo
4thereby dominating the fracture mechanism. Following Irwin and other
researchers, the coefficient 2y is usually termed as the critical strain
energy fe]ease rate, G,» which comprises all forms of energy, such as
debonding, plastic and crazing work dissipated in the crack formation
process (Irwin & Kies (1952,1954)).
From equations (3.1) and (3.2), the-current potential energy preserved
in the specimen is given by:
Q = v-s+w = SBD_TBO2BZ  ,0p, (3.3)

2 E : Ered

where U denotes the elastic energy of an uncracked specimen, and p is the
width of the-specimen along the crack.

As the crack grows,-the current potential energy decreases, having
jts maximum value at instability conditions (i.e. at crack initiation),

that is:
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T b2 Bo2 o2 BD

dg = EE-(— Ered + 57 2 GBb) Sh
_ 2w%b B g2 _
= - 7 +2GB = (0
red

The critical strain energy release rate, G,s is therefore defined as:

b 062
G = — (3.4)
¢ E
‘ red

where the suffix ¢ denotes the instability conditions.

Although the modified Irwin-Griffith theory of fracture accounts for
a small local plastic zone in the vicinity of the crack tip, its
-application remains restricted to mainly brittle materials where the
plastic deformation.is.negligible and does not distort the elastic field

which is macroscopically remote from the crack tip.
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3.3 STRESS INTENSITY ANALYSIS

The Tinear theory of elasticity provides a uniqﬁe relationship between
the stress, strain and energy. Therefore, a fracture criterion described
in terms of an energy balance concept should be expressible in some way or
another by a critical stress or strain criterion. In 1956, Irwin
introduced a new approach according to which fracture occurs when a
critical stress distribution (expressed in terms_of a stress intensity
factor) is reached. In 1957, Irwin showed tﬁat the stress
intensity approach is equivaTenf to the energy balance approach and hence
]inear fracture mechanics was, for the first time, correlated to the
classical elasticity analysis. In a critical appraisal df fracture
mechanics, Weiss & Yukawa (1965) indicated that, while the stress criterion
of fracture may not resolve the plastic work problem in the energy balance
criterion, it can reaséert the feasibility of fracture mechanics theory by
avoiding the use of an intricate concept of strain energy release rate,
which encompasses various types of energy mechanism.

In 1939, Westergaard analysed an infinite plate with a central crack
undergoing a traction perpendicular to the crack plane. He showed that
the stresses near the crack tip can approximately be gfven by:

X
= — = F,

; I Jk(e) + terms of order r? (3.5)
2nr '

GJk
_where Sk = the stress tensor, r = radial distance from the crack tip,
® = the angle from the crack plane, and X, the intensity factor, is given
by:
%
K = o (nb)? (3.6)

and the geometry function, ij(e), is defined by:
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[ . 8 . 30
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1 - sin 3 sin 5 (3.7)

o @

ij = @os

sin 5 cos 88
2 2

In studying the critical conditions at the crack tip, it is convenient to
direct attention to the plane of the crack where the normal stresses are at

a maximum; hence, for o = 0:

K
- I
(2 7 rpr)°

%k Sjk (3.8)
'where ij is the Kronecker delta.

From equation (3.8), it is immediately seen that all stresées tend to
infinity at the crack tip. The continuum stress analysis of Westergaard,
therefore, does not hold at the vicinity of the crack tip and, in practice,
the elastic stress field will be distorted by the creation of plastic
zones and subsequent crack bluntening. -However, by comparing the stress
field near a mathematically sharp crack with those caléu]ated for rounded
cracks, Bucknall (1977) showed that the general form of stress distribution
does not alter, except in a very small space close to the crack tip.

In papers by wigg1eswofth (1957), M.L. Williams (1957), Erdogan (1962),
Irwin (1962), Paris et al (1962), sih (1962,1973), Bowie (1964), and many

~others, it was proved that the solution 6btaiﬁed for an infinite plate with
a centfa] notch is universal for any éombination of specimen geometries and
loading configurations, except for the way in whfch K is specified. The
factor K, which is a function of geometry and loading, was designated the

stress intensity factor and can be generally expressed as:



- 58 -

1, 254 25.4

|

l
D 4—-
127|I6

| 'CRACK TIP

L
ff}
o

)

B

L]

— D
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K = Yo Va, : (3.9)

where a, is a characteristic crack dimension (e.g. a, = b for surface
notched specimens, and a, =a for single-edge notched specimens, where b
and a denote the half crack width and crack length, respectively - see
Figures 3.1 and 3.2), and Y is a geometrical factor and its values may be
found in standard textbooks and publications (e.g. Knott (1973); Brown &
Srawley (1966)). For example, in the case of a single-edge notched

specimen in tension:
Y = 1.99 - 0.41.(3) + 18.7 ()2 - 38.48 (2)3 + 53.85 (3)%  (3.10)

Tﬁe geometry factors, vy, for tensile surface notched specimens and for
single-edge notched specimens in bending, are given in section 6.4 of
Chapter 6 and Appendix B, respectively.

The critical value of the stress intensity factor at the instant of
crack growth can serve as a fracture criterion, simply by postulating that

the instability occurs when:
XK > K (3.11)

The quantity K, is known as the fracture toughness and, like Gc, is a
material property influenced only by the changes in temperature,
environmental conditions and strain rate. Since, in an elastic
deformation mode, the potential energy is defined by the stress field, the
critical intensity factor, Kc, and the strain energy release, Gc, should

yield equivalent fracture criteria. Consequently, Irwin showed that
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these quantities are related by:
kK2 = G, E(1- vZ) for plane strain (3.12)

Kcz = G, E for plane stress (3.13)
where E and v are the modulus of elasticity and Poisson's ratio,
respectively.

Fergusbn (1973), and many others, argued that, when testing plastics
fqr the purpose of evaluating their fracture toughness, it is advisable to
measure Kc directly rather than Gc, because calculation of the appropriate
modulus in the vicinity of the crack tip is extremely difficult as the
strain rate in that fegion is an unknown variable. However, in impact
testing, while the expérimenta] measurement of applied stresses and strains
demand éxpensive and complicated instrumentation, the energy to fracture,
and consequently Gc, can be obtained by using simpler devices.

Irwin (1960a) has further shown that a simple relation exists between
X and elastic stress concentration analysis. Thé stress concentration
factor is an important engineering parameter denoting‘the ratio of the
applied gross stress to the maximum stress at the most critical point in a
loaded body. 'The‘Irwin relationship is given by:

. I '
K = Zv,'mp 0 [(35 o pc)'z 5 (3.14)

K
c
where SK = cm/c denotes the stress concentration factor (cm = the maximum
stress at the notch tip, and o, = notch tip radius). Under unstable
conditions, equation (3.14) indicates that, if K, is insensitive to the

crack tip radius, o must be inversely proportional to the square root of
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p,- Meiss & Yukawa (1965) showed experimentally that this is a valid
assumption, provided that the crack tip radii are small compared to the

crack Tength and specimen dimensions.
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3.4 MODIFICATION OF LINEAR FRACTURE MECHANICS

As discussed -previously, linear fracture mechanics is essentially an
elastic deformation criterion. Hence, the distortion of the elastic
field resulting from Timited p]asiic floﬁ, and the subsequent incréase in
the apparent fracture toughness of the material is considered as a
theoretical error which is either negligible or must be adequately
corrected.

Irwin (1960b,c) suggested that, to allow for Timited plastic flow at
the crack tip, the crack length should be adjusted to include this plastic
zone. He estimated the plastic zone correction by setting ¢ = o, (where

o is the yield stress of the material) in equation (3.8), which results in:
r = %‘— (3.]5)

Irwin proposed that, if the ratio of fracture strength to yield stress
(o/oy) does not exceed 0.7, the error due to the plastic work can be
eliminated by substituting the effective crack length (aeff =a, + o
where g denotes the initial crack Tength) fpr the initial crack length

in equation (3.8). Weiss & Yukawa (1965) argued that‘the error will not
only depend on the above ratio, but also on the load-carrying capacity
(i.e. the stress and strain.in the plastic zone) which itself is a function
of the work hardening characteristic of the material.. Liu (1965)
introduced further restrictions for'the apb]icabi]ity of modified linear
fracture mechan{cs. He con;]uded that the amount of plastic zone which

can be tolerated is Timited by the dimensions of the specimen and the

crack Tength, that is:

r << B and D ‘ (3.16)
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< 0.1a, (3.17)
In order to calculate the plastic zone radius from equation (3.15), the
effective yield stress in the vicinity of the crack tip, cy,eff’ rather
than the general yield stress, must be considered. Theoretical cy,eﬁf
for plane strain conditions is three times Targer than the nominal o;ﬂ
since the transverse tensions in the region near the crack tip réise the
effective strength of the material. In practice, however, plane strain
only prevails in the middle core of the specimen thickness, and the average
%y, eff is, therefore, lower than 3 oy. . Allowing for this consideration,
Irwin (1960b) proposed to modify equation (3.15) for plane strain

conditions to:

r = = (3.18)

If the plastic zone and craze -zone sizes are assumed to be interchangeable
quantities (Hoffman & Richmond (1976)), one can evaluate the plastic
correction radius by employing various models proposed for crazing
mechanisms. A model of craze shape suggested by Hayeé & Williams (1972)
(on a basis similar to that originally put forward by Dugdale (1960) and
Bilby et al (1963) for plastic zones invstee1s) envisions a thin band of
craze ahead of a crack tip. From this model, the craze zone size, r,, was
found to be:

r, = - (for o << o) (3.19)

which is identical in form to the Irwin plastic zone size but quantitatively
is almost 2.5 times greater in value. It is believed, however, that one

must distinguish between the plastic bands which are formed in planes of

* a.ssumr'ng v=.33
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maximum shear stress (in a tensile test, having an angle of about 45° with
the crack plane), and the craze bands which are formed in the plane of a
crack. Thence, the plastic correction should be based on Irwin's
suggestion which is further verified by Duffy et al (1969) using the Von

Mises yielding criterion.
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3.5 NON-LINEARITY IN FRACTURE MECHANISMS

In situations were large scale yielding takes place at the crack tip
prior to crack extension, the concept of critical stress or energy
release associated with an elastic analysis becomes unrealistic. ATwo
fracture criteria were therefore proposed to describe the failure of more _
ductile materials: the critical crack opening concept based on a strain
criterion, and Rice's contour integral based on a path-independent energy.
Cottrell (1961), Wells (1965), Hayes (1970), Fergﬁson et al (1973),
Hoffman & Richmond (1976), and others, pointed out that the crack tip
faces open up before crack extension begins, which reflects the strain
environment existing in the region near the crack tip. They further
argued that the critical value of the crack opening displacement (COD) can
'proVide a useful fracture criterion for ductile materials, where G, and
K, concepts are not applicable.

Analysis using the COD criterion is essentially based on the Dugdale
model which attempts to negate the stress infinities at the crack tip by
introduction of "cohesive stresses" associated with yielding behaviour.
Figure 3.3 shows Dugdale's stress analysis for an infinitely wide specimen
with a central crack. In order to eliminate singularities at the crack
tiﬁ, the cohesive stresses must be applied over a length (e — b) such that
the stress intensity factor at the crack tip vanishes. By superimposing
the solutions for two identical components with a crack length of 2e, in
which one undergoes a tensile load at its boundaries and the other is
subjected to a uniform stress of - o, on the crack faces in the interval

(e -~ b), 1t can be concluded that:

cos™1 _ZeZ (3.20)



P28 80800

- Figure 3.3: The Dugdale model
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where a, denotes the effective stress in the plastic zone.
Goodier & Field (1962) and Burdekin & Stone (1966) showed that the
COD (s§) associated with Dugdale's model, expressed in terms of yield

strain, € or yield stress, o, are given by:

§ _ 8b e
y
8 8 .
= = 7 ln (sec %Eg—) (3.22)
Y red Y

where o is the applied stress.
For moderately large initial crack lengths and small craze zones
(i.e. in the case of ¢ << oy)g these equationé are reduced to:

K2 G
§, = ° =

= —£ = O_C (3.23)
Ered 0y Y
where Ered is the reduced modulus. Equation (3.23) correlates the strain
and stress criteria for a dominantly brittle fracture (that {s, when the
applied stress is much lower than the yield stress).

Evaluation of COD for various practical specimen shapes is given by
many workers (among them,.Isherwood & Williams (1970), Hayes & Williams
(1972), Fenner (1973), Chell (1975), Howard & Otter (1975)). According
to Hoffman & Richmond (1976), none of these theories adequately |
characterise craze growth and crack opening displacement. However, they
argued that, if the philosophy of COD can be verified (i.e. to show that it
is not a function of geometry and loading) and if it could be conveniently
measured experimentally, no theory would be necessary to evaluate COD from

‘a stress analysis. Direct measurement of COD can be made by using a

flat-tipped, parallel-sided tool (Codmeter) which runs into the crack
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within approximately 0.5 mm to 0.75 mm (Hoffman & Richhond (1976)) from
the tip.

4 Experimental work for metallic materials (Burdekin & Stone (1966);
Cottrell (1961); Wells (1965)) and for plastics (Ferguson (1973);
Williams (1972); Theocaris (1974)) has shown that the COD criterion is a
useful tool to study the fragture behaviour of materials where considerable
plastic work takes place. The work by Ferguson (1973) on HIPS, in
particular, showed that, within some experimental error, the final iai]ure
of a material occurs at d constant COD, and he further noted that the
values obtained were independent of geometry. He also stated that the
exberimenta] measurements of COD and those predicted theoreticaliy were in
good agreement. Unfortunately, the work of Hoffman & Richmond (1976)
'using similar materials has shown that the calculated values were about
two or three times the'measured values. He speculated that the reason
fdr the discrepancy between theory and experiment could be attributed to
the non-Tlinearity in displacement, whereas all theories assume a linear
elastic deformation.

The critical value of the J-integral, as formulated by Rice (1967,
1968,1973) can be viewed as a more sophisticated elastic-piastic criterion.
As shown previously, linear fracture mechanics is essentially an elastic
analysis of a cracked body manifesting a unique stress-strain field with a
singularity at the crack tip.  The fracture toughness of a material then
can be determined by its resistance t0'this stress singularity,
characterised by the stress intensity factor, X. The J-integral concept
similarly assumes the existance of a stress singularity at the crack tip
but its application is not confined to linear elastic bodies. Rice (1968)
and Begley & Landes (1972) have shown that the J-integral is truly a patd

independent parameter for non-linear elastic materials and those which
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obey the Hencky law of plasticity. Hayes (1970) further proved that, in
the case of a monotonic loading, the J-integral would also be approximately
path independent if a Prandt1-Reuss presentation is adopted. Hence, the
J-integral can be calculated at a contour sufficiently far from thé
uncertain crack tip regioﬁ, although its value depends on the stress-strain
field and the material strength in that region. The evaluation of crack
resistance of an elastic-plastic body, without focusing attention directly
at the érack tip, is a rigorous advantage over the COD and similar criteria
which are based on the analysﬁs‘of strain or stress at the ambiguous crack
tip region. Moreover, the COD concept principally denies the existence
of the stress singularities at the crack tip by assuming a uniform cohesive
stress acting along the plastic bands at crack ends. Rice & Rosengren
-(1968), however, have shown that a singularity does exist and its strength
depends upon the flow broperties of the material.
The energy line integral, J, is basically defined for a two-dimensional

cracked body and is given by the following equation:

—).

- _#K

J = $u dx, 7 —— dl (3.24)
T 1 :

where T is any closed contour around the crack tip, 7 is the stress vector

exerted on the material normal to the contour (?j = 0 %3, where %ﬁ denotes

the unit vectors along ‘the cartesian axes), X is the displacement vector,

7 is the arc length along r, x4 and x, are rectangular coordinates along

2
and normal to the crack, respectively, and v, is the strain energy density

function defined by:

v o= o 92t (3.25)

where €3k is the strain tensor. Equation (3.24) describes the strain
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field near the crack tfp and is restricted only by the assumption that the
strain energy be a‘siﬁg1e Va1ued function of displacements (the effect of
unloading is therefore disregarded) and ignores the secondary types of
energy transfer (such as heat and kinetic energy losses).
Begley & Landes (1972) proved that the critical value of Rice's

integral at fracture, J,» can be used as a valid failure criterion by
showing experimentally that it is independent of geometry and 1oading

system. They also showed that the J-integral cén‘be alternatively defined
as:

7 - on(——*’i) an = fpo(—ai‘-) a  (3.26)

o da,"at constant A o da, at constant P ) '

‘These equations relate J to tHe rate of change of the area under the load-
displacement curve at constant load or displacement (P and A are load and
displacement at the point of loading, respectively, and a, denotes the
characteristic crack length) with réspect to crack length. The J-integra]_
can therefore be interpreted as the potential energy difference between two
identically Toaded bodies having different crack lengths of a, and

(aC + aac). From these equations, the J-integral can be directly evaluated
by measuring the area under the 10ad—disb]acement graphs for a family of
specimens differing only in theﬁr crack sizes. Rice,'Paris & Merkle
(1973) further showed that the J—integr§1 can be calculated from asingle
1oad—displacement record for certain commoniy used test configurations.

When the plastic deformation is negligible, J,, and Ké are related by:

g = = ¢ o (3.27)

or, on the other hand, if the material is rigid-perfectly-plastic, the
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J, and the crack opening djsp]acement, §,, are related by:

J, = 8§ o = G (3.28)
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3.6 THE BIMODAL FRACTURE CRITERION

Linear fracture mechanics is based on the two-dimengional approximation
of an inherently three-dimensional problem (Srawley & Brown (1965)). The
plane stress and plane strain solutions ére therefore appropriate for the
two extremes of infinitely thin and %nfinite]y thick plates. In the former
extreme, there is an fnsignificant through-thickness constraint and,
consequently, the plastic deformation is not restricted, whereas in the
latter case, the elastic in-plane constraint is a maximum and plastic
shear formation is not allowed. Consequently, under plane strain
 conditions, materials are apt to break in a brittle manner since the
plastic formation is less probable. The transition from ductile to brittle

fracture can therefore be attributed to a change in fracture mode from
plane stress to-plane strain conditions, which manifests jtself by the
presence or absence‘oflplastic deformation. In most cases, the
experiméntal results have shown that the fracture toughness decreases on
changing from plane stress to plane strain conditions. However, the
relative varfation differs from material to material (Weiss & Yukawa
(1965)).  The determination of the fracture toughness value in the latter
condition is of greater importance because it is pertinent to a weaker
configuration and therefore is a useful parameter for design purposes.

ATthough the phi]osophy qf plane stress and plane strain is very much
discussed (e.g. McClintock & Irwin (1965); Weiss & Yukawa (1965); Weiss
& Sessler (1962); Bluhm (1961)), there is not yet an accurate method that
predicts the fractqfe mode. In general, an increase in crack sharpness
and specimen size (including thickness and width) causes a brittle
fracture pertaining to the plane strain conditions. For sharply notched

specimens (B/pc > 10, where B and o, are the specimen thickness and crack
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tip radius*, respectively), the plane strain condition prevails if (ASTM
(1973)):
: K
B o> 2.5 (2)? (3.29)
y

In practice, the above condition does not hold in most experiments (for
example, in a medium grade of HIPS, the sheet thickness required by
equation (3.29) is about 10 cm).  Bluhm (1961,1962), Anderson (1969), and
Parvin & Williams (1975) proposed various quantitative fracture models,
all essentially assuming a composite fracture behaviour. Thus, they
argued that a material can bé viewed as a three-layer sandwich model where
its outer layers are always under plane stress conditions; while the
middle core may be constrained (if the material is sufficiently thick) and
lundergoes a plane strain condition. Bluhm suggested that the width of
each surface 1ayer,.hc; which is distinguishable by shear 1ips in metallic
materials, is independent of geometry. Thus, if the material is thicker
than.2hc, the mid-thick layer of width (B - 2hc) undergoes p1ane strain
deformation. He further postulated that the apparent fracture toughness
of the material is a function of the energies absorbed in the fracturfng of

plane stress and plane strain layers of the sandwich model and is defined byff

1
K2 = (1-v3) K, 2 + ——— (n K
e le 2 g 2B 2

2 —_2 2
o~ (1v2) K, %) (for B > 2hc) (3.30)
y .

where K., and K,, are the fracture toughnesses of the plane strain and

* This is suggested by Weiss & Sessler (1962) for steel and alloys, which
can be somewhat different where the fracture of plastics is concerned.
+ Equation (3.30) is Parvin's modification of Bluhm's (1962) model, in

which it was assumed 7 = r, (rp being defined by equation (3.15)).
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plane stress layers, respectively, and n is a material constant.

Parvin (1973) postulated that the extent to which the plane stress
effect penetrates the thickness is determined by the plastic zone size, T
He then assumed that the apparent fracture toughness,‘Kc, can be cé]cu1ated
by an arithmetic averaging of K, and K,, over the relevant thicknesses

(B - 2rb) and 2rp, respectively, that is:

(B — 2r_) 2r
K = — Py .+ Py (3.31)
.c B 1le B 2e

where r, is defined by equation (3.15).
Parvin's (1973) experimental results for polycarbonate (PC) and HIPS
showed that the above model provides a more satisfactory description of

thickness effects than that of Bluhm.
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3.7 THE GENERALISED THEORY OF FRACTURE MECHANICS

The principles of linear fracture mechanics originally put forward by
Griffith (1921) and formulated and genera]ised by Irwin (1948,1956),
Orowan (1948), and Weiss & Yukawa (]965); and many others, are esséntia]]y
based upon linear elasticity theories. To accommodate for a limited
plastic deformation prior to fracture, Irwin (1960a,b) and Duffy et al
(1969) proposed a correction method for materials which do not break in a
perfectly brittle manner. - The limitations of this modified linear
fracture mechanics, discussed by many researchers (e.g. Liu (1965)), has
bgen briefly reviewed in section 3.4.

The concept of the critical crack opening displacement based on a
strain criterion has been shown to be a useful tool with which the
'comparison of a wide spectrum of brittle to ductile materials can be made
in a satisfactory mannér (Ferguson (1973); Theocaris (1974)). The
under]ying philosophy of the COD criterion is, however, purely based on
empirical observations and therefore its theoretical foundation is not
fully justified. On the other hand, the concept of the path independent
energy integral as a fracture criterion, formulated by Rice (1967,1968),
and others, can be viewed as a more sophisticated fracfureAcriterion.

This theory is essentially deduced for non-linear elastic materials (and,
in the case of monotonic loading, for those materials which obey the
Prandt1-Reuss law of plasticity) and hence it does not take into account
the energy dissipated during the crack propagation.

While the aforementioned fracture mechanics criteria already incorporate
a considerable number of valuable theoretical results, the whole subject is
still in an evolutionary stage. Most of the work discussed principally
invokes a unique fracture parameter for describingAthe composite process

of failure. Even within this restricted framework, there remains much



- 77 -

work to be done, in particular in the area of more complicated viscoelastic
and elastic-plastic behaviour. For example, a generalised theory which
obviates the constraints imposed by the requirements of linear elasticity,
reversibility and infinitesimal strains Has not yet been serious]y‘
jnvestigated. The introductory analysis on a universal fracture mechanics
criterion by Andrews (1974) provides a systematic approach to this problem
and outlines the difficulties encountered in such generalisation.

Andrew's generalised fracture criterion can be formulated as follows:

2y = -—2 = a_ @ flo,e,1,¢a/B,a /D) (3.32)

where D and B = specimen dimensions along and perpendicular to crack
| surfdce, réSpective1y

A =a, B =‘area of crack interface

Q ) = input energy density (i.e. the specific work during a

monotonic deformation)

Q, = local energy density

o = applied stress on the material boundaries
e = applied strain on the material boundaries
T = temperature

5 = strain rate

The fracture parameter vy is the actual energy available for forming
new crack surfaces after the deduction of all energy losses throughout the
material. At instability conditions, it must therefore equal the surface
energy, vy,. Equation (3.32) describes the fracture behaviour as a
function of stress, strain, strain rate and temperature. The inclusion of

e and & is redundant for linear materials but for non-linear viscoelastic
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polymers, the stress-strain field is not independent of the local stress
and strain rate. - The temperature variable, T, is included for the
thermodynamic consideration of heat losses during crack propagation.

The practical application of fhis néw approach remains to be examined

in an exhaustive experimental analysis of fracture.
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CHAPTER 4
"IMPACT RESISTANCE

Impact strength is a material property describing the material's
resistance against shock loads. Determination of the resistance of the
materials to impact ha been the subject of exhaustive research for many
years. Thus, numerous techniques have been deyised to describe the
material's ability to absorb impact energy without fracture. An
historical survey of impact testing is therefore useful in highlighting
the main difficulties encountered in studying the impact resistances of

various types of materials.

4.1 HISTORICAL SURVEY OF IMPACT TESTING

An extensive résumé of impact testing up to 1928 is given by
Fettweiss (1929) who quoted more than 700 references. In 1948, Lethersich
briefly discussed the works of his predecessors and, in so doing, referred
to more than 200 papers among the 2000 papers available in his time.
Articles on the impact behaviour of plastic materials by Turiey (1967),
Viﬁcent'(1971), Marshall, Williams & Turner (1973), Plati (1975), Bucknall
(1977), and Williams & Birch (1977) study the recent developments on this
subject and advance the theoretical understanding of impact measurement.

The science of impact testing originally started when metallurgists
of Réaurmur;s time (circa 1720) attempted to distinguish between flawless
and defective steels by nick-bend tests. According to Lethersich, the
earliest quoted reference.to the subject was in 1734 by Swedenborg who
judged iron bars by throwing them against sharp edges. Tredgold (1824),
Thurston (1874,1875,1876), Dunn (1897,1898), Russell (1898), Charpy (1901),
Izod (1903), Lavery & Southwell (1934), Church & Daynes (1937), Callendar
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(1942), Stock (1944), and many others, developed various types of impact
machines and thereby studied the impact resistance of diverse types of
materials at diffefent testing conditions.

Lever & Rhys (1957) listed numerous.impact devices which is by no
means exhaustive and, as cited by Bucknall (1977), "... This plethora of
tests serves only to emphasise the difficulty of correlating standard test
results with service performances". In general, impact measurement
techniques Fall into the two categories of limited and excéss impact energy
methods. Falling weight machines were first introduced by Frémont, Olsen
& Hatt-Turner for testing various materials such as steel and wood
(Lethersich (1948)) and were later modified by other researchers (Dunn

(1897), Church & Daynes (1937), and Callendar (1942)). In these machines,
'a weight is allowed to fall vertically from variable heights upon specimens
which.aré mounted on Iéod or Charpy supports.

Thé Charpy and Izod supports are illustrated in Figures 4.1 and 4.2,
respectively. In the Charpy method, the specimen is rested horizontally
on anvils at its ends and struck by the falling weight at its centre. In
the Izod support, the cantilever specimen is clamped at the lower ends and
the weight strikes the specimen_at a fixed distance ffom the edge of the
vice.

In falling weight machines, a certain percentage of specimens are
fractured (usually 50%) in a singlé’b]ow,test. The absorbed energy is
estimated e{ther by measuring the velocity of the weight before and after
fracture using a rotating drum and recording pen attached to the weight, or
by evaluating the compression of a sbring on which the weight falls after'
fracturing the specimen. | .

The drdp dart testing apparafus is a type of fa]]ihg weight machine

in which plastics sheets or pipes are tested. This machine was first
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constructed and used in America, and Lubin & Winans (1944), Stock (1944),
and Morris (1968) proposed several testing procedures to study the-
experimental data obtained; A

The drop dart machine essentially cohsists of a release mechaﬁism and
a heavy rigid base on which a hollow steel cylinder support is fixed so
~that its axis cqincides with the 1ine of fall of the striker. The
striking dart has a burnished hemi-spherical head and may be guided through
a slider in order to reduce the friction when using small weights (Figure

4.3). Two test procedures can be programmed by these machines:

(a) Bruceton Staircase Method: The aim of this method is to
evaluate the necessary impact energy which will be just
sufficient to break 50% of the specimens. This can be
achieved by performing at least twenty repeated trials
(British Standards Institution (1965)) using a "staircase"
procedure so that the product of the height of fall and

weight of the striker is equal to the required impact energy.

(b) Probit Method: The aim of this method is tovobtain the
fraction of fractures for a given number of specimens
subjected to a fixed level of impact energy. Morris (1968)
statist{ca11y analysed the experimental data obtained at each

- level of impact energy and thus showed that the probability
distribution of failures was Gaussian for HIPS, ABS and many
other polymers. A]thoﬁgh the Probit tecﬁnique requires a
larger number of specimens, it provides more informative data
than the Staircase method. This is so because, in practice,

it supplies the designer of such materials with a wide
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Figure 4.3: Falling weight apparatus
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spectrum of impact energies necessary. to cause failure in

a given small fraction of specimens.

The impact machines, as described abbve, are mainly Timited ehérgy
testing machines. The pendulum impact machines are contrarily designed
to.conduct excess energy impact testings on Charpy, Izod and tensile
specimens. This machine was primarily developed by Russell in 1898 who
employed a similar testing procedure as described previously.

In 1901, Charpy constructed his pendulum impact machine on which the
cantilever and three-point bend types of specimen could be used. In 1903,
Izod tested a sample of a burst gun barrel. He clamped one end in a vice
and struck the other end with a hammer, thereby displaying the weak
resistance of the faulty steel under impact Toads. (He later designed
his pendulum machine oﬁ a similar basis, and since the work of Charpy was
not known in Britain, it was considered a new discovery and thence named
after him.)

At the present time, the pendulum-type impact machine is extensively
used for testing the resistances of metallic and non-metallic materials.
The machine consists mainly of a pendulum which can swfng freely in a
vertical plane, with different supports for Charpy, Izod and tensile
specimens fixed on é rigid base which can be Tevelled by adjusting screws,
and a recording device. The energy absorbed in fractured.specimehs can
bé-ca]cu]ated by subtracting the kinetic energy of the pendulum from its
effective potential energy at the releasing pos{tion.A In Chapter 7, a
detailed description of a recent design of pendulum-type impact machine
used in the present Work will be given.

In addition to the above standardised machines, many other types of

impact devices were used by certain researchers. Among them are the
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Guillery flywheel machiné,,forsion impact machines, and the Stock
horizontal drop ball test, which are essentially based on similar
principles to the aforementioned machines but have different loading
systems, specimen geometries and impact vé]ocities.

Falling weight machines essentially provide a statistical knowledge
of failure of a particular range of materials under an impact shock, and
‘therefore provide a useful method to distinguish.between faulty and sound
materials which are newly processed. These machines are simpler to
construct than pendulum machines, but a much larger number of tests must
" be conducted in order to obtain consistent values. It must be mentioned
that these values will still be dependent on the specimen geometry, loading
system, instrumentatfon and experimental procedure, and hence can be
compared only if a standard specimen and testing technique is used. It
is the author's be]ief'that the use of these machines should be restricted
to the determination of fracture occurrence probabilities in samples of
fabricated plastic sheets, pipes and parts, rather than a tool for the
comparative evaluation of impact resistances. Otherwise, the tests on
specimens of differing geometry and loading systems often rank materials
~in a different order of merit.

The experimental data obtained using a pendulum-type impact machine
can be analysed theoreticallyAif fracture mechanics principles are employed.
It is bnly on this basis that the intrinsic resistances of materials
subjected to'impact pulses can be deduced. Before proceeding with the
fracture mechanics approach, the practical shortcomings of standard impact

analyses will be reviewed.
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4.2 PROBLEMS AND LIMITATIONS OF STANDARD IMPACT TESTING

In the standard testing of notched Charpy or Izod specimens, impact
strengths can be expressed in general forms, e.q. energy per unit length
of notch, energy per unit ligament area (i.e. net cross-sectiona] érea),
and energy per unit volume of plastically deformed zone. In British
Standard (1965), the impact strength is defined as the energy absorbed per
-12.7 mm width of specimen, i.e.

Tmpact strength = I_X_Dl_.ﬂ * (4.1)

~where I and D are the impact energy and the specimen width along the crack,
respectively.

| The total recorded energy in a pendulum impact machine is a composite
quantity, consisting of various forms of energy dissipated during a test.
For this reason, from early stages, many investigators attempted to study
the different possible modes of energy loss in an impact test (among them
are Ludwik (1923), Callendar (1942), Telfair & Nason (1943), and Lethersich
(1948)). In the ASTM Book of Standards (1972b), the energy losses
sufferred by the pendulum during the impact test are aésumed to be the sum

of the energies absorbed in the following processes:

1.  Crack initiation (the inception of crack growth);

2. Pfopagation of the crack across the specimen width;

3. Kinetic energy due to the ejection of the broken pieces of
specimen;

4. Plastic indentation or deformation at the Tline of impact;

5. Bending of the specimen;

6. Pendulum vibration;
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7. Horizontal movement or vibration of the machine frame or base;
8. Friction iﬁ pendu]um bearing and windage resistance;
9. Friction between the specimen and pendulum striking nose;

10.  Plastic deformation at the crack tip.

The last mode of energy 1oss was not mentioned in this reference, but many
other workers (e.g. Plati (1975); Bucknall (1977)) considered the plastic
work as an important factor. ' ,

Factors 6, 7 and 8 are associated with the desigﬁ and calibration
accuracy of the impact machines and must be regarded as testing errors; and
are discussed in Chapter 7 when the Charpy testing apparatus is described.
The energy absorbed in elastic bending of a specimen is a reversible energy
“and must not be considered sebarate]y, since it will eventually resove into
the other forms of energy during crack propagation or when the broken
halves are ejected. ~The indentation losses (factor 4) and the friction
between specimen and pendulum are usually assumed to be negligible for
most plastics.

The energy absorbed in the projection of fractured specimens is termed
in various references as the "broken half error", the "kinetic energy of
flying pieces"”, or the "toss factor". Noticeab]y, among the various
factors which are assumed to contribute to the existing discrepancy in an
impact test, most attention is given to the evaluation of the kinetic
energy of flying pieces. Although the error is insignificant when tough
maferials are tested (Charpy (1901)), for most plastics whose impact
resistances are low, the error is apprecfable. Callendar (1942), Zinzow
(a discussion on the paper by Burns & Werr%ng (1938)), Hazen (1943),
Lethersich (1948), Stephenson (1957), Marshall, Williams & Turner (1973),
Williams & Birch (1977), and many others, attempted to evaluate the .
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kinetic energy of broken pieces and showed that the error can be as high
as 100% for many brittle polymers. = Zinzow evaluated the error by
replacing the broken half of an Izod specimen and finding the required
energy to re-eject the broken half again; Callendar observed that the
broken half of an ebonite specimen travelled a shorter distance when
rep1aced and re-ejected. He therefore concluded fhat some fraction of
the elastic energy restored in the specimen wi]} be released at fracture
and thus contribute to the kinetic energy of the broken pieces. However,
the reason for this difference is not as postulated by Callendar, but
rather is simply due to differences of restitution factors. of broken and
unbroken specimens (Williams & Birch (1977)). In fact, when unnotched
or high impact resistant materials are tested, the estimated kinetic.energy
| of re-ejected broken halves appears to be smaller than the energy absorbed
in the main process. .Burns & Werring (1938) used an Izod machine and
measured the kinetic energies of some notched and unnotched specimens.
They found that in the former specimens, the end was giyen a rotary motion
whereas when the broken half was struck, the motion was translational.
‘Hounsfield (1948) measured the kinetic energy of some dummy specimens
which were short enough to pass through the supports. Also, he calculated
the kinetic energy of the dummy specimens using the linear theory of
collision, whereupon he found good agreement between the experimental and
theoretfca] results. Houhsfié1d then calculated the energy for normal
specimens broken by impact and showed that the'rotationa1 energy was 3 of
the Tinear kinetic energy.
*As will be shown in Chapter 7, when some tougher grades of commercial

HIPS were tested, a hinge break* was observed and specimens did not

* See footnote on next page.
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separate away from the tup. In this case, there will be, therefore, a
smaller contribution‘of k{netic energy to the total recorded energy.

From this discussion, it appears that, while an accurate estimation
of the error arising from the kinetic energy of flying pieces cannot be
achieved due to the uncertainty in departure conditions of the broken
pieces from the tup, the éxperimenta] (or theoretical) evaluation of the
kinetic energy of dummy specimens gives an upper 1jmit for this error.

The energy absorbed in the-initiation and pfopagation of the crack,
and also the plastic deformation at the crack tip, were attributed to the
mechanism involved in fracture of the specimens, and therefore were assumed
fd characterise the impact resistance itself. Since the introduction of
the pendu]um impact machine by Charpy at the beginning of the century,
attempts were mostly concentréted on developing instrumentation in order
to eliminate the errors érising from the experimental technique, and hence
1imited work was done in analysing the fracture mechanism. The first
important contribution to theorise impact testing was made Ludwik in 1923.
He postulated that materials Frécture in two forms: ductile fracture
associated with the shear components of‘the applied stress which cause
shearing of the adjacent molecular planes; and brittle fracture associated
with the tensile components of the app]iéd stress which cause the breakage
of the cohesive strength of the material. His theory was later extended
by Haigh (1930), Kuntze (1932), and Lethersich (1946), who argued that

brittle fracture must be attributed to hydrostatic components of the

'* Footnote from previous page: In hinge breaks, the fractured parts of
specimens are linked together by a narrow filament of the material and,
if one part of the specimen is held vertically, the other part cannot

support itself above the horizontal line.
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-applied stress (dilation) which produce a purely volumetric strain by

increasing the distance between the molecules. Hence; Lethersich
concluded that the fracture behaviour is determined by the "spatial stress
ratio"*, shear and the dilation strength§ of the material. |

Moser (1925) postulated that the impact strength is a function of the

ratio of the impact velocity to the strain propagation in the material.
He therefore argued that, if the ratio exceeds unity, a transformation in
fracture behaviour from ductile to brittle should be observed. Vitman &
Stepanov (1939) and Nadi & Manjoine (1941) showed that viscous shear
sﬁrain increases with ihpaét velocity, whereas dilation strain is time-
independent. Lethersich (1946) found experimentally that the impact
strength increases with velocity and, at a critical speed, the fracture
Amode changes from ductile to brittle. Thereafter, as the velocity
increases, the impact strength becomes smaller until it eventually
approaches a constant value at higher velocities.

The effect of specimen geometry on the standard impact strength was
observed by many investigators. Baumann (1912) and Moser (1925) measured
the impact energy per unit area for steel and found that is decreases
sharply at a critical specimen width. Wolstenholme et al (1964) studied
the effect of changind thé specimen width on Izod impact strengths for ten
different polymers and found that, as the width is reduced from } inch to
3 inch, the impact strength of polycarbonate (PC) increased by a factor of
5.4 and thaﬁ of PVC increased by a factor of 3.1. Moser (1925) measured
the volume of the plastically deformed zone in steel specimens and showed
that the impact energy per volume of deformed material remained independent

of the specimen size and the type and depth of notch employed. However, .

* The ratio of tri-axial tension to the shear stress.
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Sauerwald & Wieland (1926) and Bauer et al (1928) showed that this
assumption could not be applied for brass and other materials.

The effect of notch depth and radius on the standard impact strength
were shown to be the most critical drawbacks of classical impact
measurement. It is well known that the evaluated impact strength of
notched specimens is generally much lower than unnotched ones, even if
the Tigament area for both specimens were assumed to be equal. The
influence of the notch becomes more crucial when brittle materials are
tested. On this basis, Mosér (1937) recommended a method to distinguish
between brittle and ductile materials. If the impact strength of a
double width specimen was lower than twice the impact strength of a single
width specimen, it must be considered to be brittle, otherwise it must be
considered to be ductile.

The effect of nofch radius was studied by many workers
(e.g. Lethersich (1948); Adams et al (1956); Hulse & Taylor (1957)) and
it has been generally agreed that the sharper notches producekloWer impact
strengths. Fillunger (1924) aﬁd Petrenko (1925) suggested some empirical
relations which describe the standard impact strength (energy per unit
‘cross-sectional area, Iés) as a function_of the specimen thickness and net

width (B and D, respectively):

Petrenko: T,, = a;BY(D-alp, +qyB (D-a)? - (4.2)
Fillunger: Ics = qz |B (D - a) o, * B (D - a)2/2] + q, (4.3)

"where P denotes the notch radius, and a7 49 43 and q4 are constants.
As Lethersich (1948) noted, these equations are derived for certain

types of fracture, and therefore cannot be used for materials showing a



- 93 -

ductile to brittle transition as the notch tip radius varies.

Vincent (1971) argued that the effect of changing the notch tip
radius, Pas and notch depth, a, on the measured impact strength can be
simultaneously analysed if the elastic sfress concentration factor, SK,
is considered (when the crack tip radius is small, S5y s directly related
to the intensity factor, X (equation (3.14))). For materials which obey

the Tinear elastic theory, the stress concentration factor is approximately

given by the following equation:

¢ = 1+2 (afp)* (4.4)
Vincent measured the impact strengths of a large number of acrylic
specimens having various notch depths and tip radii, and plotted the impact
data versus the ca]cu]éted stress concentration factors. He found a
satisfactory consistency in the results obtained for a;ry]ic‘sheets.
However, when PVC and other viscoelastic polymers were tested, the results
were found to be far from satisfactory, and there seemed to be no hope of
unifying the results using equation (4.4).

This brief review on the problems of standard impéct testing has
shown that the recorded impact energy is a composite quantity consisting
of energy terms arising from various modes of fracture (initiation and
propagation energieé, plastic work,‘gtc.), various energy Tosses through
vibration and friction processes in the machine, and kinetic energy of
flying pieces. Among these, the fracture énergy is considered to be the
true characteristic of the impact resistance of materials, while the other
energy losses are assumed td be procedural errors. The error can be
eliminated if a proper geometry of the specimen and an accurate desfgn of

the impact machine is chosen. Classical impact strengths were expressed
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in various forms such as energy per unit area, energy per unit crack
1ehgth,’and energy per unit volume, etc. It has been shown that the
impact strengths as such are not material properties and may vary
significantly with changes in specimen sfze, crack length and tip kadius,
supporting span width and type of loading (Izod or Charpy). Hence, the
results obtained at various test conditions will not rank a particular
material in the same order of merit.

The problem of the geometrical dependence 6f-impaﬁt energy can be

solved in two ways:

1. Performing a large number of tests by systematic variations
in notch depth and radius, specimen width, supporting
configuration, etc., which is a time-consuming process and

thus economically limited.

2. By unification of the results using fracture mechanics

concepts on impact testing.

The latter has proved to be a promising technique, particularly for
analysing brittle materials (Marshall et al (1973)), and it is the task
of the present work to extend the application of the theory to a wider

range of more-intricate cdmposite polymers such as HIPS.
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4.3 INITIATION, PROPAGATION AND PLASTIC ENERGY LOSSES

The principal energies involved in the fracture mechanism comprise
the reversible energy absorbed in crack initiation and the frreversible
energies dissipated in crack propagationvand plastic work at the tfp of
an initial notch. Some investigators (e.g. Callendar (1942)) argued
that the impact strength should be based on the crack initiation energy
only since, once the crack initiated, the material is useless. Other
workers (e.g. Lavery & Southwell (1934)) disregarded the initiation energy
and attempted to design the épecimens in order to make the plastic work as
small as possible, thereby the measured impact strength was assumed to
consist of the propagation energy alone. However, in an impact test, the

initiation, propagation and plastic energies are usually inseparable and
hence the calculated impact strength will inevitably include the total
energy dissipated in tﬁe process. Lethersich (1948) argued that, in the
case of purely brittle fracture, the entire fraction of the energy is
absorbed in initiating the crack since, once the crack starts, it expands
throughout the material without any-significant resistance. Conversely,
with ductile materials, the major part of the energy is absorbed in
propagating the crack, since the plastic formation cadsés a considerable
resistance to crack expansion. Assuming St. Venant's maximum strain
criterion (i.e. fracture occurs at a critical strain), Lethersich showed
that the initiation energy is proportional to the volume of the spécimen.
Experimentai work by Charpy (1912), Lavery & Southwell (1934), Charlton &
Farmer (1947), and others, for relatively ductile materials, reveal that
the impact strength is proportional to the net cross-sectional area
(ligament area). In general, however, the fracture stafts in a duckée
manner but propagates in éi/fle form. Lethersich therefore suggests

that the total energy dissipated in these materials should be expressed as:



- 96 -

I = w;VFuys (4.5)

where v and s are the volume and 1igamenf area, respectively. wl'and P
are assumed to be constants of the brittle and ductile modes of fracture. 

Stephenson (1957) argued that, al though equation (4.5) was found to
hold experimentally, it does not justify Lethersich's assumption of
separate. initiation and propagation energies, since the elastic energy
stored in a specimen at the initiation of a crack will be readily available
tp propagate fracture. Therefore, he suggested an alternative mechanism
which gives a relationship similar to that given by Lethersich, but
differing in the interpretation attributed to the coefficient wyg. In his
hypothesis, the product of ml.and the volume gives the amount of
irreversible crack inifiation energy.

Stephenson (1957) and Plati (1975) pointed out that, if similar
specimens differing only in the notch tip radius are tested, the energy
for crack propagation remains unvaried, while the initiation resistance
decreases with the decrease in notch radius. Therefore, a critical notch
tip radius can be defined above which the standard 1meact strength will
increase with radius of the notch, since the crack initiation energy 1sb
involved, and below which there should be no significant dependence on
crack radius since the initiation‘energy becomes negligible and the
propagation’energy-iermeasured'a1one. _Vincent's (1971) experimental
results showed, however, that the standard impact strength of polyvinyl
chloride (PVC), Nylon and acetai, acrylic and ABS sharply decreased with

smaller notch tip radius*. It is the author's belief, therefore, that

* See footnote on next page.
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the converse argument of Stephenson~and Plati must be correct; Hence,
the effect of notch radius on initiation and propagation energies can be
explained as follows: the specimens, having blunt notches, are liable to
larger plastic deformation prior to initiation of the crack and, when the
crack starts, theré is already a significant plastic zone which may even
act as a resistance against rapid propagation of the crack. With sharp
notches, however, the plastic deformation is at.a minimum and rapid crack
growth follows the crack initiation. |

In the case of composite polymers (e.g. HIPS, ABS, etc.), craze
growth similarly acts as a crack inhibitor, even if sharply notched
specimens are used.  Therefore,. the propagation resistance of HIPS and
ABS should be considered as an important factor in the impact process, as

will be further described in Chapter 7.

.* Footnote from previous page: Plati (1975), who refers to Vincent,
mistakenly assumes an opposite trend for ABS. However, as Vincent
noteﬁ "... The ABS sample was highest with sharp notches (i.e. compared
to other materials, had a higher impact strength at sharper notches),

but the proportional increase on blunting was least."
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4.4 THE IMPACT STRENGTH OF BRITLLE MATERIALS

In the preceding sections, the disadvantages and inadequacies of
classical methods of impact analysis were discussed and it was shown that
the calculated impact strengths depend oﬁ the specimen geometry and
loading configuration. However, the recent application of fracture
mechanics in- this field provided a promising method for the unification of
impact results, using various types of pendulum impact machine.

In 1973, Marshall et al and Brown proved that, by assuming a linear
elastic deformation, linear fracture mechanics theory (previously discussed
in section 3.3 of Chapfer 3) can be sﬁccessfu]]y app]ied to the impact
results of brittle materials, such as Perspex (PMMA), polycarbonate and

polyethyleneterephthalate (PET). In theif analyses, the impact strength
of sharp]y.notched specimens were studied and, since it was assumed that
the materials behave iﬁ a brittle manner, the crack propagation and plastic
energieé were not considered. Therefore, the impact strength deduced
.described the crack initiation resistance of the materials alone. By
employing fracture mechanics principles, they related the impact strength
of Charpy specimens to the critical energy release rate, G,, which is an
intrinsic material property. Plati & Williams (19755,b) subsequently used |

a similar technique to analyse Izod impact data, and showed for the first
time that the impact strength evaluated for Izod specimens is comparable
to that obtained for Charpy specimens.

For 1ihear elastic materials whfch break in a brittle manner, the
load-deflection curve, generated by-an impact pulse, forms a sharp
triangle. The strain energy stored in the cracked specimen at the onset
“of instability, Uf’ is therefore exprgssed in terms of the area under this

triangle (Figure 4.4), that is:
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£ Xr (4.6)

where Pf is the load at fracture, and Xf'ié the deflection’ of the Specimen
at the point of application of the load. It is mathematically convenient

to express equation (4.6) in terms of specimen compliance, ¢; thus:

‘U, = ¥P2¢C (4.7)

f f
X
where: c = ?i . (4.8)
. P

From the Irwin-Griffith theory of linear elastic fracture, the

critical energy release rate at fracture is given by:

u -

(%Zdat fracture = Ce (4.9)
where 4 is the current crack surface (i.e. 4 = B a, where B and ¢ are the
specimen thickness and the crack length,. respect1ve1y) Differentiating

equations (4.6) and (4.8) with respect to 4, we have:

dx
= _Af _f , i
G, j’ ” + E}, ” ] | (4.10)
ax X, dp
R e S (4.11)
f dA szdA

By eliminating. the fracture deflection (Xf) from the above equations, the

critical energy release rate, G,, can be expressed as:

P2
¢ = L 2 (4.12)
2

My
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which is known as the Irwin-Kies relationship (1952).

Combining expressions (4.12) and (4.7), we have:

v, = G, ——M?A' (4.13)

'By assuming plane strain or plane stress conditions, the compliance
remains unvaried through the thickness of the specimen, and therefore

equation (4.13) becomes: -

Up = G, BD @(a/o,sp/o) (4.14)

where D and Sp are the specimen width along the crack and the supporting

span, respectively, and & is given by:

¢ (a/D, Sp/D)

(4.15)
(dc (a/D,Sp/D))/(d (a/D))
The function ¢ can either be determined from experimental measurement of
the relevant specimen compliance (Plati & Williams (1975a)) or calculated
from a stress ana]ysi§ of the specimen (Brown & Srawley (1966)).
For three-point bend (Charpy) and cantilever (Izod) beams, the maxjmum

stresses are given by equations (4.16) and (4.17), respectively:

3PS

-2 (4.16)
[}
mazx 2 B D2

6PS .
o = P (4.17)
max B Dz .

where B, D and Sp are the dimensions of the beam, as illustrated in Figures

energy

4.1 and 4.2. In Chapter 3, it was shown that the critical strainArelease
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rate, Gc, can be expressed in terms of the nominal applied stress, o,
crack length, a, and the geometry factor ¥; that is:
2 .2 .
¢ = ¥ oa (4.18)

¢ E}ed

where E,d is the reduced Young's modulus. The factor Y is a function of
geometry and the loading system, and can be equnded in po]ynomial form
for Izod and Charpy geometries (Plati (1975)). In Appendix B, these
polynomials are given in terms of crack ratios; a/D, and for different
span ratios, Sp/D'

The compliance, ¢, can then.be obtained by integrating equation (4.12)

and using equations (4.16), (4.17) and (4.18). Thus, for three-point
| bend specimens:
982 D

c = —F [ y? (a/DS/D)ada+C (4.19)
ZBD‘*Edo

and for cantilever specimens:

72 8 2 D
c = —B [ 2 (a/DS/D)ada+C' (4.20)

L
B D Ened o

where c, and Cé are the compliances of the specimens at zero crack length

and are given by the conventional theories of elasticity:

53

¢ = ——B—|1+3 (1 + 3 (£2)? (4.21)
- 4 E B D3 p
453 :
¢} = =P |1+ 5 (14 F? (4.22)
© E B D3 D o

The values of function ¢ can be evaluated by substituting the relevant
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compliances from equations (4.19) and (4.20) in equation (4.15). For

short notches (a/D << 1), these solutions can be approximated as (assuming

¥2 = q):
5 C @l (4.23
Charpy =~ *'D’ " 18 n 'a D ' (4.23)
5 ¥ @)+ 2 (& ) (4.24)
Izod D 361 a D ‘

It must be noted that, in the case of Izod specimens, the experimentally
measured compliance differs from the theoretical values. This is due to
the rotation of the specimen end in the clamp which was originally assumed
to remain ideally rigid. Because of this consideration, Charpy impact
testing is regarded as being preferable to that of Izod testing and the
'present work is esséntia11y concentrated on the former specimens.

Equation (4.14) cdrrelates the impact energy absorbed in the fracture
process to the critical strain energy release rate, G,» which is a materia]
constant. The impact toughness of materials can therefore be calculated
uniformly in terms of G, values, using sharply notched specimens of various
dimensions and crack lengths.

If the impact energy, I, comprises the crack initiation energy (which
will eventually dissipate as fresh crack surfaces are generated) and the
kinetic energy of the flying pieces alone, disregarding plastic work,
propagqﬁion resistance and the other types:of apparatus energy loss, we
have: | . |

I, = G BD% (a/D,Sp/D) + Uy, ' (4.25)

where Uy, is the kinetic energy of the ejected specimens, and the suffix b
implies that brittle fracture is considered. Equation (4.25) predicts that

a graph of I, versus BD® values should give a straight line, intercepting
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the energy axis at a positive value relating to the kinetic energy of
flying pieces. If brittle materials are studied, the determination of
kinetic energy in a separate calibration is not of direct interest and the
impact strength, Gy, can be simply obtaihed by measuring the s]opevof the
data line in an energy-Bp¢ plot. However, to avoid possible errors
arising from the discrepanéy of the impact data (which is usually intrinsic
in the béhaviour of britt]e materials), it is usually useful to estimate
the intercept of the data line with the energy axis by evaluating the
kinetic energy theoretica]]y'or in a separate experiment.
If the Tinear kinetic energy of specimens is considered from classical

mechanics, a mass M (peﬁdu]um), striking with velocity vV, a mass m

(specfmen) at rest, will impart to it a kinetic energy equal to:

g y
Uk = (1+e)mVZZ (m) 1+!5%(1-e')) (4.26)

where ¢' is the restitution factor between the two masses and is found,
experimentally, to be equal to about (n/2 - 1) (Williams & Birch (1977)).
As the pendulum mass is very much larger than that of the specimen

(m << M), equation (4.26) reduces to:

~

s 2
Uy 7 m Vs (4.27)
If hinge breaking occurs, the fractdredha]ves of the specimen rotate
about the supporting points, with the striking point attached to the
.pendulum and moving with the same speed, vy The kinetic energy of the
broken halves is therefore of rotational form and can be evaluated as:

o = Imveler o2 (4.28)

p p
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where L and Sp are the specimen length and supporting span, respectively*.
Assuming L = Sp, the rotational kinetic energy evaluated from equation
(4.28) will be about %m times smaller than the linear kinetic energy

obtained from equation (4.27).

* A similar method for calculating the rotational kinetic energy of four-

point bend specimens was employed by Frazer & Ward (1974).
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4.5 MODIFICATION OF THE LINEAR THEORY OF IMPACT

When ductile polymers are tested, a considerable magnitude of impact
energy is absorbed in the two mechanisms of plastic shear band formation
and crazing. With sharply notched specimens, however, the extent of
shear band formation is Timited for two reasons (Bucknall (1977)): the

- introduction of triaxiality into the stress field around the notch tip,
and- the augmentation of the strain rate which tends to raise the yield
stress relative to the fracture stress. Crazes are usually formed in
planes perpendicular to the direction of applied tensile stress énd
propagate ahead of the moving crack. Iﬁ toughened polymers, the crazing
process is accelerated as a result of the existence of rubber particles,
which, by absorbing a 1arger_p0rtionlof impact energy, offer an appreciable
resistance to crack propagation. If craze generation is Timited to the
surrounding region of'the initial crack tip, resistance to crack
propagqtion-wou1d be restricted to the inception of crack propagation and
an unstable rapid fracture would soon follow the slow crack growth.

In Chapter 3, it was shown that the extent of the plastic zone, 7
is proportional to fracture toughness, K, (equation (3.15)). Using
equation (3.13), the plastic radius can be expressed in terms of the
modulus, E, the yield stress, %, and the critical strain release rate, G,

as follows:

E .G :
oy o= 1 _red o (4.29)
p am 52

' Y
As Irwin (1964) sﬁgéested, the effect of elastic field distortion due
to the plastic deformation at. the crack tip can be apprﬁximated by adding
7, to the original crack length. In impact testing, however, the plastic
zone cannot easily be evaluated from equation (4.29) because the yield

stress and the Young's modulus are unknown at high strain rates.
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When unstable fracture is preceded by a Timited slow crack growth, r_,
the linear impact theory can be sihi]arly modified by adding ry to the
original crack length (Birch & Williams (1977)). The effective crack
length to be substituted in equation (4.25) is therefore the summation of

the original crack length, the plastic zone and slow crack growth; that ist

Qppp = @ +r + r, ‘ (4.30)

As it will be shown in Chapter 7, there is some error in this
approximation sihce the correction neglects the energies dissipated in the
formation of a plastic zone and slow crack growth. ‘ |

Williams & Birch schematically illustrated the effect of having an
rp or r_ error on the linear impact theory by piotting the IB/BDGb versus
¢ for uncorrected impact data (the case considered was at Sp/D = 3, and
(rp + rs)/D = 0.2). In this plot (Figure 4.5), the departure from the
Tinear theory is displayed by the curvature of the data Tine and its
intercept of U, + ¥ (r_+ rb)/b' This illustration is of some importance
since a similar trend of non-linearity is observed experimentally when
‘toughened polymers are tested. However, when an appreciable plastic zone
or unlimited slow crack growth occurs, the modification of Tinear impact
theory by considering the effective_crack length as defined in equation
(4.30) can be shown to be.no fonger valid.

In ductile materials, the force-deflection curves show a smooth fall
from the peak stress which is in contrast to the sharp drop observed in
brittle materials. This type of failure cannot be studied by employing
norha] Tinear fracture mechanics theory and it was found necessary to seek
a yielding fracture mechanics approach. Plati & Williéms (1975a) and

Brown (1973) have studied the impact stkength of ductile materials using
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the concept of Rice's path-independent integral, g, As discussed

previously, Rice's integral concept is a more general fracture energy

criterion and its value approaches . the G, value at elastic conditions.
If full yielding in bending is assuhed, the impact specimen wou'ld

have a solid body rotation and the energy absorbed can be defined by:

§ ,
I, = £65 BMD-a)+U (4.31)
e s Y k- :
where 60 is the crack tip displacement at fracture. Substituting equation

(4.31) into equation (3.23), we have:
I; = 5G,B(D-a)+ Uy, , (4.32)

The factor % arises.bécause of the assumption of an average displacement
with regard to the hinging process in bending. The above equation
predjcts that the impact energy is propﬁrtiona] to the Tigament area of a
notched specimen. The experimental work on tough grades of HIPS and ABS
by Plati (1975) and Brown (1973) have shown that the impact results obey
the ductile theory when specimens with middling crack lengths are tested.
As discussed by Bucknall, however, the status of yielding fracture
has not yet been ;1ear1y established and further work is required to ratify
whether Jé is-a satisfactoryfbafqmetef'for correlating the impact data of
ductile materials. Theoretically, the general yielding and subsequent
so]id body rotation is uh]ikeiy to precede the crack initiation on sharply
notched specimens and, therefore, the very first hypothesis in deriving
equation (4.32) seems incorrect. In Chapter 7, the problem of the ductile
fFailure of HIPS and similar toughened composite polymers will be

theoretically analysed and formulated on a more realistic basis.
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PART 11

MECHANICAL BEHAVIOUR

OF RUBBER-MODIFIED POLYSTYRENE
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~ CHAPTER 5
-THE EFFECT OF RUBBER CONTENT

ON THE VISCOELASTIC PROPERTIES OF HIPS

5.1 INTRODUCTION

Rubber modified polystyrene is a particulate-filled composite,
consisting of a relatively rigid polystyrene matrix and dispersed rubbery
particles. The stiffness and strength of the material is naturally
determined by the prope}ties'of the matrix and by the presence of the
rqbber particles. In general, an increase in the ductility of these.
polymers due to rubber reinforcement is accompanied by a substantial

reduction in their moduli and rupture strengths. Conversely, the
| elongation to break, as an immediate measure of fracture toughness,
increases by ten to,tHirty-fo]d, depending on the rubber content. At low
strain, both PS and HIPS can be treated as‘ viscoelastic materials,
since their moduli vary wifh time and strain rate, but are
independent of strain and loading history. At large strains, however, the
moduli of HIPS usually decrease sharply with strain and show little work-
hardening. This effect can be construed as the result of a multiple
~craze generation emanating from the rubber partié]es (Bucknall & Smith
(1965); Bucknall & Street (1967); Bucknall & Clayton (1972); Bucknall
et al (1972); Bucknall (1977)).

- The primary aim of the work to be déscribed in this chapter is to
study the effecttof rubber content on the general bulk properties of HIPS.
Thus, the modulus of elasticity and the yield stress of various special
’grades of HIPS were measured and collated with their rubber content. The
rubber content in these materials varies from zero (plain polystyrene) to

a maximum of 5.55%, while the amount of other processing additives is kept
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constant.  The materials were produced by btending a CPS with a parent
HIPS (containing 5.55% rubber content) which use the same matrix base.
Although there were some molecular weight changes, and the average size of
the rubber particles was not precisely identical, these materials are a
reasonable approximation to grades having 1.11%, 2.22%, 3.33% and 5.55%
rubber content and are the same in all other respects.  In particular,
the structure and grafting percentage of the inclusion phase (consisting of
about 80% occluded PS and 20% rubbery matrix) were consistent for all
materials (US Steel Corporation, the Chemical Section (1976)). The
sjgnificance of the particle structure on the mechanical properties of
rubber modified plastics has been discussed by Bucknall (1967,1969,1977).
On the other hand, as long as'the dispersed inclusions in the matrix
remain sufficiently small and perfect adhesion exists between the
constituent phases of.the composite, particle configuration and their
dimensions will not play an important role in the overall behaviour of the
material (Boldt (1973)). This assumption, however, cannot be generalised
to the cases of rigid, gas or non-elastic particulate-filled polymers.

It has been shown theoretically, and also by a number of experiments dn
glass-filled composites, that the moduli, final stres§ and maximum
elongation may be significantly influenced by the size of the rigid glass
beads (Leidner & Woodhams (1974)).

The results of the experiments which will be given show that the
modulus of elasticity and yield stress of HIPS containing 5.55% rubber
content reduces to about 60% of that of the parent polystyrene matrix.

In principle, the assessment of the composjte moduli should be possible
prior to an experimental analysis if a suitable model is chosen. However,
numerous theories based on different assumptions have been proposed for

evaluating the modulus of elasticity of similar particu]ate-fi]]ed'
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composites. In the first theoretical part of this chapter, the validity
of the application of these theories will be studied and discussed. As a
result, an approximate method for predicting the modulus of rubber modified
polymers will be introduced. The last bart of this chapter provides a
theoretical qnalysis on the effect of the arrangement and orientation of
the rubber particles, and also the multiple craze production around these

particles.
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5.2 THE MORPHOLOGY OF HIPS

A direct observation of the morphology of particulate-filled
composites is vital to determine the characterising micro-structural
~ features of the constituent phases and hence to control and improve the
rubber toughening process. Considerable information is sought from these
studies; 1in particular, it is necessary to measure the size, shape,
internal structure, fractional composition of each phase, and the degree
of grafting, adhesion, and cross-linking at the fnterface of the
constituent phases. There are three principal methods to acquire this
information: Tlight microscopy, conventional chemical analysis, and electron
m{croscopy. In recent years, electron microscopy has been employed
successfully for analysing the morphology of rubber-modified plastics
-(Matsuo (1969); Matsuo et al (1969); Moore(1971)), and therefore this
technique was chosen to study the materials used in the present work.

The two main electron microscopic methods commonly used are
transmission and scanning electron microscopy. The scanning electron
microscope is usually employed to examine the surfaces of materials. The
transmission electron microscope is mainly used to study the internal
structure of materials. _

The samples for scanning electron microscopy were sectioned from the
specia]]y'pkepared.grades of HIPS and had dimensions of approximately
2mm x 3 mm x 3 mm, They were washed in water in an ultrasonic bath in
ofdér to fembve dusf and resjdua] poiymer from the surfaces.

Subsequently, fhe samples were placed on a suitable cy]indfiéa] stud and

were vacuum-coated with about a 300 A layer of gold to prevent charging

under the electron beam (see Figure 5.1(a)). Finally, the specimens were
inserted in the microscope Where photographs magnified to about 6 x 103

times were obtained. The results are shown in Figure 5.2 for a specially
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Figure 5.2: The scanning electron micrograph of a specially prepared
grade of HIPS, showing an ellipsoidal rubber particle in the

PS matrix (magnification = x6300)



- 117 -

“prepared grade of HIPS.  The contrast is poor since no chemical etching
was used and the surfaces were not sufficiently cleaned.

Undoubtedly, the most informative pictures were obtained by the
traﬁsmission electron microscope, and by.using the osmium—staining-method
developed by Kato (1966,1967), following the method suggested by Andrews
(1964) for staining synthetic rubbers. The samples were first trimmed to
pyramid points and then carefully ultra microtomgd to produce bevelled
pyramids with perfectly smoothed tops about 0.5 mm across.  Subsequently,
they were exposed to osmium vapour at room temperature for several days.

E Extra care was taken in staining the specimens since osmium vapour is
highly poisonous and generally harmful. By this method, the polybutadiene
phases was selectively stained and hardened to a depth. of about 10 to 30
microns. Ultra thin sections of approximately 1000 A were cut from the
stained Samp]es by an LKB Ultra Microtome. Finally, the samples were
carefully placed on carbon-coated grids and inserted in the transmission
electron microscope (Figure 5.1(b)).  The photographs of some specially
prepared samples of HIPS are presented in Figure 5.3, which reveal the
morphology of these composités in excellent detail. | i section

As shown in Figure 5.3(a), the particles are almost e]]ipsoida]xand
dispersed randomly in the crystal matrix. The average diameter of these
particles vary from 1 to 10 mi;rons with a mean value of about 3.5 to 6
microns, depending on the grade examined. The particles are shown to be
grafts of oéc]uded polystyrene surrounded by a polybutadiene matrix. The
occluded polystyrene partic]es-are similarly ellipsoidal in form, with
average major and minor axes of about 0.25 and 0.15 microns, respectively.
These particles are separated by thin layers of polybutadiene with an
average thickness of about 0.07 microns. The grafting percentage of the

composite particles is estimated at about 80% PS and 20% PBD.
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Figure 5.3(a): The transition electron micrograph of a specially prepared
grade of HIPS, showing the dispersion of spheroidal rubber

particles in the PS matrix (magnification = x12000)
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Figure 5.3(b) is a transmission electron micrograph of a crazed
specimen under a tensile load. The dark lines emanating from the
particles reveal the multiple craze production which is the principal
céntributor to the rubber toughening mecﬁanism. Figure 5.3(c) shows the
distribution of dispersed spherical particles in a commercial grade of

HIPS.



Figure 5.3(b): The transition electron micrograph of a specially prepared
grade of HIPS, showing the craze emanating from the rubber

particle (magnification = x41000)
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Figure 5.3(c): Dispersion of spherical rubber particles in a commercial
grade of HIPS. The micrograph was prepared by the
Chemical Division of the US Steel Corporation

(magnification = x1500)
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5.3 PREVIOUS STUDIES OF THE MECHANICAL PROPERTIES OF HIPS

Most studies-on the viscoelastic nature of rubber modified plastics
have employed a dynamic mechanical testing method by using a torsional
damping apparatus. Turley (1963), Bucknall (1969), Cigna (1970),'
‘Keskkula et al (1971), and Dickie (1973) have measured the dynamic complex
moduli and the mechanical damping of various commercial and experimental'
grades of particulate-filled polymers as a function of temperatﬁre.

Turley has pointed out that the comparison of various types of HIPS
containing different rubber contents must be made only within a given
mgthod of processing and grafting procedure. Bucknall has shown that the
rubber modified plastics are composite in character and the effect of
their internal structure upon their mechanical properties is of great
significance. Keskkula ét al employed the dynamic mechanical properties
as a basis for ana]ysié of some important physical properties of modified
polymers. . They indicated that the damping peak (and hence the other
mechanical properties) were influenced by composition, morphology, and
method of polymer preparation.

Cigna studied the dynamic shear moduli of various grades of HIPS
manufactured by both mechanical mixihg and grafting méthods. He found
that the shear modulus does not directly depend upon the total butadiene
content, but on the fractional volume of the rubbery dispersed phase. He
also proved that the particle size and the molecular weight of the matrix
had very 1itt1ebor no influence on the shear modulus. In a theoretical
discussion, Cigna showed that'the experimental data lay between Hashin's
(1962,1964) bounds and somewhat closer to the values calculated from the
Mackenzie (1950) model for a system containing empty holes in an elastic
matrix (see Figure 5.4).

Boldt (1973) studied the effect of rubber content, particle size, and
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mineral oil (added for processing purposes) on the elastic properties of
several grades of -HIPS, using the conventional tensile tests. He
concluded that a definite dependence of physical properties on both
mineral oil and rubber content existed, But no change was observed
regarding the particle size variation. Figures 5.5, 5.6 and 5.7 show
Boldt's experimental results for tensile stress, elongation to break, and
Vicat temperature (the softening temperature, a parameter describing the
flow properties of viscoelastic polymers) as functions of the mineral oil
(for 2.7% rubber content), rubber content (for 3.06% mineral oil content),
and particle-size (for 0.8% mineral oil content and 3.3% rubber content).
The tensile stress and the Vicat temperature can be seen to decrease
almost linearly with increases in rubber and mineral oil content, but are
| independent of particle size. The elongation to break, which
qualitatively manifests the toughﬁess of a material, conversely increases
with mineral oil and rubber content increasing, but the trend is not
Tinear and, in some cases, the curves flatten off at higher oil and rubber

contents.
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5.4 EXPERIMENTAL PROGRAMME

5.4.1 Test Conditions and Apparatus

A number of tensile tests were performed on dumbell-shaped
specimens of thickness 3.17 mm with the-dpprOpriate dimensions suggested
by ASTM D638 at three different Instron cross-head speeds (0.5, 5; and
50 mm/min).  The specimens were manufactured from moulded sheets of
experimental grades of HIPS and were normalised at about 20°C and 50%
humidity.

The experiments were carried out on an Instron Universal
Testing Machine. The strain was measured and recorded by using a standard
Instron extensometer (gauge length of 50 mm) and a chart drive amplifier.
‘The elongation and stress were obtained directly from the Instron chart,

on which the applied Toad was plotted versus the total cross-head movement.

5.4.2 Materials

Four grades of HIPS, along with their parent crystal
polystyrene matrix, were tested in this work. The materials were supplied
by the Chemical Section of the US Steel Corporation, and are hefeafter
denoted by U AO, U A1.11, U A2.22, U A3.33, and U A5.55. This
conventional coding will be applied throughout this thesis, where the
first two letters specify the manufacturer and type of material,
respectively, and the subsequent digits specify the nominal fractional
volume of tﬁe rubber. Some general specifications of these materials are

given in Table 5.1.

5.4.3 Results »
Typical stress-strain curves of crystal and impact PS are shown

in Figure 5.8. At Tow strains, all grades of HIPS were found to be linear
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TABLE 5.1

Specifications U A0 U Al.11 U A2.22 U A3.33 U A5.55
Rubber content (%) 0 1.11 2.22 3.33 5.55
Mineral oil (%) 1.35 1.35 1.35 1.35 1.35
Residual monomer (%) .0.07 0.08 0.10 0.11 0.13
Ethyl benzene (%) 0.03 0.03 0.05 0.06 0.07
Particle size (u) - 5.5 3.3 3.4 3.4
No. average molecular weight 73004 76516 82022 80665 90511
Vicat temperature (OC)' 102.7 102.2 100.6 100 100
Solution viscosity (mm2/sec) 9.65 10.84 12.5 14.7 22.9
Melt flow (g/10 min) 14.5 10.2 7.4 4.9‘ 2.0
Rubber used - type 55 PBD | type 55 PBD | type 55 PBD | type 55 PBD
Particle composition - 80%PS/20%PBD | 80%PS/20%PBD | 80%PS/20%PBD | 80%PS/20%PBD

- 0El -
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viscoelastic materials with their yield stress (or the maximum net stress)
showing a strong dependence on strain rate. However, except for the case
of crystal PS, all grades of materials shpwed a 1arge non-linearity and
some work-hardening at higher strains. The final failure occurred at 2%
to 55% elongation, depending on the -rubber contents. Figure 5.9 is an
optical photograph of some typical brittle and ductile failures. The
amount of craze growth, manifested by opacity and colour change in the
fractured samples, was found to fncrease with rubber content. The modulus
of elasticity, maximum fractufe stress, and the elongation to break were
measured at a strain rate of about 1073 sec™!. These parameters are

given in Table 5.2.

" TABLE 5.2

Mechanical Properties of the Type U A of the Specially Prepared HIPS

Maximum tensile stress | Modulus | Elongation to break

Material :
(MN/m2) (GN/m?) (%)
UAD 40 3.4 | 2
U A1.11 37 . 3.2 12
U A2.22 32 2.9 20
U A3.33 29 , 2.6 43
U A5.55 25 2.2 55

The rate dependence of the initial moduli of different grades
of HIPS were expected to be the same as that of crystal polystyrene, and

can be approximately described by:
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Figure 5.9: Typical types of fracture in CPS and HIPS specimens subjected
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(RE/E_) = 0.009 (Bé/E ) ‘ (5.1)

where E, denotes the modulus at a nominal strain rate, éo, and AE and Aé
denote the changes in modulus and strain rate, respectively. Since this
dependence is very sﬁa]l, any change in E, would be within the experimental
error and is therefore undetectable.

Figure 5.10 shows the effect of rubber content on the overall
moduli of the rubber-modifed PS. Figure 5.11 reveals a similar effect on
the overall yield stress of the same polymers. These results indicate
that, at both low strains and large strains, the tensile stress and modulus
values decrease sharply as the rubber content increases. The effect of
strain rate on the yield stress of various grades of HIPS is also shown in
these figures.  From this, it can be concluded that the rate dependence
of the yield stress is nearly identical for all grades of crystal and
impact PS, regardless of their rubber content.

It is interesting to predict the overall elastic behaviour of
modified PS if the nominal rubber content were to exceed 5.55% of the total
composite weight. However, the extrapolation would only be valid if the
composition of rubber partic1es remained unchanged. When a log-Tinear
plot of yield stress and modulus df elasticity against rubber content is
made, a straight line is obtained. Hence, if an exponential typeiof
representation is introduced, the modulus and yield stress can be

expressed as:

o, = oe (5.2)

(5.3)
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where ;y and é are the composite polymer yield stress and modulus,
respectively, o, and E are those of the PS matrix, respectively, and ¢ is
the nominal rubber content. A and B, are constants which may'be
calculated by employing a least-squares méthod of fitting through the

experimental data. From the experiméntal.results, we get:

Hence, approximately:

SR
14
 fe®

(5.4)

This relationship implies that the variations in the modulus and yield

stress of HIPS, due to rubber content, are nearly identical.
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5.5 THEORETICAL PREDICTION OF MODULUS OF ELASTICITY OF COMPOSITE POLYMERS

The‘purpose of the following discussion is to ascertain an expedient
theoretical basis on which accurate assessment of the elastic behaviour of
certain composite polymers can be made prﬁor to any experimental analysis.
Numerous approximate theoretical models have been proposed to evaluate the
moduli of composite polymers from the moduli of their phases and fractions.
A Titerature survey of some widely used theories has been given in
Chapter 2; however, there is no‘genera1 agreement upon which is the most
suitable approach.

In order to specify the elastic behaviour of a composite, it is
necessary to define two independent stiffness parameters. In the present
discussion, the expressions are formulated in terms of shear modulus, ;,
and the bulk modulus, i, of the composite. The problem is to calculate

these moduli in terms of Hgs k W, and kp (the moduli of the CPS matrix

S
and the rubber inclusion, respectively). Young's modulus and the Poisson

ratio can then be evaluated, using the standard elasticity relationships:

E = 2ku (5.5)
3k + u

v = k- 2u (5.6)
6k + 2p

5.5.1 Composite Model

Electron microscope studies, described in the preceding
sections, provide some useful information about the structure and
composition of composite constituent phases. On the basis of this

information, the composite polymer is divided into the polystyrene matrix
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(characterised by the moduli ks and ”s) and the dispersed composite
particles (characterised by the moduli %' and u'). The particle
inclusions are, in themselves, subdivided‘into the rubber matrix (kr and
“r) and dispersed polystyrene particles (ks and “s)‘ The volume fraction
of composite particles and the volume fraction of occluded polystyrene in
these particles are denoted by ¢p and ¢S,'respective1y. The fractioné]

volumes are related by:

Ty = ¢ ‘ _ (5.7)

where ¢ is the nominal fractional volume of rubber.

On the basis of the above consideration, the moduli of HIPS
‘haVe been calculated using the theoretical expressions derived by Dewey,
Kerner, Hashin, Hill and others*. | The properties of the constituent

composite phases are assumed to be as follows:

k =3.4 GPa k =1.9 GPa
8 P

w, = 1.25 GPa 'ur = 0.7 MPa
v = 0.335 -y =0.5

s P

¢, = 0.80 (fhe fractional volume of the occluded PS in composite particles)

The PS properties quoted above are main]y'from the experimental analysis
previously described in section 5.4. The moduli of PBD rubber are,
however, approximate estimations based on the data from the conventional

polymer and rubber handbooks (e.g. Brandrup & Immergut (1974)).

* See Chapter 2 (sections 2.3 to 2.5) for the method of derivation of the
expressions used in this section and also for the corresponding

references.
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éégf 5.5.2 Bulk Modulus

hs

The calculation of bulk modulus, i, of a composite polymer
presents no difficulty since the difference between plastic and rubber
bulk moduli is not very great. Also, thé theoretical expressions derived
for the lower and upper bounds of % by Hashin (1962) and those proposed by
Dewey (1947) and Kerner (1956b) yield an identical solution. The solution

for the modulus of the composite particle is given by:

(3ky + 4w (1 =k /K )(1 =)
(o, + au) -3 (k -k)s)

(k'/ks) = 1~ (5.8)
Substituting for the moduli of the constituent phases, and by assuming

$_ = 0.8, we have:

8

(k'/k) = 0.935 (5.9)

A similar calculation for the bulk modulus of the overall composite polymer
yields:
(k/k) = 1~ 0.344/(1 + 0.234) (5.10)

For the special case of ¢ = 5.55% (analogous to grade U A5.55), we have:
(i/ks) = 0.98 | (5.11)

$=56.566%

Because this fraction is very near to unity, any change in % would be

within experimental error and would be undetectable.

5.5.3 Shear Modulus Bounds

The calculation of shear modulus present more formidable

difficulties since the shear moduli of the PS matrix is about three orders
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of magnitude greater than that of the rubber phase. Moreover, the
approximéte theoretical expressions derived by various methods for the
sHear modulus of particulate-filled composites mostly differ greatly.
In 1964, Hash1n concluded that there is little hope of accurate]y |
predicting the elastic behaviour of composite polymers, because many
interacting parameters are involved. Since then, numerous approximate
theories were proﬁosed to calculate the shear modulus of particulate-
filled composites, which are only applicable to certain materials. Among
these the more noteworthy thebries will be mentioned.

By treating the composite as a set of plates in series and in

parallel, the extreme bounds of modulus are defined as:
Series (Tower bound) : w/u_ = 1/((1-¢) + ¢/p0) (5.12)

Parallel (upper bound) : wh, = I-=(1-yu)¢ (5.13)
where yu = w/u = 0.56 x 1073,  As illustrated in Figure 5.12, these
bounds are of very limited value because they are so far apart. | Closer
bounds for particulate-filled compos%tes,with arbitrary, spherical and
elliptical particle geometries were obtained by Hashin (1959,1962) and
Hashin & Shtrikman (1961,1962,1963). For two-phase particulate-filled
composites containing spherical inclusions of a relatively softer material
than the matfix, Hashin's lower bound coincides with the approximate
eqﬁation proposed by Kerner (Hashin (1962)). Assuming an analogous two-
stage composite model, as previously described, the shear bounds for
modified PS were evaluated. This method was first proposed by Bucknall
(1969), who calculated the upper shear bound of HIPS by feeding the upper

bound values for the modulus of the composite particle into Hashin's upper
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(1) & (6) : upper and lower bounds - parallel and
serial models

(2) & (7) : upper and lower bounds - Hashin (1962)

(3) : Hill's self-consistent formula (two-stage
: calculation)

. experimental data as plotted in Figure 5.10
: proposed formula - equation (5.25)
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Figure 5.12: The dependence of shear modulus on the rubber content of HIPS
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bound formula and, similarly, the Tower bound values were fed into the
lower bound expressions to eva]ﬁate the lower shear modulus. Bucknall's
method does not, however, provide a better solution because, using
Hashin's theory, a two-stage model calculation would yield the same results
as those obtained for a one-stage model. This can be shown as follows:

The upper shear modulus bound for the composite particle is

defined by:
‘ (1 -4¢)
W' o= 1 - g (5.14)
Az/01 - uo) -0, ¢s)
where:
’ k + 2u
o = %-—ii————ii- = 0.466
o < 3k + 4u
S S
Since = “r/“s << 1,‘equation'(5.14) reduces to:
W' =

1-(1-4)/(1=0 ) (5.15)

The Tower shear bound of a composite polymer is obtained by feeding the

results from equation (5.15) into Hashin's lower bound formula; hence:

u/us = 1 - cbp/[(l - ao)/(l - cbs) + o, cbp) (5.16)

By substituting for ¢p from equation (5.7), we have:

u/us = (1 -¢)/(1 + 0.8734) , (5.17)
Similarly, the lower shear bound of the composite polymer is defined by:

-~ u0+1—3cb
wWu = 11 M, (5.18)

S
u, +0.182¢
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and for M, << 1:

-~

W, = 0 : (5.19)

If a one-stage model is employed, the same results, as defined by equations
(5.17) and (5.19), would be obtained. Figure 5.12 shows the Hashin bounds
obtained for ¢, = 0.8. Obviously, these bounds are widely separated, and

cannot be effectively used for predicting the moduli of rubber-modified

composites.

5.5.4 Approximate Expressions'for Shear Modulus of Particulate-

Filled Compasites

There are several approximate theories proposed for the shear
modulus of particulate-filled composites (e.g. Hill (1965); Laws (1973,
1974); Budiansky (1965,1970); Halpin (1969)). Among them, the self-
consistent expression developed by Hill is mathematically the most
acceptable of the available theories (Bucknall (1977)).‘ The solution is
known as se]f—éonsistent because it satisfies the upper and Tower Timits
of the zero inclusion phase content (¢ = 0) and packed inclusions (¢ = 1).
The main disadvantage of the se]f-consistent theory ié that if generally
ignores the possibility of phase inversion in the composite and hence does
not distinguish between the dispersion of solid particles in a relatively
soft matrix (the case of composite particles in HIPS where the occluded PS
phase is floated in PBD),'and the dispersion of rubbery particles in a
relatively rigid matrix (the case of rubbery particles in HIPS).

Here, the moduli of the HIPS samples are evaluated by using
Hill's self-consistent theory. The solution for the composite particle

~is given by:
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¢ (1-¢) o u (1-¢)
g + S +5 £ 0 . S|l+2 = 0 (5.20)
(1 + ué ko) (1 + “é ké) (ué - uo) (1 - ué)
where: _
o' _ 4 M 4 M
Mo T T Ky T o) s ko= 3
S [ r

Substituting for values of Hgs M, ks, kr and ¢p'1n the above expression,
and solving the equation by an ijteration method, the modulus of a composite
particle is obtained as:

ué = u'/us = (.635 . (5.21)
The overall shear modulus of an HIPS composite can then be obtained by
substituting for shear and bulk moduli from equations (5.21) and (5.9) in
Hill's main formula, thus:

. 5¢ 5 (1 - 5¢) - 25¢

1 - 5¢ :
" 7 " - — 7 +2 = 0 (522)
1+ 0.43 uo 1+ 0.524 uo 1.575 uo 1 1 uo

where ug = u/hs.

Equation (5.22) can be solved by iteration for different values
of ¢. The solution is shown in Figure 5.12, where it apparently over-
estimates the shear moduius of HIPS when compared with the experimental

data.

5.5.5 Proposed Method to Evaluate the‘Modulds of Toughened Polymers

It has been shown that the Hashin and Hi1l self-consistent
theories do not provide accurate expressions'for predicting the modulus of

rubber modified polymers. As previously noted, the discrepancy in results
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is mainly due to the fact that neither of these theoretical approaches
accounts for phase-inverSion within the composite polymer. However, the
morphology of HIPS and similar rubber modified polymers clearly show the

presence of two different phases within these materials:

1. Composite particles which are composed of relatively

rigid PS phases floated in a rubbery media; and

2. The composite polymer aggregate which is composed of
PS/PBD particles of a  scft nature suspended 1in

a relatively rigid PS matrix.

In order to accurately evaluate the overall composite modulus,
the calculation technidue should inevitably be based on differing models
contrivéd for composites having rigid fillers (the case of the rubber
particle) and soft fillers (the case of the polymer aggregate). The
following method is proposed for the prediction of the moduli of rubber
modified polymers, taking the above consideration intb account.

In the first stage, the modulus of the combosite particle is
evaluated with the aid of "the modified Kerner's theory, as proposed by |
Lewis & Nielsen (1970) for the dispersiqn of rigid spherical beads in an
elastic matrix. The modified Kerner equation can be put in the form:

' (1 +a B ¢S) M,

(r) = (5.23)
Mg (1-849,)

where:
. (7 - 5vp) . - (1 - uo)

(8 - 10vp) (1 +« uo)
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and the correction function, y, is defined by:

~4,/(1=6 /4, )

b= (1-e )/, (5.24)

where ¢ is the maximum volumetric packing fraction of the spherical
dispersed particles. In the case of random suspension of rigid spherical
particles in an elastic body, $,, Was found to be 0.64 (Scott (1960), and
McGeary (1961)). For the special case of PS particles surrounded by a
rubbery matrix, ¢,, can techniéa]]y approach unity. This 1s because PS
particles are elastic and irregular in shape and may therefore be packed
together, separated by only a vanishing film of PBD rubber as the
surrounding matrix.

The shear médu]us of the composite particle is obtained by
substituting for the moduli and fractional volumes of the constituent

phases in equation (5.23). Assuming ¢, = 1 and v = 3:
W/, = 0.0625 ' (5.25)

In the second stage, the modulus of the composite polymer is
evaluated with the help of Hill's self-consistent expression for the
suspension of soft particles in an elastic matrix. By inserting the
solution (5.25) for the particle's shear modulus and the solution (5.9)
for the particle's bulk modulus in Hill's formula, the HIPS shear modulus
can be expressed explicitly in terms of the nominal rubber content

(assuming ¢_ = 0.8) as follows:

1-35 5 ‘ 1-5 5
1+ 0.49¢ u" tTE 0.224 u” 5 [16’ nr _¢1 T _¢un +2 = 0 (5.26)
. o o o
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This equation can be solved graphically or by iterative methods. Figure
5.12 compares the experimental data for a specially prepared HIPS
containing various rubber contents, the original Hill and Kerner equations,
and the proposed theory, as defined.by eqﬁation (5.26). As demonstrated,
the experimental values lie very close to the values calculated by

equation (5.26).
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5.6 SOME PHYSICAL PARAMETERS AFFECTING THE OVERALL MECHANICAL BEHAVIQUR

OF RUBBER MODIFIED POLYMERS

A substantial amount of the inconsistency associated with the
physical behaviour of rubber modified po]ymers is believed to arise from
the random variation in the structure of the constituting phases. The

following factors are noteworthy:

(a) Adhesivity of rubber partié]es to the surrounding medium: An

imperfect adhesion is usually observed when rubber modified
polymers are produced by mechanical blending. . The effect is
manifested by the appearance of small cavities around the
equators of the rubber particles which causes further crack
growth. In particular, this is a dominant factor when the
material is éubjected to impact loads, as will be discussed in

Chapter 7.

(b) Distribution and configuratioh of rubber particles: A1l the

theoretical models neglect thelprobabi]ity of an uneven
distribution of the particles in the composife polymer. The
problem arises when the concentration of the composite phases
differ from one region to another due to the coalescence of a
series of neighbouring particles. In addition, to simplify

thé problem, these ordinary theorie§ assume isotropic suspension
of spherical partic]és?in,the matrix. However, electron
microscope studies of HIPS does not always agree with this
assumption, whereas other particle configurations are observed
in various grades of the composite, depending on the processing

technique. Figure 5.13 is an example of orientated ellipsoidal



A.  Scanning electron micrograph (magnification = x5000)

B. Transition electron micrograph (magnification = x7500)

Figure 5.13: The dispersion and orientation of ellipsoidal particles ir

an anisotrpic rubber-modified polystyrene
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particle distribution in a PS matrix*.

(c) Microscopic craze and crack growth: Intrinsic fléws, either
produced during the processing 6f the polymer (due to
differences in the thermal expansion coefficients of the
composite phases) or as a result of loading, play an important
role in the overall mechanical properties of the material.

This will be studied in section 5.8.

(d) The presence of other additives (such as mineral oil and

impurities): The effect of mineral 0il on the mechanical and
fracture properties of HIPS has been studied experimentally by
Boldt (71973) and will not be further expounded in the present

discussion. (see also section 5.3).

* The electron micrographs are obtained by projecting the surfaces of the
samples on an oblique plane and, therefore, the picture of the
ellipsoidal particles obtained is, to some extent, attenuated in one

direction.
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5.7 THE DISTRIBUTION OF RUBBER PARTICLES

An accurate formulation of the effect of particle distributibn and
orienfation on the rigidity of composite polymers requires a formidable
statistical analysis. The sfmp]ified mode] presented. in this section
does not provide a precise prediction formula but may only serve as a
basis for further discussion on anisotropic composites.

Let us first consider a hypothetical composite  containing rectangular
parallelepiped particles as shown in Figure 5.14. Thé particles are
assumed to -be distributed uniformly in the matrix, where 7' and %' denote
their horizontal and vertical inter-distances from each other. This

“mode simply presents an anisotropic composite, since its properties
depend on the direction chosen. The model can be sub-divided into
equal rectangular parallelepiped particles of dimensions 7’ x A’ x %',
each containing one reétangu]ar parallelepiped particle of dimensioﬁ
a' x b' x b'. The following assumptions are necessary to develop the

hypothesis:

1.  Perfect adhesion should exist between constituent phases

of the composite;

2. Stress concentration due to the presence of particles is

insignificant;

3. The inter-effects between particles are negligible.
Thereupon, the total displacement of the composite is
simply the aggregate of the displacements of the

constituting components.
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To evaluate the elongation of each element 7, we regard the element
as a three-layer sandwich undergoing a uniform traction, o. The

displacement of the two top layers of the sandwich is given by:

= & (k' = b") (5.27)

A
top s

The average displacement of the middle layer is determined by
satisfying the equilibrium and compatability conditions; thus:
= E-Zli/[z -1 -5 )L (5.28)

A .
mid E, A

'where £, = EP/ES (EP and ES denote the moduli of rubber and polystyrene,
respectively).

If we assume the composite elongation per unit length is determined
by the aggreéation of the average displacements of each composite element

divided by the total length of the sample, L, we have:

+ A

] .
o 7 z (Atop mid) | (5.29)

Thus, the apparent modulus of the composite model is given by:

1- (1 —'go) ¢p

(1-(1-£)¢ ) (5:30)
1-g )08, -4

(EVES) =

where Bp = (a' b')/(R' L'), denoting the fractional surface of the
particles perpendicular to the applied stresé. The upper and lower limits

of the relative ~ ~ : moduli are given by:



At Bp/¢p = 1 -(upper limit) : E = E, (1 - ¢p) +E, ¢p (5.31)

At g, =1 (lower Timit) : & = 12/((1-¢)/E +¢ E) (5.32)

These eqﬁations are similar to those previously obtained for shear
modulus by treating the composite as a set of paral]e] and serial plates.

In equation (5.30), the geometry factor Bp can also be construed as
the degree of anisotropy of the composite material, since it is paraliel
to a number of smaller inclusions adhered together, forming orientated
particle chains in the matrix (see Figure 5.15). As an approximate
solution, the modulus of a composite material containing spherical
inclusions can be 6btajned by substituting for (Bp/¢p) = (9/16 (n/¢p))1/3
in equation (5.30). For grade U A5.55 of HIPS, we have:

8
d = (B-1) = 0.85 (5.33)
) 5,

Figure 5.16 displays the modulus of anisotropic HIPS composites as a

function of particle a11gnment,db = (Bp - ¢p)/¢p for £, = Er/Es = 0, and

¢p = 27.75% (representing possible types of grade U A5.55 of HIPS). As

illustrated in this figure, the composite modulus decreases hyperbolically

as the concentration of particles along the planes perpendicular to the

applied stress becomes greater. From experimental results, we have:
(B_—-¢)

(d/d) = —LE—L = 100 = (5.34)

*p

* The value of do is obtained from Figure 5.16 by substituting for €/ &=
/
.go = 0'647f
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Figure 5.14: Rectangular parallelpiped composite model
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Figure 5.15: An anisotropic composite model containing aligned rectangular

inclusion chains (b/a = 0.1)
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Figure 5.16: The effect of particle alignment on modulus of elasticity of HIPS. The square point corresponds

to the experimental value for grade U A5.55 of HIPS
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As this ratio is very close to unity, clearly no significant particle
orientation should. exist in these composite polymers. Therefore,

macroscopically, these grades of HIPS may be considered as perfect

isotropic materials.
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5.8 THE CRAZE. EFFECT

As previously discussed, in rubber modified plastics, rubber particles
have a dual ré]e of initiating crazes but preventing their propagation by
the initiation of fresh crazes at neighbouring rubber particles. For
this reason, the toughness -of a modified polymer increases many times. To
11iustrate this phenomenon, the e]oﬁgation to break (as a qualitative
toughness criterion) of several grades of HIPS were measured and compared
with that of crystal PS. - Consequently, it was shown that the e]ongétion
to break of, for example, a grade of HIPS containing 5.55% rubber content
was about 27 times greater than that of the parent crystal polymer. The
theoretical model developed and discussea in this section provides a basis
for the assessment of the composite toughness associated with craze

formation around the rubber particles.

5.8.1 Craze Formation Model

Consider a composite sample subjected to a tensile stress,
undergoing substantial craze growth. Electron micrographs of such a
material show multiple craze growth perpendicular to the applied stress
throughout the specimen (Figure 5.17). The theoreticé] model, shown in
Figure 5.18, is based on a similar empirical concept.

As illustrated, the model contains infinite infinitesimal
"penny-shaped" cracks of parallel equatorial planes perpendicular to the
applied stress. On the other hand, the model may be regarded as an
elastic body.containing an infinite number of penny-shaped inclusions
which are composed of relatively soft materials (analogous to a crazed
media).  Denoting s, and ¢ as the thickness and the radius of these

penny-shaped cracks, respectively, it is assumed that:
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Figure 5.17: The scanning electron micrograph of a fully yielded HIPS
specimen, showing the multiple craze formation perpendicular

to the direction of the applied load
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Figure 5.18: Composite model for multiple craze formation in HIPS
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In addition, the interaction between the cracks is neglected and therefore
the propertiés of the composite is described by the aggregate of the

effects of every isolated crack in an infinite elastic space.

5.8.2 A Single Penny-Shaped Crack in an Infinite Elastic Body

Sneddon (1946) haé studied the effect of a single penny-shaped
crack on the stress field of an elastic plate undergoing a uniform tensile
stress.  As a result, the conditions for the rupture of the plate has
been deduced.

The cylindrical displacement coqrdinates, Vs ua'and Vo in the
interior of an infinite body due to the presence of a penny-shaped crack

with an internal pressure, o, are given by:

vg = 0
v, = 222 (1m) Joa-w-wg L (Y T, (pr) dx (5.35)
. 40 c ® 8in T, -t
v, = - (1-v2) oj (1 + 2(1 v)) g 7 e J, (p1) dr

where p = r/&, t = 3/e, and r, 6 and z are the cylindrical coordinates.

E and v denote the modulus of elasticity and Poisson's ratio of the

elastic body, and J, and Iy denote the zero and first order Bessel functions
of the J-type, respectively.

The boundary conditions in the vicinity of the crack surfaces
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are described by*:

v, =0atz=0 (r > e) s o,=catz=0 (r < e)
The stresses produced due to the presence of the internal

crack pressure, o, will die out in any direction at infinity.

The displacement vector of an infinite body subjected to a
uniform stress, o, can bg deduced directly from equations (5.35) by
superposing an additional solution due to a uniform tensile stress on the
boundary of the elastic body. The boundary conditions will then be given

‘by the following equations:

ue 0
u, = U, (5.36)
_ oL

u, = F TV,

where L denotes the specimen length.

*0,0

2 Tpzs Tgo and t

r6° Tpz® Tap denote the orthogonal and shear stresses

in the media.
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5.8.3 An Infinite Number of Penny-Shaped Cracks in an Elastic Body

The composite model containing ¥ (¥ + =) penny-shaped cracks
is subjected to a uniform stress perpendicular to the crack planes. The

boundary conditions prescribed on the modé] are given by:

where a2, =3 denotes the equatorial planes of the cracks, and r. denotes
the radial distance from the centre of each crack. Similar to the
ahalysis performed by Sneddon, an internal pressure, o, is first imposed
within each crack and thereby the results are superposed on the solutions
obtained for a uniformly stressed plate (Figure 5.19).

Let v, be.the vertical displacement vector of the centre
top point of the composite model (point O in Figure 5.18) due to the
presence of the Zth crack, where its centre is defined by the cylindrical
coordinates 25 T and 6. The total displacement of the model due to

the presence of ¥ particles is determined by the following equation:

; .
v, = Z v, (P:52,) (5.37)

Since the cracks are symmetrically dispersed, the vector v, will remain

independent of the angle 6. From the Sneddon analysis (equation (5.35)),

we have:
© C.1 . ~C.T
_ 7 d sitn 1 z
Vyg T T8, [ (1 +— o - ) e J, (piT) dt . (5.38)
o 2(1—\)8)
where ¢, = z./c, o, =1r./c, and § = (4o ¢ (l—vé))/(n E) (denoting the
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Figure 5.19: The superposition principle in a multi-cracked body
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crack opening displacement).
Equation (5.38) can be rearranged in a more convenient form by

introducing averaging principles; thus:

<=

v, = Vjvz(r,z) av (5.39)

where the integration is performed over the volume, V, of the multi-cracked

model. Combining equations (5.38) and (5.39), we have:

GON em Cm pm

b, = -2 o3 [ fo(1 45 @) T8 (pr)drdodeds (5.40)
4 0 0o o o ] ‘

where Py = T -+ e, -and 6, = 2m. Performing the integration for ¢z and e,
we have:
§,3 (3-2v) v ¥ °nm

v, = - [ [p (LB TSy 5 or) drdp  (5.41)
/4 (l—vs) ) 3

To evaluate the above integration, we interchange the variables as:

T = X s p = (Y/X)
Hence:
60 e3 (3-2v) 1N ©» o

= - [ ] yAesXosm) 5y ayar (5.42)
V (I-v,) o (¥/p,) X3

The integral (5.42) can be solved analytically, assuming ¢ << 1 and

Py > After a long calculation, we have:

§ 2 (3-8 ) N o § 2 (3 -2v) N
v, = — d [ 7 (v ay 2 2
430 (1 - \)S) o 450 (1 - \Js)

i

(5.43)
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where s, is the gross cross-sectional area of the cracked model.
The total displacement of the composite model subjected to a
uniform tensile stress, o, is obtained by a simple superposition, as

previously described, hence:

N e3
4

_ oL _
u, = = (1 + (3 sz)(l + us)

) (5.44)

where [ denotes the composite dimension along the applied stress.
Equation (5.44) gives the elastic deformation of a body containing »
circu]ar cracks of radius ¢ subjected to a tensile stress, o. If we
assume that, on average, every rubber particle in the composite polymer
causes M, circular cracks (or crazes) around its equator, and expressing

the number of cracks in terms of the true fractional rubber phase volume,

we have:

uz/uo = [1 + é% (3 - 2vs)(1 + vs) ¢p p M&] (5.45)

where p = (c/0)3 denotes the ratio of the crack radius to the particle
radius, and U, denotes the displacement of an uncracked elastic body.

It is now appropriate to compare the ekperimenta] results for
HIPS (for example, grade U A5.55) with those predicted by the model
proposed. If we substitute the va]ues‘of v, = 0.33 and |

¢p = ¢/(1 - ¢é) = 0.2775 in equation (5.45), we have:
uz/uo = 0.206 p Mc + 1 (546)
In discussing the craze formation theory in rubber modified

polymers, it was stated that particles both initiate and control the craze

growth (Bucknall & Smith (1965)). In a material subjected to a tensile
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stress, the craze initiated from a particle propagates through the PS
matrix and will finally be terminated when the next particle is encountered.
In a fu]]y‘yielded material (at rupture), the average craze length is
therefore determined by the average dist&nce between particles. Assuming
a random distribution of particles in HIPS, the average distance between

particles is approximately given by:

— . 4

L, = 2{(3—1ro3/¢p)}1/3 . (5.47)
Assuming 7; = ¢, equation (5.46) becomes:

uz/uo = 1+25 M, (5.48)

Equation (5.48) suggests that, if each particle causes a single circular
craze on average, the final elongation at rupture of an HIPS material
containing 5.55% nominal rubber content increases almost 26-fold compared

to that of CPS. This is in excellent agreement with the experimental

results reported in section 5.4.
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5.9 CLOSURE

The study of-fhe morphology of various experimentdal and commercial
grades of HIPS reveals the random dispersion of the composite particles,
consisting .of occluded PS in a rubbery médiumw The rubber particles are
found to be almost spherical for commercial grades and ellipsoidal in some
" specially prepared samples.

The effect of rubber content on the mechanical properties of HIPS was
studied experimentally. The theoretical discussion which followed has
provided some theoretical methods to predict the modulus of rubber modified
po]ymers.. Subsequently, the effect of anisotropic dispersion of rubber
particles on the overall behaviour of these materials was analysed.
Finally, the theoretical model proposed for the determination of the effect
vof craze formation upon the material elongation to break may be used as a

basis to assess the toughness of rubber modified polymers.
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_ CHAPTER 6
THE_FRACTURE OF HIPS AT ROOM TEMPERATURE

6.1 INTRODUCTION

The conventional design parameters, based on Tow strain e]astic
properties, elongation to failure, yield strength and buckling stress, are
often accepted to be fundamental in the selection of materials. On the
other hand, an accurate knowledge of the fracture behaviour of materials,
especially when subjected to some sort of stress concentrator
(e.g. intrinsic flaws) is indispensible to the safe design of any
structural body. For rubber modified polymers in particular, the main
interest is focused upon the fracture properties of these polymers since
they are primarily formulated to overcome the poor fracture resistance
encountered in their basic matrices.

In practice, different polymers fracture in a variety of ways because
of the nature of the resisfance of each of them to the initiation and
propagation of the generated cracks. Some polymers (e.g. Pefspex (PMMA)
and CPS) exhibit a brittle behaviour in fracture, whereas some others fail
in a ductile manner (e.g. PVC at room temperature). When materials fail
in a brittle manner, the maximum stress is attained prior to yielding and
failure occurs due to the propagation of cracks from weakening flaws in the
material. The final strength is then predominantly determined by the size,
sharpness and other conditions (e.g. environment) of those flaws contained
within the material. These cracks usually grow almost instantly and so
lead to the rapid rupture of parts below the design criteria based on net
section or average stresses.

Ductile materials, however, normally fail at stresses above the yield

point and are only slightly weakened by the presence of cracks. In
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metallic materials, dpctile failure is usua]]y accompanied by work
hardening and plasticity. In polymers, the phenomenon of work hardening
is associated with the appearance of crazes. A craze is believed to
consist of voided regions which always uhdergo work hardening (Bucknall &
Smith (1965); Bucknall & Street (1967); Boyer et al (1970)). As the
Toad increases, the craze will gradually grow around the crack tip and
spread through the specimen. This crazing phenpmenon blunts the crack
tip and thus prevents the material breaking below the yield stress. When
the fracture eventually begins, the crack propagafion speed - will be much
smaller than that of brittle materials since a large amount of stressed
void regions is produced which acts as a crack inhibitor. For example,
"when rubber modified PS breaks under ductile conditions, the crack
Apropagation speed does not exceed 30 cm/min in the most unstable situations.
On the other hand, when the same material fractures in a brittle manner,
the crack speed is usually greater than 100,000 cm/min, which appears to
be an instantaneous rupture.

In general, various grades of rubber modified PS behave differently |
depending on their rubber grafting percentage, particle configurations in
the matrix, manufacturing procedure, etc. The main objective of the work
to be described in this chapter is therefore to develop an accurate basis
on which the ductility or brittieness of HIPS with differing rubber content
can be assessed.

For HIPS, the material brittleness can be qualitatively estimated by
direct inspection of the fracture surfaces of broken parts of a pre-notched
specimen. As previously noted, the craze production in polymers is
identified with work hardening andAthereby denoting the extent of the
material ductility. In HIPS, crazing is manifested by a whitening process

and thus an estimate of the amount of work hardening can be obtained by
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visual examination. To a first order of approximation, an exact
measurement of the craze created ahead of the crack tip can therefore yield
a quantitative basis on which to assess the frécture toughness. This can
also be estimated theoretically by a hypofhetica] model (proposed By
Dugdale (1960)) as will be shown later.

As stated, the fracture toughness of rubber modified polymers is easy
to assess qualitatively by visual inspection as relatively weak materials
have a smooth flat fracture with 1ittle crazing, whereas the tougher grades
normally exhibit considerab]e'plastic deformation. However, the
difficulty remains of how to quantify it in a satisfactory manner. The
reason for this is due to the fact that these toughened polymers cannot
‘usually be defined clearly as either brittle or ductf]e, owing to their
intricate fracture behaviour. ~In the case of HIPS, the fracture behaviour
largely depends on the test conditions and also the validity of the plane
strain assumptions applied to the specimen.  Under normal laboratory
conditions, successful grades of HIPS mostly break in a ductile manner even
at the highest strain rates (Ferguson (1973)). In practice, however, it
is occasionally observed that these materials fail in a brittle manner at
low stresses.

Therefore, it is important, bearing in mind the uncertainty of
fracture behaviour in HIPS, to attempt to forecast the brittle conditions
of failure and thereby to determine a genuine estimate of the fracture
toughness of different types of HIPS. Such an attempt should examine the
effect of specimen geometry and crack configuration, notching technique,
environmental conditions (e.g. the application of a constraining media,
such as fragile but rigid glues on the initial cracks) and other specific
conditions leading to a brittle fracture in HIPS. This should provide a

consistent and appropriate method of measuring the fracture toughness by
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maintaining the conditions for a brittle failure, which can be extended

to appraise the effect of rubber content in HIPS.
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6.2 BASIC LINEAR FRACTURE TOUGHNESS CRITERION

In linear fracture mechanics, the stress within a small region near-:
the crack tip can be characterised by a single parameter, such as the
stress intensity factor, X¥. This paraméter is a function of the geometry
of the cracked body and the applied stress alone, so that the stress field
for different geometries varies only in the way X is defined. The linear
fracture mechanics criterion.postulates that there exists a critical value
of the intensity factor at which unstable rupture occurs. This value
(i.e. the fracture toughness,'Kc) is independent of geometry and loading.

The intensity factor of a pin-loaded single-edge notched specimen is
given by: |

XK'= oY va , (6.1)

where o and a denote the current applied stress and crack length,

respectively, and Y is the correction factor defined by:
= - a 52 _ 23 )L
Y 1.99 - 0.41 (5) + 18.70 (D). 38.48 (D) + 53.85 () (6.2)

where D is the specimen width anng the crack (Brown &.Srawley (1966)).

The intensity factor of a pin-loaded semi-elliptic surface notched
specimen can be approximately eva]uated‘as follows (Paris & Sih (1965);
Smith (1966)):

%

-y - )28 1o 7 a|” ¢
K = |1+0.12 (1 b))[a tan 23) o Ya/o (6.3)
where a and » are the crack depth and half width, respectively, B is the
specimen thickness, o is the applied gross-stress, and the function o is

given by:
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P
0o = {(f a-Po

sin? 0)% de)2-0.212 (o/c )2}% (6.4)
o b2 Y

where cy is the effective yield stress of the material. The accuracy of

this equation is about + 5% if the crack geometry is limited by:

%- < %
(6.5)

0.1' <

In principle, the linear fracture mechanics criterion i§ only a éogent :
hypothesis if the material tested behaves in a Tinear elastic manner and
exhibits no more than small scale crazing (or yielding). The applicability
of linear fracture mecﬁanics should therefore be restricted by the
fo]]owiﬁg inequalities (Weiss & Yukawa (1965); Brown & Srawley (1966);

ASTM (1973)): |

K

(<22 < 2.58 (6.6)
y

(gi) < 0.75 (6.7)
y

Expression (6.6) prescribes the plane strain conditions, where the
minimum fracture toughness and maximum consistency in the experimehta]
data will bé achieved. To satisfy this inequality, the minimum required
thickness for commercial types of HIPS must be in the range of 100 mm to
200 mm which is usually impractical. However, as will be shown in later
sections of this chapter, the plane strain conditions can satisfactorily
be maintained for much thinner materials if wider specimens (D > a + 4.5 cm

for single-edge notched specimens) are employed.
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The inequality (6.7) is, in effect, a prerequiéite for brittle
fracture in which the failure occurs below a certain stress level
(i.e. 0.75 oy). On the other hand, if the material is subjected to
stresses close to the yielding strength,‘the final fracture takes place
in a ductile manner, and the use of linear fracture theory Eecomes
inappropriate. If the conditions required for brittle fracture are
maintained, the K, criterion can accurately predict the failure of cracked
bodies and thérefore is a useful engineering tool for both the evaluation
of stressed components and the selection of materials. Consequently, the
main interest of this study centres upon the brittle fracture of HIPS and
the attempt to ascertain the conditions which induce such catastrobhic

rupture in these materials.
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6.3 PREVIOUS STUDIES OF THE FRACTURE OF HIPS

In recent decades, the application of fracture mechanics has been
extensively investigated for a wide variety of thermoplastic polymers.
In particular, the fracture properties of commercial grades of HIPS have
been studied by many reseafchers, using both Tinear and yielding fracture
criteria (Van den Boogart & Turner (1963); Ferguson et al (1973);
Parvin & N{lliams (1976)). The first of these ;tudies was not conclusive
and failed to determine the fracture toughness of both blunt and sharp
notched HIPS specimens due to an apparent ductile tearing of the materials.

As far as it is known, the most exhaustive research in this field was
carried out by Ferguson (1973), who applied Tinear and yielding fracture
criteria for a medium grade of HIPS. To evaluate the fracture toughness,
'Kc, Ferguson made use of 50 mm wide single-edge notched and four-point
bend specimens. The ﬁotches were made using fresh razor blades to
sharpen-the saw-cuts to the approximately required crack Tengths.
Although attempts were made to minimise the craze bundle created at the
crack tip (which will remove the severity of the notch), the quality of
the notch sharpness and therefore the validity of the notching technique
employed could not be ratified due to the opacity of HIPS. In his
conclusion, Ferguson pointed out that the failure of HIPS cannot be
characterised by a linear fracture theory. Consequently, the crack
opening displacement (COD) and the Rice path-independent integral (J)
criteria were used to obtain a reasonable fit to the experimental data.
On the other hand, Tinear fracture mechanics was proven to be an adequate
approach for predicting the initiation of cracking and crazing ih these
materials.

It is the author's belief that, although the comparison of materials

can be done elegantly under ductile conditions using yielding fracture
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criteria, the app]iéabi]ity of any fracture parameter obtained in ducti]e
situations to predicting the brittle fracture of these polymers is unclear.
In other words, tests on specimens fractured under ductile or brittle
conditions may rank materials in_different order of merit. As will be
“shown in later sections of this chapter, a predominantly brittle (or semi-
brittle) fracture can be obtained if suitable specimen geometry, crack
configuration and environmental conditions are emp]oyed. Consequently,
the fracture phenomenon can simply be described by a linear fracture
criterion and thus avoiding the more intricate parameters, such as COD
and J e

The second relevant study is due to Parvin (1975) who used single-
edge notched and surface notched specimens to investigate the effect of
material thickness on the fracture toughness obtained, and found reqgions
of both ductile and.brfttle failures with a distinct transition between
them. .He attributed this ductile-brittle fracture transition to a change
in the constraint on the crack surfaces which consequently leads to a
change in the mode of fracture from plane stress to plane strain. On
this basis, two fracture toughnesses were defined for a commercial grade
of HIPS, describing the resistance of the material at two extreme modes of
fracture, corresponding to fully plane stress and plane strain conditions.
Parvin's experimental analysis is based on a modified theoretical model
first introduced by Bluhm (1961,1962). Apart from a need to perform a
large number‘of tests for accurately describing the fracture behaviour of
materials, the main disadvantage of Parvin's technique rests upon the.
unjustified modelling assumptions. Hence, the fracture toughnesses of
extremes of plane strain and plape stress conditions were computed by
extrapolating the experimental data obtained for single-edge notched and

surface notched specimens, which are subject to composite plane stress and
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plane strain conditions.

Parvin's hypothetical modelling can, however, be avoided if the
fracture toughness at the critical plane strain conditions can be directly
obtained from the experimental results for brittle fracture, and
consequently an experimental programme was devised to attempt to induce

failure under fully plane strain brittle conditions.
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6.4 EXPERIMENTAL PROGRAMME

6.4.1 Materials

The materials selected in the first part of this work were
commercial grades of medium impact PS whith were supplied in compression
moulded sheets of 1.6 mm, 3.2 mm and 6.4 mm nominal thicknesses. ' These
materials were supplied by the Plastics Division of BP Chemicals Limited
and were their grade CP40 (hereafter referred to as BCP) and grade 83CFT
(hereafter referred to as'BCF); BP quote a medium crack resistance and a
medium impact strength for these polymers. Type BCF is, however, usually
blended with other grades of HIPS before marketing.

In order to obtain the tensile properties of these materials,
they were subjected to tension tests at 1.0 cm/min cross-head speed and
the results, together with data quoted by BP (tested at 0.5 cm/min), are
as follows: |

| Grade BCF = 15 MN/m2

(against 16.2 MN/m2 from BP)
Tensile Strength at Yield {

Grade BCP = 20.5 MN/m2
(against 21.5 MN/m2 from BP)

. -Grade BCF = 50% (from BP)
Elongation to Break {
‘Grade BCP = 40% (from BP)
Grade BCF = 1470 MN/m2
(against 1560 MN/m2 from BP)
Initial Modulus {

" Grade BCP = 2070 MN/m2
(against 2170 MN/m? from BP)

Grade BCP
Izod Impact Strength (by BS 2782) {
Grade BCF

60 J/m (from BP)
101 J/m (from BP)

Particle Size (for BCF) 1-7 microns (mean = 4 microns)

Rubber Type Used (for BCF) High CIS polybutadiene (BPD)

Grafting Percentage of Particles 20-25% PBD & 75-80% occluded PS

—— — A e

C
Grafting Procedure (for BCF) Free radzsl grafting



- 179 -

The second part of the present work was devoted to the study
of the effect of rubber content on the fracture toughness of some specially
prepared grades of HIPS (hereafter referred to as U A0, U A1.11, U A2.22,
U A3.33, and U A5.55, where the digits following the alphabetical code
denote the nominal rubber contents)._ These materials were supplied in
extruded sheets of 3.2 mm nominal thickness by the Chemical Division of the
US Steel Corporation.  The mechanical and processing specifications of

these materials have previously been given in Tables 5.1 and 5.2.

6.4.2 Specimens and Notching Techniques

Ferguson (1973) and Parvin (1975) employed different notching
_techniques and compared their fracture performance. In the first of

these studies, a razor blade (mounted on a jig which was fitted to a
Vickers Hardness Testing Machine in order to control the razor blade
penetrafion) was slowly forced into a saw-cut in one edge of the specimen.
Although the crack produced by this method was apparently square and sharp,
considerable crazing and plastic deformation was observed at the crack tip.
The most satisfactory results were later obtained by Parvin using a sharp
fly-cutter for notching the specimens. In the present work, preliminary
experiments on various types of HIPS have shown fhat the cracks produced
by machining were sharp and, as material was gradually removed by the fly-
cutter, no craze or plastic deformation was observed. Figure 6.1 shows
the machining technique used.

Single-edge notched specimens were manufactured using a milling
machine to the required dimensions (Figure 3.1). Slit gaps of different
depths were then machined in one edge of the specimens and the final sharp
notches were introduced into the slits using a fly-cutter of a radius of

about 50 mm to 75 mm and a wedge angle of about 30 to 4°. The surface
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Figure 6.1: Notching technique for single-edge notched specimens
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notches were similarly made using a fly-cutter of radius 15 mm to 25 mm

and a wedge angle of about 29 to 3° (Figure 3.2).

6.4.3 Test Conditions and Apparatu§

A1l experiments were carried out in an air-conditioned
laboratory where the temperature was maintained at 20°C + 1°C and the
relative humidity at about 50%. Specimens were.carefu11y prepared to the
required dimensions and notch lengths, and then allowed to normalise at
ambient cond{tions for at Teast one week prior to performing tﬁe tests.

. ATl specimens were loaded on an Instron Universal Testing
Machine (capacity 160'KN) that was capable of cross-head speeds of between
0.005 cm/min and 50 cm/min. Initially, the process of craze and crack
propagation was carefully observed by use of a travelling microscope and
the initiation and probagation points were marked on the Instron chart
using aﬁ event recorder. In later experiments, a closed circuit TV set
and a Video recorder were used and the testing history was then recorded
for further analysis. The timing of the TV recorder and the Instron
plotter was synchronised by attaching an .alarm light to the Instron chart
event recdrder. Consequently, by turning on a common'switch, signals
were recorded on both the Instron chart (by the event recorder) and the TV
screen (by the alarm light) simultaneously at any required moment.

For measuring the craze and crack parameters (the starting
time, the initial lengths, the critical lengths at instability), the
results recorded were carefully analysed by replaying the Video tape
recorder at one-fifth of the actual recording speed. The pertinent loads
at the start of craze and crack growth and at crack instability could then
be read directly from the Instron chart, which was synchronised with the

TV recorder.
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6.5 INDUCEMENT OF BRITTLE FRACTURE BY MEANS OF COVERING THE CRACK

Empirica] observations have shown that polymeric structures, such as
a pressure gas pipe made of HIPS, are liable to brittle failure when their
intrinsic surface cracks come into contaét with a fragile glue. This has
been explained as follows:

When a crack is covered by a relatively rigid material (even if the
crack comprises merely shallow surface scratches), plane strain conditions
prevail. -As a result, the fracture toughness of the material drops
significantly leading to a premature brittle rupture of the article. This
phenomenon is sometimes referred to as "sympathetic fracture" since it was
believed that the sudden fracture of a relatively ductile polymer was
followed by the brittle fracture of the overlaying fragile adhesive.

The aim of this preliminary work was therefore to gain an understanding
of the fracture behaviéur of a chosen grade of HIPS which was exposed to an

Araldite glue.

6.5.1 Glueing Method

The tests were carried out on six batches of surface notched
specimens made from a compression moulded sheet of BCP of a nominal
thickness of 3.2 mm. The samples were machined in 150 mm x 50 mm
dimensions and notches were then produced by using a fly-cutter of a
constant radius of R = 17.2 mm.  The experiments were performed at a
med ium Instfon cross-head speed of e, = 10 mm/min.  In order to analyse
the glue coating performance, cracks were covered by a layer of Araldite

in six different ways (Figure 6.2):

Batch 1 : No glue was applied
Batch 2 : Two small bulbs of Araldite covered the crack

tips only



Batch No. 1

Batch No. 2 Batch No. 3 Batch No. 4 Batch No. 5

Batch No. 6

T

i,

Figure 6.2: Methods of application of Araldite on surface notched specimens

- €8l -
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Batch 3 : A thin layer of Araldite, 0.6 mm thick, covered
the crack ,

Batch 4 : A thick layer of Araldite, 1.5 mm thick, éovered
the crack | |

Batch 5 : A thin Tayer of Araldite, 0.6 mm thick, covered
the cratk and extended to the edges of the
specimens '

Batch 6 : The crack cavity was filled with Araldite to the

" specimens' surface level

In order to speed up the Araldite hardening process, all specimens were

then heated up in an oven at about 90°C for a few hours.

6.5.2 Experimental Results

Taking the initial crack length and the maximum applied load,
critical intensity factors were evaluated according to the theory described
in the preceding sections. The initial crack dimensions were primarily
Ameasured using a scaled microscope. In the case of surface notched
specimens, however, a direct assessment of the crack dimensions was
sometimes difficult and could be erroneous, particularly for sma]l notches.
To overcome the problem, the crack depth, a, and the fly-cutter radius,

R, wWere recorded during machining and subsequently the crack width was
calculated from the geometry of the crack. The geometry equation is
given by:
b2 = R 2 - (R - a)? (6.8)
The experimental results are collated in Tables 6.1 to 6.6.

As demonstrated, the scatter in the data obtained is considerable and the



TABLE 6.1: HIPS, Grade BCP

Surface notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m2;

Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the maximum applied
load;  Batch No. 1: exposed surfaces. |

1 . 320 1,210 C1id 1,77 085 3ade 133, 1.732
2 «330 1.425 « 155 1.72 «149 322, 135, 1.79
3 . 320 £.379 e192 1.7 L20k 295, i84, T
4 . 350 1.578 .215 1,76 204 279. 159, 1475
5 .31 1.315 .259 1.72 $319 265. 171, 2.90
6 L3¢ 54333 287 1.70 . 369 234, 149, 3.25

- . D Y A D = Y e Ve W e M e e T D e e e W D = S e Y S R D W e e

LOAD EXCEZNS 3/4 OF THT AZLESANT YIZLJ STRESS FOR SPECHMENS HO. 1y 25 3y 5

CAXXXKANKX XA KAXXXKKXXAXKXKXXKR XX XXAKKKK K AKX KL KAXXK X XRAXXXXAXKXK LK KK KR AR XX K KX KN XX A

AXKXAXXKAA XKL LRNEXR AXXAX AL AXIXXAXLIX L7 TLKX
S5TRESR T T 10T02 =3.05
STRESS_ I 1 ACTO% =1.32
RE:3 DITE N2 22,15 .
z CF 7 ENSITY FACTOR RESULTS = .5069
B DZviaTr SZIULTS = 755
3 IIROR_A LTS = .338
TEFT L4632
5 0F 7 .1%6
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TABLE 6.2: HIPS, Grade BCP

Surface notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m2;
Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the maximum applied
load; Batch No. 2: two blobs of Araldite cover the crack tips.

10 SFECTHgy FIOTH SR SIITH CRAGS OCHTH GRAGKINGIUS SCK ARG P00 705 STRESS TGS LI
1 332 1,245 .118 1,70 .09) 538. 205, 1.54

2 . 356 1.365 “136 1.83 .27 350, 2a0. 1.63

3 340 1.559 180 1.76 138 321, 189, 1.93

4 . 310 1,572 L212 1.75 .239 263, 1635, 2.24

5 . 350 1.835 . 269 1.76 335 28%. 165, 2.55

& . 340 1.189 .295 i.71 . 305 274. 151, 2.96

(5AD EX3C3I5 340 37 ThE RZILIVANT vIZLD STRESS FOR SPICMINS NOe 1y, 2, 3, b4y 5,

XXXXXXXKXXXXAXAXXXXXAKXXXAKXXXXXXXXXAKXXXXKXKXXXXXXXXKXAXXKXXXXXXXXXXXXXXKAX

XXXXKXXAXSE XAXAKAK XX LAY LLIRXX KX AXK XLLXRXAX
MAX MUY STRESS IHTIHSITY FAGTNR =2,96
MINIAUM ST2E3 INTZHSITY FASTOR =21.54
MEATE STRESS IMTENIITY FAGTOR =2.13
VARIANGS CF THE STRIGS_IATENSITY FACTOR RESULTS = 309
STAHIARD DEVIATINN OF THE RZSULTS = _.556
STAMDARD ERRJ2_NF THE RESULTS = , 227
SKEWNC3S QF THE REDULTIS = 275
KURTOSIS OF THE RESULTS =1.215
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TABLE 6.3: HIPS, Grade BCP

Surface notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m?;
Cross~head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the maximum applied
load; Batch No. 3: a thin layer of Araldite of 0.6 mm thickness covers the crack (but not extended further to
the specimen edges).

NO SFELIMEN WIDTE CRAGK WIITH GRASK JIEPTH CRAGK RADIUS GRACK AREA APPLIED LUAD APPLIED SIesS INTENSITY FoCTOR
{CMa) 1) B { ML) (SQ.CM) (KGoF (KEF/3Q4CM4) (N7, **1.5)
1 Jz22 1,042 P110 1.72 <489 343, 214, 1.52
2 .320 1,304 e 145 1.72 \135 337. 21t 1,74
3 330 L.350 ] 1.75 eitl duda ¢ 2. 1,99
4 .330 1.696 $213 1.75 250 319. 193, 2.50
5 . 320 1.795 L2514 1.73 C305 265, Lube Z.50
6 L340 ~.a27 T 147% . 581 248, 154, 433

AXXRAX T AXXRIXXXI AXLX AXAY {IXXYXRIRKAXLXAXXKXXXAXAXKXAXXXLXXXEXXXXKKAXXX KKK LKL XX XX KRR AALXKXX LAY KX KX L ARXLXXKXK AR XX XAXKAX XX XK XX XA
MAXI4UN STAETT TMNTIMSITY FACTOR =4433
MIMNIMUY STRELS INT™Ho ITY FASTOR =1.52
MoalN $9R2E50 IHTANTTENY FALTOR =2,410
JAJIANCL OF T2 STRISS TUTZHSITY FACTOR_RESULTS =1,.15
STANDy RO JEZVITTIIN OF The RESULTS =u.vu?
STANDARD £73R07 OF THi _RESULTS = 411
CREHNL LS OF THI RISLLTD =1.403
KURTOGIS CF THE RISULTS =2.560
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TABLE 6.4: HIPS, Grade BCP

Surface notched specimen of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m2;
Cross-head speed = 10 mm/min; K, values are' evaluated, using the initial crack length and the maximum applied
load; Batch No. 4: a relatively thick layer of Araldite, 1.5 mm thick, covers the crack but not extended
across the specimen width to its edges .

10 SPECTIG KIDTH SRR ITH BRATY UCRTI RAGK RDIUS SRREK AT MOPLLES LORY A3RLLZ STREYS TN GUSTY. L]
1 . 320 1.233 o1l 1.72 <0394 347, 217. 1.55

¢ 321 L.460 DY 1476 162 353, 2.9, 1.99

3 32 1.6530 <130 1.72 o106 333, 212, 2409

L « 320 1.588 2183 1.74 29 220, ¢C0 . Qa3

S 340 1.900 .« 25 1.74 « 306 337. 133, 2.74

6 « 320 1.37% 276 1.76 343 164 160, 1.77

- . TS s - — B - - - - - - - = n W A e 48 S v G e s e 4D W W ey OV av Y ww v Y v WY W v S YOV = W W 4e e S v W W

LOAU LXCEZE 344 0T THT PILUVANG YILLD S(RESS FOR SPELMuNS NJe 1y 2, 35 b4y 5

xxxxxxxxXxXXxxxxxxxxxxx»<xx<>x:x<xxxx<xxxxxxxAxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxAxxxxxxaxxxxxxxxxxxxxxxxxxx
MAXIMUL S iR€S5 JN-THOTIY Figine =2,74
MINIMUE STRESS INTIASITY FACTOR =1.25
Min H STRESS IITINSITY FALTOR =2,09
VARTIAMNC: CF T~ 'ST2{535 INT=HSITY FACTOR RESLLTS = .186
CraNL o JIVISTTIN NP THE RELJLTS = 431
STANDLKD ZRO2 A5 THF RESULTS = 4176
SKEWNESS QF THT RISULTS = 204
KURTOSIS CF TH¥ RISULTS =1.374
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TABLE 6.5: HIPS, Grade BCP

Surface notched specimen of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m?2;
Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the maximum applied
Toad; Batch No. 5: a thin layer of Araldite, 0.6 mm thick, covers the crack and extends further to the edges
of the specimen),

MO SPECTAE!H WIDTR CRAGY UI2TH CRAGK OCPTH CRACK RAGIUS CRACK AREA APPLIEL LOad 4PPLIFY STPESS INTEMSLIY FACTCR
(S (T4 Sl {35) (SGe40) (<ueF) (KGE/Savima) (M7 *¥103)

1 . 320 1.208 (112 1.68 LU91 s16. 198, 1a4n

E . -‘13 :l’lq" ...31 L-e] l*‘g 51""- 1915 1.‘33

5 . 330 1.5%5 113 1e70 «292 3. 132, 1.05

4 . 330 1.700 .226 1.71 Y 230, 170, Zaih

5 . 1.330 .257 1.70 . 351 159, B3, 1,40

6 . 35, 1.5853 277 1.7% . 354 204, 117, 1.90

L0AD Lhe S73% 3/h 77 “0L RELZJAHT YLIELZ STRESS FOR LPECHLNG NG. 1, 25 3y &

MaXIMUD S7FC 0 T THMSINY FroTOR =2.14

MIATAUE STR05° TUTTENEITY FASTOR =1.40

Mot ST2L53 DITAMSTTY FouTI0 =.0,72

VARIAMCCTZE T4€ ST2: 38 TUTZSITY FACTOR RISULIS = .090
STRLAPT JEVISTION OF LHZL RILULTS = L300

STANDL KD 22903 0F THr _RZGULTS = 1123

SKIWNESS OF THI RWSULTS = .25

KURKTOSIS 7°F THE PISOLTS =1.101
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TABLE 6.6: HIPS, Grade BCP

Surface notched specimené of nominal dimensions of 3.2 mm x 50 mm x 150 mm; Material yield stress = 20.5 MN/m?2;

Cross-head speed = 10 mm/min; K, values are evaluated, using the initial crack length and the maximum applied
load; Batch No. 6: the crack cavity is filled with Araldite to the specimen surface level,

NO SFECImMEN WIODTH CRMCY WITTH CRACK DFPTH CRACK RADIUS CRACK AREA APPLIED LOAD APPLI:G STRESS INTE’QIT\ FAlTORr
{ e cH { 1SQelbMy) (KG.F) (KGF/524CMal (MM, %1 ,5)

e " oM

1 £330 1.212 0220 1.72 .089 333, 202. Lel2
2 $ 329 1.417 R 1.77 141 314, 195. 1.63
3 « 370 L.5i8 TS 1.77 L2230 315, 133, 2.00
&L « 320 1.671 « 217 1.706 248 263 177 213
5 <340 1.791 .252 1.72 +306 286, L FERT
[S) oS 1.383 3 Le7? « 351 2670, 153, 24935

L0 cASEINS J/L AT T RRtIVANT YI-LD STRESS FOR SPECMENS NO. iy, 2, 3, 4, 5,

KX AXAN SN A ORI X LLRLCLN DRI RER KSR LLLXKILELXXLXNXXI L EAK XKL OXXAXKLKRL KL LRRK LR XKL RERHXRKKA L KRN XXX LXK X
MAXTAUN STAC3S IM[ZHSITY FAGTOR =2,95
HINIACH 312857 _I~TTHTITY FASTON =1.42
MIAD LU RESS TUTIMITTY FECTOR =2,00
JARIANGS GF 717 STRLIS_INTIISITY FACTOR_RESULTS = .288
STAMA: K3 JSVTSTTAY 3F TH: RZSULTS = .537
STANDAND Z3r)2 07 TG7 RETULTS = 216
S ddt s CF THI 2755105 = 340
KURTOSI5 CF T4E T3ILT3 =1.571
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apparent fracture toughnesses show a strong dependence on the initial
cracks whereas, if the theory is valid, fracture toughness should‘be
independeﬁt of notch configuration. As the matter stands, a statistical
analysis of the results can provide a cohparative basis upon which the
consistency of the data obtained can be verified. Hence, the mean value,
standard error, skewness and the Kurtosis of the results were evaluated
and noted below the tables. ‘

When no glue was applied, all specimens failed in a ductile
manner with a large amount of crazing produced prior to final fracture.

In the best cases, when the glue was spread over the crack and extended
to the speéimen edges (Case 5), the fracture occurred in a semi—bfitt]e
manner with a Timited amount of observable craze and slow crack growth.

In Figure 6.3, the applied stress at fracture is p]ofted
versus the initial craék lengths for sﬁecimens having different glue
coatingAprocedures. As shown, the data are scattered between the line
of yield stress (i.e. the net stress with reference to the material
ultimate stress) and the fracture mechanics criterion (i.e. the fracture
toughness with reference to the mean experimental value). However, when
no glue was used, the values of the maximum applied stfesses were closer
to the yield stress line whereas, in}Case 5, the results indicate a
relative accuracy of the linear fracture mechanics criterion, particularly
for specimens with longer cracks. Moreover, the Towest fracture
toughness (Ké = 1.7 MN/m3/2) and minimum standard error (Se = 0.123 MN/m3/2)
were obtained when the crack was covered by Araldite, as in Case 5.

As a conclusion to fhe work described, it can be noted that,
even if a thin layer of a relatively hard material properly covers the
crack surfaces of an ostensibly ductile polymer, plane strain conditions

would prevail, thereby leading to a brittle (or semi-brittle) fracture of
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the article. However, the poor consistency of the data presented
prevents an accurate assessment of the fracture toughness of the materials

tested.
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6.6 THE EFFECT OF NOTCH GEOMETRY

As previously discussed, the plane strain mode of fracture requires
the least energy to cause failure and, to maintdin the plane strain
conditions, the strength of the constraiﬁt on plastic flow at the crack
tip must be enhanced. Since, in a relatively thin material, plane strain
conditions do not exist'across the whole thickness, a layer of fragile and
rigid adhesive was applied on the specimen surfaces to strengthen the
overall rigidity of the material through the thickness. Nevertheless, if
the fracture toughness has to be evaluated, the reinforcement method does
not provide a satisfactory solution since the normal stress field around
the crack tip will be affected by the presence of the hardener.

On the other hand, in Chapter 3 it was shown that the extent to which
the plane stress effect penetrates the thickness is determined by the
p1asticvradius, rp = 1/2n (Kc/oy)z. If this constitutes a considerable
proportion of the thickness, the apparent~Ké evaluated is a composite
quantity made up of contributions from the plane strain fracture toughness,
K; relevant to the brittle mode of fracture in the mid-thickness layer and
the plane strain fracture toughness, Ky s relevant to the ductile mode of
fracture in the outer layers of the specimen. The apbarent fracture
toughness obtained is therefore a function of K, and K,, and is strongly
influenced by the effective thickness of the material. In the extremes,
KZa and KZc are measurable for infinitely thick and infinitely thin
materials. | Otherwise, as discussed by Parvin (1975), these values can be
calcu]atéd indirectly from two sets of déta collected from specimens
containing different crack geometries using equations (3.30) and (3.31).

" The subsequent experiments to be described in this section form an
attempt to investigate the effect of crack geometry on the fracture mode

of HIPS, using single-edge notched and surface notched-specimens. The
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thickness effect will then be analysed by the comparison of the results

obtained for different crack geometries.

6.6.1 Surface Notched Specimens

Surface notched specimens were manufactured to the dimensions
of 150 mm x 50 mm from compression moulded sheets of 3.2 mm nominal
thickness.  Notches were produced using a fly-cutter of radius 22.64 mm.
Observation of the crack tip was found difficult becausé of the opacity of
the material and the particular crack configuration thus making it
impossib]e'to decide when crazing or slow crack growth-initiated.

In general, the fractufe behaviour can be classified as nearly
ductile in which the final failure was abrupt, but large scale crazing and
limited slow crack growth took place. The experimental results are
collated in Table 6.7 thch again displays a large discrepancy from the
K, critérion. In contrast, with few exceptions, the net stress at rupture
approximately coincides with the yield stress of the material.

. If an apparent fracture toughness is computed from the data,
then the average value is found to be about 1.9 MN/m3/2. " Figure 6.4 shows
the experimental results on a plot of the maximum streés versus the initial

~crack length. The large devivation from the average K, curve clearly

indicates the inadequacy of the K, criterion employed.

6.6.2 Single-Edge Notched Specimens

Thirty five specimens of approximate dimensions of
150 mm x 50 mm were machined from 3.4 mm thick compression moulded sheets
and the notches were produced using a sharp fly-cutter of radius 50 mm.
Tests were carried out at 1 cm/min Instron cross-head speed and the

fracture process was carefully observed using a travelling microscope and
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TABLE 6.7: HIPS, Grade BCP

Glue-free surface notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 mm;
Material yield stress = 20.5 MN/m?; Cross-head speed = 10 mm/min; K, values are
evaluated, using the initial crack length and the maximum applied load.

Ly SRAUIUG L. Gemed TRUe APPLL. LOURD Chuydd GTRESS He
(c1 (? CLMTALL) (XuF.) \ROFL /3 T.L1 L1

o
RN

T STRuay  IRT
STISACHT

5l 169, 177, Le378

| +323 . R 1.23¢ 2,45 bett 252
2 .37 ERT 14045 2,19 £e13 254, 153, 151, 1,037
3 V355 183 < 1437 2417 Uell 217 153, 159, 1ed7¢
4 . 326 P15 Laa17 2e2h 6.52 3. 239, 224, 1.563
5 ¢ 316 NEE 1,429 2.22 7.23 135, 2ihe 232, 1.64%
[ «335 123 1,45 2.26 7409 351, 283 29, 1640
7 o324 127 Lebic . 2.29 Al LR cils 223 1.0602
8 304 L1352 1.505 2e23 7.73 37, 205, 222 1.0k32
S 31s N 144352 ce28 874 o, 196, 21y, 1. 626
16 308 133 31 2.¢C 5e57 316 205, 22%. 1. 644
11 + 354 etyd 14589 2,28 ¢ 84492 355. 195, 213, L.769
1z .355 L5y 1045 2e19 9,57 300, 172, 195 1e527
13 «338 152 1,683 232 1L.79 347 191, 214, 1746
Ly «338 N 12680 2432 12,72 316 195, 219, 14793
15 .« 309 T e1b 1.732 2.32 11.39 35S, 207, 234 1.6t
16 «338 .70 1.721 2.26 11,83 334, 2r1. 228, 14943
17 327 73 1793 2432 L1790 280, 17U, 260, La 740
18 308 ve ORI 2e34 1415 294, 132, 223, 1,386
19 312 N PLY ) Ze29 14424 Y ER 176, ¢35, 1.5
22 2337 157 16395 2.27 13.79 2695, 153, 15%, 1,674
24 $ 322 200 1+304 27 15,30 273, 175, 203, 1,980
22 W3iu P03 1,043 2.29 16440 245, 79, P14, 2,079
23 0329 . 708 143538 2429 1bes2 245, 176, 211, 2.061
24 $3352 212 14330 230 16.83 310, ia, 2ea. 2.255
'3 346 W 239 L3582 241 16.59 2573, 159. 202 2,640
26 «343 227 1,957 2426 1744 . 312, 1%, 223, 2edbl
z? 303 W25 1.95) ce2b i7.30 RIS 175, c16, 2.2
28 342 229 2,025 2.35 16.5% 250, 167 235, ' 20147
ey’ . 325 .23 YL ce3n 19.76 282, 177, 2cd. 2e by
3¢ . 363 W23 cad 53 £e32 1709 M. LW PENR 20023
31 «3Ub «333 2+243 2438 19,32 2yt 171, 21ce SeZny
32 L7 D207 2,033 Ze32 Lo sl 293, 172 2iE, 2,574
3z 307 249 R 2.2 21400 2as, il 25 Py
3 « 367 263 Lol 2¢31 €115 3c2. il 224 7. 637
35 .30 273 PR 226 z5.0¢ 2u7. 153, 2elds 3.05H

Maximum evaluated X, = 3.07 MN/m3/2; Minimum evaluated K, =1.04 MN/m3/2; Mean
evaluated X, = 1.92 MN/m3/2; Variance of results = 0.183 (MN)2/m3; Standard
deviation = 0.428 MN/m3/2; Standard error = 0.072 MN/m3/2; Skewness of the
results = 0,181 (MN)3/m3/2; Kurtosis of the results = 3.216 (MN)“/mé,
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a closed circuit TV recorder. It was then possible to determine the load
at craze initiation, crack initiation and the onset of rapid crack growth.
A1l specimens exhibited a ductile failure with gross yielding.

The stress intensity factors.were evaluated at the maximum
applied stress, crack initiation and craze initiation. The results are
collated in Tables 6.8 to 6.10. From these tables, it is clear that the
Kc criterion cannot be applied at either crack initiatfon or final fracture‘
since the derived values of K, are not consistent. Moreover, the mean
apparent fracture toughness cbmputed from the data at maximum applied load
is found to be considerably larger than that evaluated for surface notched
specimens, having a mean value of K, = 3.5 MN/m3/2 (against a mean value
of kK =1.9 MN/m3/2 for surface notched specimens). On the other hand,
linear fracture mechanics theory provides an approximately accurate
criterion for craze-initiation (X = 1.27 + 0.06 MN/m3/2),

craze

The net stress at failure against the initial crack length is
shown in Figure 6.5 and, since the results are scattered between the mean
fracfure toughness curve and the yield stress line, the failure cannot be
considered to be either brittle or ductile but it rather demonstrates a

composite mode of fracture.
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. TABLE 6.8: HIPS, Grade BCP

Glue-free single-edge notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 m
Material yield stress = 20.5 MN/m2; Cross-head speed = 10 mm/min; K, values are
evaluated, using the initial crack length and the maximum applied load.

NO  SPoCIMcH ThIZK CIAT< LPHGTH  CRACKLD ARCA PRIPIRTIIN  APPLI-0 LOAL 6xIL5 31afidu Mol S1RE.8 INTENSIVY FauTon

3t ({3 (PER LutTauE}d (<GF ) (KoF e 7325710 (RGS75000n)  (AelaZhe® (27 27)

L R R A e e e A A L L F  F e R N  E  F R A T R R R R R P S A T T e
1 V34D 207 4422 3u3. 205 215, $.8+
z 0338 Q07 Bel? KT 2v 3. 222, 2440
k] 210 « 153 Te2t 205, P 2.6 2.cs
4 0233 Wt 8,27 3it. 191, 0. 2.ub
5 . 339 2969 9.57 295, 174 146, 2.5
Y v 34 e 307 i35 325, 191, 213 Z;c\i
7 .350 +555 11,35 318, 165, 214, Z.96
8 . 246 WRLYL 124047 3t 171 2:5. Z433
] « 353 .50l 13449 297, 173, 293 3.04
i 07 L7 14449 299, 176 2L5. 3.20
11 + 330 W TUG 15422 Zit. 170, Cila 3.35
12 . 338 787 15405 Th. 1u5, 196, Sect
Ly LY o787 1belb 265, 197 137 3e12
1k +335 211 16455 227, 17%. 210, 3,58
15 $322 sl P ) 265, 163 23 351
16 P 337 $759 15469 27¢e. 13, 2iua 3423
17 «33¢ 017 18,57 232 174 214, 3459
LE + 353 . 325 18483 237. 1b7, 246, 3077
19 35 £ 351 13.21 2L9, 1Y 4. 131, 3.52
cu » k8 RELR 192476 £95. 275, cl@, 4eau
21 340 2334 20408 257 154, 193, 540k
2¢ . 326 L.tL3 20a67 24%. 153, 193 3471
23 322 lalb3 claa5 chza 153, 195, Je8d
3328 1,063 21430 FIN thise 135, JaL3?
352 P53% 2re29 275, 153, 210 dect
113 358 t.13% 2243 57, 13, 134, 5493
27 342 Lea%? 21433 2c3. 168, 214, T 4.2
‘e ¢ . 339 fal780 Lheth 5. 154, EION ol
€9 W32 t.133 22e1b 250, 154, 245, 4a32
3t LI22 1.274 24453 2235, 1312 135, Gel't
31 . lde La357 25456 205, L3, 137, Gajt
3z « 133 Lo 307 26,64 237, L 193, 4.5l
33 v $30 1,352 27.4) Ii6. 13 158, u,x L
34 . 339 1ol ' 26410 c07, 1¢5. 179, 4a1n

35 330 I.iLz chio?$ 233, 161, 167 4ol

Maximum evaluated K, = 4,51 MN/m3/2; Minimum evaluated K, = 1.84 MN/m3/2; Mean
evaluated X, = 3.48 MN/m3/2; Variance of results = 0.455 (MN)2/m3; Standard
deviation =0.675 MN/m3/2; Standard error = 0.114 MN/m3/2; Skewness of

results = - 0.602 (MN)3/m3/2; Kurtosis of results = 2,470 (MN)4/mé,
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TABLE 6.9: HIPS, Grade BCP

Glue-free single-edge notched specimens of nominal dimensions of 3.2 mm x 50 mm x 150 m;

Material yield stress = 20.5 MN/m2; Cross-head speed = 10 mm/min; X _values are
[+

evaluated, using the initial crack Tength and the maximum applied load at crack growth.

HO  SFLCTEON TPIZK AR LT CONCKL D SRLA 2AFPE TN AEOLTCC LYY Gu3 ST EOsL i | STehsSs INTENSETY FLOTCR
() (~ 1 (2e% CriITAL) {(<SF ) (KA 2SueCHY) (KEF/S3.0G0) LileNe 7Y Y2 (272) 5
1 40 T . w22 34, 204, 213, 1,92
2 543 TS 27 373, 195, 29, Z.15
2 RITI o335 7.27 . 25 159, 171, 1.9
L o132 JhYT Be27 275, 167, 180G, 2437
5 «330 650 9,57 2q3. 17s. 193, 2ol
s o34 3k 135 3e., 133, 2 g9, 2,77
7 JEED 53k 13435 285, 136, . 187, ZeEd
e 366 Lalt 12,47 245, 15, 165, 2.0
9 .50 L F3 13,49 275, 167, 185, , 2,34
1L o7 .7 T 44449 262, itU, 154, 245U
11 L33 o7 15,22 2ue. 144, 478, 2,23
12 337 e 12,65 23s, 153, 165, 2.71
13 304 87 16,56 224, 131, 155, z.59
14 BERTS a1 16455 279, 27, 452, 2.57
1e L2 501 17,15 222, 11, 1704 2454
1¢ 377 (732 1550 27, 175, 149, Zatb
17 L3 o 19.57 203, 1254 154, 2.79
18 L350 o223 12,93 21t 1224 151, 2.15
1 L 330 N 19.21 27t 124, 153, z.21
29 T .33 19.75 239, 135, 154, 3.15
21 o Sun < BOH 20,03 128, 114 143, 2,70
22 326 I FRY 1£5. 115, 145, cec?
27 L 302 1,055 ' 21.35 185, 117, 147, 2.93
U $3%¢ 1,800 "21,20 168, o7, 124, Zoub
i5 caBe V59 2,29 205. 11 145, 2,77
26 L 357 1.130 23,94 215, 122, 153, Seed
27 L 3uc forue 21,37 235. 137, 175, L 3.un
28 379 {.170 it 202, 1224 163, 3,39
29 R 1ones 224 14 205, 131 168, 3,33
50 , 124 1.1 i, t3 (e, 202, 145, 2,15
31 W12 t.207 28446 . 165 oz 1%6. . a.07 .
17 L 713 1.0 ZE 04 179 to7. 102 3439
2: TR 1,75° 27.31 1775, 108, 150 3.49
I LT3 fautt » 2eetd 190, “l. 17, 3.03
2¢ IR

35 TR a3 LI Les. 130,

Maximum eva]uated K, = 3.49 MN/m3/2; Minimum evaluated Kk, =1.82 MN/m3/2;  Mean
evaluated ¥, = 2.73 MN/m3/2; Variance of results = 0.190 (MN)2/m3; Standard

deviation = 0.436 MN/m3/2; Standard error = 0.075 MN/m3/2;

Skewness of
results = |

- 0.251 (MN)3/m?/2; Kurtosis of results = 2.413 (MN)"/m8,
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. TABLE 6.10: HIPS, Grade BCP

Glue-free single-edge notched specimens of nominal dimensions of 3.2mm x 50 mm x 150 mm:
Material yield stress = 20.5 MN/m%; Cross-head speed = 10 mm/min; Kc values are
evaluated, using the initial crack length and the maximum applied load at craze growth.

NO SPLOTH-M 11H] 7% satne UE [l TRACKTO ARIL PTARTTIOIN (SRR I R T 4 PO fiST 31735 T YT205S THNYENSITY FAr
T (13 (Ped ConThot) (ki 4) (5P 0 730.C%) (4or782.00)  (Matasbaas (30
5 o740 nir 22 165, 19, 113, A9
2 L33 =17 £eD7 ac, 33, 59, V1
3 <315 LR 7,27 145, 9. 101, 1.12
4 L L 3,27 109, 61, 574 .73
& 310 RS Se57 5. 51, 57, RE
6 344 W5a7 16,35 174, 75. 85, 1.2
7 .35 I 11,15 182, 195, 1113, 1.6
8 46 W51 12,467 f. 25, 4, «59
9. L8 o831 $2.49 165, 9%, 111. 1.69
1t U7 L7t T a5, 514 53, .42
i TR0 LTS 15,22 75, 36 55, e
12 J30 737 15,65 113, 634 724 1.18
12 T o7 16,76 105, 52, The 1.24
14 335 .31t 1t.55 G, 43, 3, .39
15 322 .8al 17415 132, 554 79, 1.5
16 $317 (73t 15.59 197 63, 77, 1.27
17 0330 oL 18,57 TN 62, 76, 1,37
18 .50 09235 18485 12, 53, 73. 1,34
1a 33 TR 19,22 199, 62, 77, 1061
2t JT42 .52 19,75 as, 59, 62, 117
21 330 R 20,403 112, 57, Ry, 1,59
2z 326 1.011 z .67 , 113, 7. %3, 1472
22 .727 1,955 23.35 105, 57, 35, 1.06
2t L33 10042 21,M 02, - 55, e feat
25 L350 BT 20429 ar. 53, 674 1.2
26 330 $.178 2714 ae, 54, T 1eL5
27 Li49 f.tee i1.33 114 Bl 82, 1.61
2e LT fa172 I 15, 51, 67, 1483
29 0720 1oon: 2eatt tou, 55, 85, ' 1.71
3t $125% 1720 IPST! 95, . 53, 79, 1471
LT W1 1,747 25.%6 0. 55, 75, 1,65
1z L 133 w33 2643 €5, ule S, 1.24
33 330 14302 27,91 €7 35 ug, Jein
e I fonve TR AW 15, o1, 1.
is S t.012 ZLLTS 7c. 43 57, 1,01

Maximum evaluated K, =1.72 MN/m3/2; Minimum evaluated K, =0.6 MN/m3/2;  Mean
evaluated x, =1.27 MN/m3/2; Variance of results = 0.105 (MN)2/m3; Standard
deviation = 0.324 MN/m3/2; Standard error = 0.055 MN/m3/2; Skewness of
results = - 0.372 (MN)3/m%/2; Kurtosis of results = 2.212 (MN)*/mé,
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6.7 INFLUENCE OF SPECIMEN DIMENSIONS ON THE MODE OF FRACTURE

In the preceding sections, the effect of notch geometry and the
application of a constraining material over the crack surfaces on fracture
behaviour were reported. As was shown,‘the mode of failure ranged from
a ductile to a composite ductile-brittle fracture, depending on the crack
shape or the constraining method used. The experimental work to be
described in this section was carried out in order to study the fracture
behaviour of a commercial grade of HIPS apropos of a change in the specimen
dimensions.

The original Grade BCP of HIPS, which was supplied by BP Chemicals,
was not available for the present work to be described and thus the
Grade BCF, which is a basic commercial grade of medium impact PS, has been
used. The mechanical and grafting properties of BCF were previously

quoted in section 6.4.1 of this chapter.

6.7.1 Thickness Effect

Theoretically, very thick specimens fracture under plane strain
conditions. The thickness of the specimens studied in this work cannot,
however, be taken to be as 1arge as the theory requires (i.e. greater than
2.5 Kcz/byz) for plane strain conditions. Nevertheless, to investigate
the effect of thickness, a series of tests was carried out on 50 mm wide
single-edge notched specimens of 1.6 mm, 3.2 mm and 6.4 mm nominal
thickness. | The fracture toughnesses were calculated based on craze
initiation, crack initiation and maximum applied load, together with the
initial and current crack lengths at maximum load. Al1 the specimens
tested failed in a ductile manner displaying large crazing even prior to
the onset of slow crack growth. It was to be therefore expected that the

K, criterion would be unable to characterise the fracture and thus



TABLE 6.11: HIPS, Grade BCF

Glue-free single-edge notched specimens of nominal dimensions of 6.35 mm x 50 mm x 150 mm; Material yield
A stress = 150 MN/m2; Cross-head speed = 10 mm/min; Kc.values are evaluated, using the initial crack length and the
maximum applied Tload.
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K = 5.34 MN/m3/2; K, i = 130 MN/m3/2; & = 3.30 MN/m3/2; Variance of the results = 1.237 (MN)2/m3;

e,max e,mean

Standard deviation = 1.112 MN/m3/2; Standard error = 0.278 MN/m3/2; Skewness = 0.024 (MN)3/m®/2;
Kurtosis = 1.958 (MN)%/mé, '
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correlate the experimental results.

The results for the 6.4 mm thick specimens are collated in
Table 6.11 and the corresponding statistical terms (mean, standard
deviation, standard error, skewness and kurtosis) are noted. It is
clearly seen that the K, values evaluated are comparatively small for
specimens containing shallow cracks but increase rapidly as the initial
crack becomes greater. Similar effects were observed for specimens of
other thicknesses. | | |

The results are therefore identical to those obtained before
for the Grade BCP of HIPS, indicating a prevailing ductile fracture
behaviour. As far as the effect of thickness is concerned, no
Asignificant improvement in the consistency of the experimental data was

achieved, even for the thickest material examined.

6.7.2 Width Effect

From the experimental work previously described, it is clear
that the 50 mm wide specimens of various practical thicknesses and crack
geometries (single-edge notched and surface notched specimens with
varying initia] érack lengths) fail in an almost ductile manner and
therefore the fracture toughness of the materials tested cannot be
correctly calculated. Since the stress field produced at the crack tip
is triaxial, then it is reasonable to suggest that the ductile failure
mechanism (associated with shear effects) is not only dependent on
specimen thickness but also on specimen width, leading to a mechanism
controlled by the net cross-section of the specimen. This postulate is
further supported by considering the length of craze growth at the crack
tip prior to final fracture. Direct observation of the notched specimens

unslable
shows that the craze length is near]y constant at the onset of crack
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growth, regardless of the initial crack length*. For the Grade BCF of
HIPS, this is estimated to be 145 cm. It is worth mentioning that this
length for Perspex (PMMA), which is a very brittle material, does not
exceed 10 um (Marshall et al (1974)). ff this crézed cross-sectidna]
area is of the same order of magnitude as the net cross-sectional area of
the specimen, the failure occurs by a predominantly shearing mechanism and
the X, criterion is invalid. On the basis of this argument, a
predominantly brittle fracture should result when the specimen width is
very much greater than the craze length created at the onset of crack growth.
To examine further this hypothesis, experiments were conducted
for single-edge notched and surface notched specimens having a width of
100 mm.  For the completeness of this analysis, the effect of constraining

adhesives on the crack surfaces was also studied.

6.7.3 100 mm Wide Surface Notched Specimens

Two series of tests were performed on surface notched specimens,
the first series having no glue applied to the crack surfaces and the
second series having a 0.24 mm thick layer of Araldite covering the cracks,
so that plane strain conditions could be induced through the thickness.

Having recorded the applied load at craze and crack initiation,
it is possible to calculate the intensity factors of these Toads and also
at the maximum applied load. These values have been calculated by the
methods previously described in section 6.2 of this chapter.

The initial dimensions of the specimen and crack, and the

results (net stress, gross stress, and intensity factor), are shown in

* This observation is only valid for specimens containing relatively long

cracks (that is, a/D > 1/5).
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Tables 6.12 to 6.16, and the statistical terms regarding the fracture
toughnesses obtained are noted below these tables.

Using the maximum applied Toad and the initial crack length,
the calculated K, values for both serieéiof tests show inconsistenéies and
tend to increase as the crack length becomes larger. The yielding theory,
however, seems to be sufficiently reliable to imply a ductile fracture
condi tion.

For surface-free spécimens, the evaluated critical intensity
factor at the instant of craék initiation does not show any bettef
consistency, but as long as the crack length remains smaller than one
third of the specimen width, the fracture toughness values at craze
' initiation fluctuate around a constant mean value. Moreover, when the
crack is covered, the critical intensity factor values at crack initiation
obey a constant fracture toughness criterion within the range of
0.15 < é/D < 0.5. The reason for this must be sought in the comparative
through thickness strength of the material which was reinforced by the
constraining layers of Ara]dite on the free surfaces of the specimen.

For smaller cracks, a/D < 0.15, however, the specific elastic energy stored
in the vicinity of the crack is very close to the yieiding energy,y thereby
making the material‘pliant in the stress concentrated regions. This

leads to a subsequent ductile rupture of the specimen, complying with the
rules of yielding theory. In the case of longer cracks, a/D > 0.5, the
restriction is due to the inaccuracy of the approximate expressions used

for evaluating the intensity factors (see section 6.2 of this chapter).

6.7.4 100 mm Wide Single-Edge Notched Specimens

These tests were carried out on two sets of fifteen single-edge

notched specimens containing different initial crack lengths, the first



TABLE 6.12: HIPS, Grade BCF

Wide glue-free surface notched specimen of nominal dimensions of 6.35 mm x 100mm x 300 mm; Material yield
stress = 15 MN/m%; Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the

maximum applied load.
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TABLE 6.13: HIPS, Grade BCF

Wide glue-free surface notched specimens of nominal dimensions of 6.35 mm x 100mm x 300 mm; Material yield

stress = 15 MN/m2; Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the

Toad at crack initiation.
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TABLE 6.14: HIPS, Grade BCF

Wide glue-free surface notched specimens of nominal dimensions of 6.35 mm x 100mm x 300 mm; Material yield
stress = 15 MN/m%2; Cross-head speed = 10 mm/min; K, values are evaluated, using the initial crack length and the
Toad at the craze initiation.
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TABLE 6.15: HIPS, Grade BCF

Wide glued surface notched specimens of nominal dimensions of 6.35 mm x 100mm x 300 mm; Material yield
stress = 15 MN/m3; Cross-headAspeed = 10 mm/min; Kc values are evaluated, using the initial crack length and the
maximum applied Toad.
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TABLE 6.16: HIPS, Grade BCF

Wide glued surface notched specimens of nominaT dimensions of 6.35 mm x 10omm x 300 mm; Material yield
stress = 15 MN/m2; Cross-head speed = 10 mm/min; K, values are evaluated, using the initial crack length and the

load at crack initiation. . ‘ .
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being glue-free and the second being covered with a layer of Araldite,
0.24 mm thick, in order to induce plane strain conditions at the crack
tip and along the surfaces of the specimens in the crack plane, where the
maximum through-thickness deflection takés place.

The critical intensity factorsat maximum load were calculated
for both tests using the initial crack lengths in equation (6.2). Tables
6.17 and 6.18 show the calculated K, values versds the applied loads.

The results show that a critical net stress criterion.at fracture (the
yield theory) does not describe the behaviour, whereas they rétify the
constant critical intensity factor approach. Although there appeared to
be a slight work hardening and considerable craze growth before complete
fracture, it is clear that the linear fracture mechanics theory holds true
even at the instabi]ity situation (i.e. at the maximum applied load).

This is in contrast to the results previously described for surface notched
specimens where only the initiation of crazes could be characterised by

the Tinear fracture mechanics theory, while the crack initiation and
instability were predominantly governed by the yielding theory.

Similarly, when a layer of Araldite is used to cover the crack,
the results obey the theory of a constant fracture toughness exactly,
while the gross stress and net stress values decrease sharply as the crack
lengths become larger.

Statistical values, noted below Tables 6.17 and 6.18, are
in very good agréement with the previously mentioned conclusions, since
the standard error in both tests is less than 1%.

It is worth mentioning that, regardless of the use of glue in
Tests 1 and 2, the results are identical and the same values for fracture
toughness are obtained (Kc = 2.6 MN/m3/2). However, there still exists

an important difference in the fracturing process since the crack



TABLE 6,17: HIPS, Grade BCF

Wide glue-free single-edge notched specimens of nominal dimensions of 6.35 mm x 10 mm x 300 mm; Material yield
stress = 15 MN/m2; Cross-head speed = 10 mm/min; K, values are evaluated, using the initial crack length and the

maximum applied load.
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Variance of the results = 0.008 (MN)2/m3;
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TABLE 6,18: HIPS, Grade BCF

Wide glued single-edge notched specimens of nominal dimensions of 6.35 mm x 10 mm x 300 mm; Material yield -
stress = 15 MN/m?; Cross-head speed = 10 mm/min; Ké values are evaluated, using the initial crack length and the

maximum applied load.
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propagation speeds differ .greatly. In this respect, the effect of
Araldite covering the free surfaces of the specimen is to increase the
cracking speed (10° times faster), thus causing an ostensibly brittle
fracture. This, of coufse, is vital to.the design of components made of

HIPS and will be discussed in the next section.
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6.8 DUCTILITY AND BRITTLENESS

The fracture behaviour of a polymer can be judged by directly
scanning the fracture surfaces and analysing the load-deflection curves.
Figure 6.6 shows some typical fracture sdrfaces of HIPS samples, |
demonstrating failure occurring in a mode varying from brittle to ductile.
As shown, the size of the craze zone and plasticity at the fracture
- surfaces display the aegree of ductility of the materials tested. The
relative amount of transparent and opaque regions on the fracture surfaces
ihdicate whether the mode of failure is predominantly brittle or ductile.
Figure 6.7 shows the history of craze growth in a single-edge notched
specimen. It can be seen that the craze can be regarded as a narrow

strip of stressed material of a thickness of less than 1 mm.
| From an analysis of the fracture surfaces and the load-deflection
curves, the apparent ffacture behaviour of the specimens are characterised

as follows:

A. Brittle Fracture: There is no significant craze or crack growth

prior to the sudden rupture of the specimen. The corresponding

stress-deflection curve is shown schematically in Figure 6.8(a).

B. Semi-Brittle Fracture: At a certain load, a narrow craze zone

(usually less than 1 mm thick) propagates ahead of the initial
crack and, as the load increases, it grows in length but remains
in the crack plane. At higher loads, the crack initiates and
propagates slowly through the craze zone and, finally, at a
critical crack length, accelerates Teading to an almost instant
rupture of the material. An analysis of the fracture surfaces

shows the regions of slow and rapid crack growth. The load-
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Figure 6.6: Typical fracture surfaces of some brittle to ductile HIPS

samples
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1. Craze initiation
from the tip of the
original crack in ¢
direction perpen-
dicular to the
applied load

2. Crack initiation
through the prop-
agating craze

3. Crack propagation
through highly
crazed media

Figure 6.7 Fracture in a single-edge notched specimen subjected to a

uniform tensile stress
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deflection diagram of a semi-brittle failure is shown

schematically in Figure 6.8(b).

C. Semi-Ductile Fracture: As described for semi-brittle materials,

slow crack growth can be seen prior to maximum loading.

. However, crack instability does not take place and, instead, a
limited fast, but not instantaneous, crack growth follows stable
cracking until it is finally trapped in  fully grown crazed
media. The final failure occurs after a large amount of a
subsequent slow crack growth through the craze which will
simultaneously travel ahead of thé moving crack. The typical

load-deflection curve is shown in Figure 6.8(c).

D. Ductile Fracfure: A line craze growth may appear at first but,
| as the load increases, it will be divided and diverged into an
irregular craze band which no longer travels on the plane
of the initial crack. The crack initiates and propagates at a
very slow speed through highly yielded material and failure

usually takes place after maximum load is reached (Figure 6.8(d)).

In a brittle (or semi-brittle) fracture, the craze created at the
crack tip prior to crack initiation may provide a quantitative basis on
which to aséess the fracture toughness of the material. This can be
either estimated theoretically or may be directly measured from experiment.
Assuming a Dugdale line craze zone at the crack tip, the craze zone length,

r,, can be approximately determined by:
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r, = %—(Kéz/byz) : (6.9)*
This equation suggests that r, can be'regarded as the material property,
if.Kc and oy are presumed to be so. The Dugdale mode, however, is valid
only when the craze band ahead of the crack tip remains narrow
(approximately less than 1/(4B)) on-a plane perpendicular to the applied
stress. The experimental results ratify the above solution for HIPS as
Tong as the craze zone is shorter than the remaining space between the
craze tip and the opposite specimen edge. Furthermore, the previous
experimental work for mea;uring the critical intensity factor of a pre-

notched specimen confirms that this is also an essential prerequisite to
| obtaining a consistent value for the fracture toughness of the material, K,.

Equation (6.9).caﬁ be rearranged to evaluate the fracture toughness,
taking into.account that the craze length at instability is a material
property and is only a function of temperature, strain rate and
environmental conditions. For BCF, the following properties are measured
from experiments:
o, = 15 MN/m?

r, = 11.5 mm (for specimens with cracks longer than 20 mm)

Thus, substituting for % and r, in equation (6.9), we have:

* This equation is an approximate solution for low stress failure. The
domain of its validity is therefore confined to brittle (or semi-brittle)
fractures and particularly for specimens which contain relatively longer

cracks (i.e. a/p > 1/5).
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8r P
K = ‘(oyz —£)% =« 2.6 MN/m3/2 (6.10)

¢ m™

The excellent agreement between the'two methods of obtaining ké is an
important conclusion which verifies the simple assumption of line craze
growth originally put forward by Dugdale. However, the evaluation of K,
from equation (6.10) has ﬁertain drawbacks since, firstly, it requires an
accurate knowledge of the material yield stress and, secondly, it assumes
Tine craze growth which is not a valid criterion for many other polymers
(e.g. ABS, where the craze growth occurs with an almost spherical front*).

The crack speed is a1§o a useful quantity to compare the ductility or

brittleness of materials. As previously demonstrated, the fracture
| toughnesses of identical specimens containing free and glue-coated single-
edge notches were 1denfica1, regardless of different glue app]icatibns.
This 15; however, valid only if the fracture occurs in a brittle (or semi-
brittle) manner. Moreover, although both tests yield the same value for
the critical intensity factor, there is a strikingly large difference in
crack speed if one is compared with the other.

Figure 6.9 shows the crack propagation speed from the crack 1nstabi]ityi
point (or the instant of crack initiation) to the point of complete
fracture. It is seen that, although an equal fracture toughness is
obtained for specimens having glue-covered and exposed cracks, the
fracture spéed ratios of these specimens vary significantly.
Mathematically, the cracking history diagram is a smodth function if the

materials has an exposed crack but is a series of step functions if the

* For further discussion on the limitation of the craze zone length as a

fracture criterion, see section 9.5 of Chapter 9.
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crack is covered (in the latter case, the cracking history consists of
alternate periods-of instantaneous crack growth followed by a period of
crack arrest).

Rapid crack extension in glued notched specimens .has sometimes been
regarded as sympathetic fracture. This idea describes the phenomenon as
an inter-molecular sympathy between two molecules, one with a broken and
the other with an intact bond (the polymer molecule), and thus damage in
the fragile glue molecules will be sympathetically transferred to the
relatively ductile polymer molecule causing a rapid brittle fracture.

The viewpoint presented here is that the apparent brittle failure
of a glued specimen is caused by sustaining the plane strain conditions at
“the near-to-surface layers of the specimen which are normally liable to a
larger through-thickness deflection. This aspect of fracture has a |
greater influence on fhe apparent fracture toughness obtained for specimens
exhibiting a comparatively large craze growth (for HIPS, this is identical
to assuming that the ratio rc/(D - a) approaches unity). On the other
hand, if the plane strain condition is predominant due to using wider
specimens, the fracture toughness value is not significantly affected by
the relatively small craze formation at the crack tip;

The reason for alternate unstable crack extension in glue-covered
specimens with relatively wider dimensions cannot merely be explained on
the basis of the previously mentioned hypothesis since the plane strain
conditions brevai], even prior to using a constraint. The underlying
mechanism of this phenomenon can be put forward as follows:

The tensile energy exerted on the specimen is shared in the main
polymer and the covering constraining glue layers according to the simple
rule of parallel plates. At the critical intensity factor of the glue,

it fractures locally in a brittle manner and thus releases an impact load
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on the main polymer. The concurrence of this phenomenon and the crack
initiation within-the polymer at its critical intensity factor produces an
instability situation which Teads to an abrupt rupture of the two-phase
system.  The unstable crack growth can 1ater be arrested because the
burden of the impact is disencumbered as a result of the unloading
mechanism.  The alternate fracturing will occur at subsequent instability
points of the two-phase system.

A correct knowledge of the cracking phenomenon in polyﬁeric materials
is therefore a vital factor in designing the components which are exposed
to some sort of glue or any fragile constraining media, since it may cause
a sudden catastrophic failure without a preceding slow cracking. The
" critical fracture toughness will not, however, be influenced by the

presence of this constraint.
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6.9 DISCUSSION ON THE VALIDITY OF THE LINEAR FRACTURE MECHANICS CRITERION
IN HIPS

In order to study the extent to which the Tinear fracture mechanics
criterion can be applied to describe the.fracture of HIPS, the expérimenta]
results previously reported in section 6.7 of this chapter are rearranged
graphically and the results are iltlustrated in Figures 6.10 to 6.17.

Each figure contains four graphs which are produced using a computer

plotter*., These graphs are as follows:

Graph 1: The maximum applied stress is plotted versus the initial
crack length and the percentage of the crack area with
reference to the specimen gross cross-sectional area
(i.e. Pé = a/D for single-edge notched specimens, and
P, =‘R%2 (208-sin 2as)/2 for surface notched specimens,

where o = sin~l (b/ R ) and R 1is the cutter radius).

These plots are shown in the first graph of Figures 6.10,

6.11, 6.14, 6.16 and 6.17 for 50 mm wide single-edge

notched specimens, 100 mm wide surface notched specimens

(with free and glue-e*posed surfaces) and 100 mm wide

single-edge notched specimens (with free and glued

surfaces), respectively. Similarly, the critical stress
at craze initiation (Figure 6.13) and the critical stress
at crack initiation (Figures 6.12 and 6.15 for surface
notched specimens having free and glued surfaces,
respectively) are plotted. In these graphs, the two

theoretical lines, solid and dashed, show the constant

* The programme 1ist is given in Appendix C.
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critical net stress and the mean critical stress intensity
factor, respectively. The experimental points, shown by

asterisks, represent the gross stress at critical loads.

Graph 2: In this graph, the product of ¢.Y is plotted against the
. inverse square root of the crack length (Y denotes the
geometry factor in equation (6.1), and ¢ is the applied
gross stress). If the experimental results obeyjﬁinear
fracture criterion, the data points should be covered by a

straight 1ine. The slope of this line presents the mean

fracture toughness of the material.

Graph 3: The intensity factors evaluated from the slope of the
previoﬁs]y mentioned graphs are plotted versus the initial
crack Tength and the percentage of cracked area, P,. The
solid line, which is drawn through the experimental data,

denotes the mean fracture toughness.

Graph 4: A statistical analysis assessing the vé]idity and accuracy
of the fracture toughness approach to describing the
experimental results is shown in this graph. The computed
K, values are plotted against the percentage of specimens
having a value equal to or greater than any given value.
This plot describes graphically the following analysis
which has been developed to study an individual experimental
result in relation to a group of results obtained from a
series of experiments.

“Assuming that the variation in fracture toughness
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values are described in terms of the Poisson distribution
function, we have:

-—(KC—K c}/AKq

x, = 100e 0 (6.11)

where X = the fraction of specimens having a value equal
to or greater than an arbitrary value for Kc (%)
KOc = minimum value of K, in a series of experimental
aha]ysis
MK, = the estimated spread from Kc,mean

Equation (6.11) can be rearranged as follows:

Kc- = '—-(AKC/Zog e) log Xn + (ZAKC/Zog e) +K

e (6.12)
If KG values are plotted against Zog Xﬁ, all the points
should be covered by a straight line with a slope of the
total estimated spread divided by Zog e. If the

deviation from the linear fracture criferion is of a random
character, the slope of the Tine produced yields an implicit
value of the error involved. However, if the points

cannot be covered by a single 1line and it is necesséry to
draw two or more 1ines through them, then that set of

eXperimenta] data does not obey the constant Kc criterion.

This is an important conclusion reached in the present work when the
scatter in the results are significantly large and it is often difficult

to clarify the nature of the fracture phenomenon. In view of the random



Figure 6.10

SINGLE EDBE-NOTCHED SPECIMENS!P RODUCED BY A FLY CUTTER. R=22.6 MM) -

FATERIFL SPECIFICATICKS = HIOH IMPACT POLYSTYRENE ORADY BCF
SPECINERY DIMEINSIONS=1G.#5.000m.835 CH., CRUSS-HEAD B8PEED=1.0 CM./MIN.

N3 CLUE CCYEIRS THE INITIAL CRACX

KC-YALUES WERE EYRALUATED . USINO THEZ INITIAL CRACK LENOTH ¢ MAXIMUN APPLIED LOAD .

» MADE BY 8P CHMEMICAL .

PERCENTAGE QF THE NOTCHED ARER
15.96 2C .48 33.10 z

PERCENTAGE OF THE NOTCHEO_RRER
26.40  ~ 99.10  39.72

FERCENTHOE OF 3P . HERYIHG §) VILUE

EQUAL OK DKEATER THAM KC

c.2n £.62 13.2¢ ad. 38.7 48.34 52.98 59.59 0.00 8.82 13.24 19-95 4534 52.20 58.58
g 5
©4 NO:._ ry
- ~
o .M
. : a
= b = a
~< ~a - -
—=a =%
35 n -
= jot a L a
o3 Zg o
Lied | DL-J"E a
- ~
= Pot -~
2 [T -~ r'y
. CI' Y= -
=3) £
3 g—‘ -~
= OROSY BTRESS [(ZMPIRICALY W w
OENERAL YIELD CONDITION = OXPERINENTAL. RESULE A
8 REAN FRECTURE TOUOSHNISS =4 AYERNOC KC-YALVRIEXP.) .
.00 3.2 8.04 8.96€ 13.28 . 16.60 19.82 23.24 2C.08 20.08 “b.oo .92 8.04 9.08 13.29 18.60 18.92 23.24 26.56 29.88
CRACK QEPTH (MM) . CRACKX DEPTH (xM) .
o
L] (=]
: 2
b -
&8 ]
L o 4
) .\D
g 2
z. S
zy £3
n";‘l 2 u';q
o o
::o .. E
T3 Ly 24
>'_N -w .. L ] - » w e~
= - >
ot
53 w3
Py Ry STATISTICAL INYESTIGATIONS .
e o
B b
) (43
< 2
crLez c.27 a.14 £.21 0.29 0.36 C.d2 ©.49 0,50 0.e3 o 2 3 ) S 4 10 15 20 25 s 4b b a0 sb b2
ITNVERSED SAURKT RNOT 0F THE CRNCh DIEF 7T Biewt -t 20

- 0€¢ -



Figure 6.11
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Figure 6.12
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Figure 6.13
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Figure 6.14

CIRCULAR SURFRCE NOTCHED SPECIMENS(PRODUCED BY R FLY CUTTER., R=22.6 MM}
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Figure 6.15

CIRCULAR SURFACE NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER. R=22.8 MM)
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'Figure 6.16

SINGLE EDGE-NOTCHED SPECIMENS{PRODUCED BY A FLY CUTTER., R=22.6 ﬁH)
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Figure 6.17

SINGLE EDGE-NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER, R=22.8 HM}
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characteristics observed in the fracture of polymers, it is therefore
clear that the statistical analysis described is indispensible for the
understanding of the assumptions and Timitations of the fracture'criterion
employed. If the fracture takes place fn a brittle manner, obeying the
linear fracture mechanics assumptions, the experimental results are
'random]y scattered around a constant fracture toughness value. Assuming
a Poisson distribution function, the results are represented by equation
(6.11).  On the other hand, in a ductile failure, the yié]ding fracture
criterion prevails and the data are spread randomly around a constant
critical stress. A similar random distribution function, as formulated
for K, can be obtained to describe the ductile failure on the basis of a
| constant oy. If a transition from ductile to brittle failure occurs, the
results will similarly be reflected in the statistical graphs previously
denoted. |

Fiéures 6.10 to 6.17 illustrate the results of all the experiments
reported in section 6.7 of this chapter. Taking the maximum applied
stress and the initial crack Tength, the results for the 150 mm wide
surface notched specimens show that a critical net section stress theory
is appropriate. The experimental data are, thereforé, randomly scattered
around the yield 1ine, as demonstrated in Figures 6.11 and 6.14 for glue-
coated and exposed specimens, respectively. The statistical graphs based
on a critical intensity factor clearly support the fact that the fracture
phenomenon for these specimens cannot be described by linear fracture
mechanics theories;

For the narrow sinQ]ejedge_notched specimens (50 mm wide), fracture
is similarly governed by a constant net stress theory. The apparent
fracture toughness is therefore a strong function of the crack length

(Figure 6.10). In contrast, the results for 100 mm wide specimens show
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that the fracture toughness evaluated is independent of the crack geometry
and therefore the fracture is described by a constant critical intensity
factor, K, (Figures 6.16 and 6.17 for glued and exposed specimens). As
shown, the statistical plots of K, Versus‘Zog X, produce straight lines
through all data for both exposed and glue-coated specimens. AKX and X,
may be estimated by taking the slopes of the lines and their intercepts on

the ¥ axis, so that:

o ~ AK = 0.11 MN/m3/2
Exposed specimens  { /
Koo = 2.40 MN/m3/2
] .
(6.13)
Ak = 0.08 MN/m?2
Glue-coated specimens {
Ky, = 2.47 MN/m3/2
(&3
A measure of the scatter in the distribution may be found from AK/KOG’
that is:
Scatter for exposed specimens = 4.5%
Scatter for glue-coated specimens = 3.2%

The mean value of K, will be given approximately by Ky, * 0K, thus:

k, (exposed) = 2.51 MN/m3/2
and ' K, (glue-coated) = 2.55 MN/m3/2

The results above show that the spread in the experimental results
for both glue-coated and exposed single-edge notched specimens are
decidedly small. This is, of course, achieved when wider specimens
(100 mm) are tested. (The results for narrow specimens can be compared

with the previously mentioned data, which shows ax = 1.1 MN/m3/2, that is,



- 240 -

almost 90% scatter.)

Although, owing to a comparatively large craze formation, linear
fracture meéhanics fails to describe the fracture of surface notched
specimens*, the inception of craze producfion can be adequate]yAdetermined
by considering the fracture toughness at craze initiation. The
expefimenta] results illustrated in Figure 6.13 show the fracture tbughness
af craze initiation for exposed surface notched specimens (100 mm wide).
The fracture toughness evaluated is reasonably independent of the crack
length (except for a/B > 0.5+), although the scatter in;the results is

considerably large. From the statistical analysis (graph 4), we have:

AK = 0.25 MN/m3 2
(6.14)
K, = K, +a& = 1.15 MN/m3/2 (at craze initiation)

For exposed surface notched specimehs (100 mm wide), the crack initiation
is again preceded by a considerable amount of craze growth and, therefore,
cannot be accurately described by linear fracture mechanics theories
(Figure 6.12). On the other hand, when the specimens are coated by a
thin layer of Araldite, the crack initiationloccurs at»an almost constant
intensity factor, K, (except for a/B > 0.5). From the statistical graph

(Figure 6.15), we have:

* In contrast to single-edge notched specimens, the application of wider
specimens did not provide a better consistency in fracture toughness
values evaluated at crack instability.

+ This is due to the Timitation of the approximate solution (equation

(6.4)) which was used to evaluate thé intensity factor.
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0.3 MN/m3/2 "

Ky, + MK = 1.45 MN/m3/2 (at crack initiation)

(6.15)
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6.10 STRAIN RATE EFFECT

The experiments described in the preceding sections showed that the
failure of HIPS can be characterised by fracture mechanics theories,
provided that appropriate specimen geomefries and crack configurations
were employed. The fracture toughness eva]uatgd is, however, a function
of strain rate, temperature, and environmental conditions. The strain
rate effect on the yield stress and modulus of HIPS. has been discussed in
- Chapter 5. It was phown'that, while the yield stress increased smoothly
with strain rate, the modulus of elasticity remained almost unvaried.

This section describes tests carried out over a wide range of Instron
cross-head speeds (from 0.005 cm/min to 5 cm/min) with the aim of studying
the strain rate effect on the fracture toughness of the same commercial
grade of HIPS previously psed.

The method of spepimen preparation and the test procedure were similar
to that-described in the earlier sections, but only wide specimens were
used in order to induce a more brittle fracture. Batches of 10 to 15
single-edge notched specimens of dimensions 300 mm x 100 mm x 6.4 mm made
from compression moulded sheets of the BCF grade of HIPS were tested to
failure at different Instron cross-head speeds. In all cases, fracture

“occurred in a semi-brittle to brittle manner and therefore thé Ké criterion
could validly be applied at crack instabi]ity. The results are shown in
Figure 6.18, where the fracture toughness evaluated at the maximum load
is plotted versus the Instron cross-head speed. It can be seen that the
fracture toughness increases smoothly with the strain rate in a similar
manner previously observed for the yield strength of identical materials.

It is interesting to evaluate the fracture toughness of HIPS at higher
cross-head speeds by extrapolating the experimental data obtained at a

lower range of testing speeds. The results can then be compared with
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Machined Single-Edge Notched Specimens

Effect of Strain Rate on the Fracture Toughness

Material specifications = high impact poTystyrene, grade BCF, made by
BP Chemicéls Limited. No Araldite is used to cover the initial crack.

The initial crack length and the maximum applied load are used to evaluate

the fracture toughness values.

1

1

>5IKe MN/MI2]—e—

ObOB Ob5 dS g

+—Cross-head speed (cm/min)—e=

Figure 6.18: .Varijation of K, versus cross-head speed
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those obtained from impact testing. This must, however, be done with
some reservations, since it is reported that the fracture toughness may
decrease at higher strain rates (Ferguson (1973)).

The extrapolation of the results to é cross-head speed of about
15 x 103 cm/min, equivalent to the striker speed in a standard impact
test, predicts a value of about 3.75 MN/m3/2 for the fracture toughness
of the BCF grade of HIPS. The equivalent critical strain-rate release,

G,» can then be calculated using equation (3.12). Thus:

¢, = K2 (1-V2)/F = 8.5 ki/m? (6.16)
where the modulus and Poisson ratio are assumed to be independent of the
strain rate and their values are given in section 6.4 of this chapter. A
The GE value obtained in the standard test is, however, significantly
smaller due to the reason previously explained

(Gc (standard test) = 4.5 kJ/m2).
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6.11 FRACTURE TOUGHNESS AS A FUNCTION OF RUBBER CONTENT

In the preceding chapter, it was shown that the modulus and yield
stress dropped markedly with increasing rubber content, having values of
40% to 50% of -those for crystal PS at 5.55% nominél rubber fraction. On
the other hand, the elongation to break (as an immediate measure of the
material toughness) was shown to increase about 23-fold at the 5.55%
rubber level. The only reasonable explanation to this is the presence
of flaws and crdzes near each particle which make the material very
compliant.

It is these same flaws which result in an increase in energy
absorption in toughness testing and this suggests that there should be a
significant increase in K, with increasing rubber volume fraction. It
is therefore of prime importance fo any designer working with HIPS to have
a clear understanding 6f the effect of rubber content on the toughness of
the artfc]e being utilised.

The preliminary experiments on some commercial HIPS have proved that
the fracture toughness can be accurately evaluated ét critical loads (the
instants of craze and crack growth and at maximum applied load) if the
appropriate specimen geometry (i.e. wider and thicker specimens), notching
technique and application of constraining frégi]e materials at crack
environment are chosen. Therefore, the fracture toughnesses of some
specially prepared HIPS containing different rubber contents were measured
oﬁ a simi]arAbasis as previously described for commercial grades of these

materials*.

* See footnote on next page.



- 246 -

6.11.1 Testing Procedure and Results

Sing1ebedge notched specimens of 300 mm x 100 mm were machined

from 3.2 mm thick extruded sheets of HIPS (grades U A0, U A1.11, U A2.22,
U A3.33, U A5.55) which contained 0, 1.11%, 2.22%, 3.33% and 5.55% nominal
rubber contentt. Notches were produced in one edge with a sharp fly-
cutter. The specimens were then fractured at 0.05 cm/min in an Instron
testing machine and the fracture process was observed using a travelling
microscope. The slow cross-head speed was particularly chosen because,
firstly, the minimum and therefore the most critical fracture toughness
values are obtained at the lowest strain rates (see section 6.10 of this
chapter), and secondly, the recording of the fracturing process can Be
achieved with sufficfent accuracy using simpler equipment. Consequently,
it was possible to determine the load at both crack inifiation and at the
onset of rapid crack gfowth (i.e. instability).

| The analysis of the data for toughened materials has always
presented a problem because the fracture, by design; is never truly brittle
and the K, criterion is difficult to apply. In these tests, a varying
degree of ductility was observed, ranging from brittle through semi-brittle
to ductile. However, the use of 100 mm wide specimens does overcome many

of the analytical problems. The experimental results were analysed in

* Footnote from previous page: Some preliminary tests were carried out on
50 mm wide.sing1e-edge notched specimens made of identical grades of
specially prepared HIPS. As was expected, the results were similar to
those previously described for the commercial grades of HIPS, indicating
a large scatter in the K, evaluated.

+ The mechanical properties of these materials have been previously

described in Tables 5.1 and 5.2 of Chapter 5.
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three ways:

1. The initiation conditions using the crack initiation load

and the original crack 1éngth;

2. The final, instability, load using the original crack

Tength;
3. The maximum load and crack length at instability.

Figures 6.19 to 6.23 (method 1), 6.24 to 6.27 (method 2) and
6.28 to.6.31 (method 3) show the experimental data for all the materials.
The initiation data is notable for being qgite accurafe]y described by ka
and this is due to the use of wider specimens. The instability values
are not‘particularly well described if the final crack length is used
(method 3) and should only be regarded as apparent Kc vaIUesf However,
when the fracture toughness at instability is considered, a more
consistent result will be obtained if the initial crack length is chosen.

The accuracy of the results are further assessed by evaluating
the statistical terms (standard error, skewness, and Kurtosis) which are
noted in Table 6.19. In particular, the deviation from the linear theofy
of fracture can be defined by the slope of the line passing through the

data points in a plot of K, versus the initial crack lengths, that is:

K
<
K

cm

= T, + T, (a/p) (6.17)

where Kcm denotes the average K, value for specimens containing different.

crack lengths. In this equation, I, illustrates the deviation from the
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MATERIAL SPECIFICATIONS m HIDH IMPACT POUYSTYRENE ORADE VA LN

Figure 6.20

SINGLE EOGE-NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER. R=60.0 MM)
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Figure 6.21
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Figure 6.22

SINGLE EDGE-NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER., R=60.0 MN)
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Figure 6.23

SINGLE 'E‘UGE-NOTCHED SPECIHENS(PROUUCED BY A FLY CUTTER. R=60.0 MM}
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MATERIAL « MIGH JMPACT POLYSTYRENE, GRADLC UA 111

Figure 6.24

SINGLE -EDGE-NOTCHED SPECIMENS [ Fly cutter radius,R =60 mm)
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PATERIAL SPECIFICRTIONS = HICH INPRET POLYSTYRENE ORRDE UA222 , MADE BY US STEFL CORPCRATION

Figure 6.25

SINGLE EDGE-NOTCHED SPECIMENS(PRODUCED BY AR FLY CUTTER. R=80.0 MM}

SPECIMEN DIMENSISNI=3C.0#10.0%.318 CM.. CRC33-HERD SPEED=0.05 CM./MIN.
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SINGLE EDGE-NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER. R=60.0 HH)

MATERIAL EPECIFICATICONS = HIOH INPACT POLYSTYRENE ORRZE UA 212, MADE BY U3 BTEEL CORPCARTION

SPECIMIN DIMENSICN3:=20.0m]C.0n.318 CN.. CRCSS-HEAD SPEED=0.05 CH./HIN.
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Figure 6.27
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Figure 6.28
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Figure 6.29
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Figure 6.30

SINOLE EDGE-NOTCHED SPECIMENS{PRODUCED BY R FLY,CUTTER.. R=80.0 MM}
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Figure 6.31

SINGLE EDGE-NOTCHED SPECIMENS(PRODUCED BY A FLY CUTTER, R=60.0 HM}

PATERIRL SPECIFICATIONS = MIOH INPACT POLYSTYRENE ORADE UA 5.55, MADE 8Y UI STEEL CORPORATION -

SPECINEN OINEN3ICN3=30.0#10.C».218 CM.. CROSS-KERD SPEEQ=0.05 CM./MIN.
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linear fracture mechanics criterion. Figure 6.32 shows the deviation
from the K, criterion, using the three methods previously described in
evaluating the fracture toughness for different grades of HIPS.

The final plot (Figure 6.33) éhows the initiation £, as a
function of rubber content and the striking feature is that K, maximises at
around 1% to 2% rubber content and then reméins fairly constant at about
twice the crystal value. This result is also obtained using K, based on
the instability values of stress and original crack Tength (method 2).

On a similar basis, described in section 6.9 of this chapter,
the apparent fracture behaviour of these materials are shown in Table
6.19. As demonstrated, the fracture behaviour changes from 100% brittle
fracture for CPS to almost 50% semi-brittle and 50% semi-ductile for all

other grades of HIPS containing‘from 1.11% to 5.55% rubber contents.
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TABLE 6.19

Material U Ao U AT.11 U A2.22 U A3.33 U A5.55
I. Fracture Behaviour:
1. Brittle 100% - - - -
2. Semi-brittle - 100% 50% 45% 48%
3. Semi-ductile - - 50% 55% 52%
4. Ductile - - - -
II. Results (Method 1):
1. Fracture toughness (MN/m3/2) 1.04 2.57 4.15 3.74 3.24
2. Plastic radius (mm) 0.23 1.5 5.2 5.1 5.8
3. Variance of results 0.019 0.082 0.141 0.075 0.063
4. Standard error (MN/m3/2) 0.040 0.082 0.109 0.079 0.073
5. Skewness - 0.4 0.760 - 0.480 0.006 - 0.300
6. Kurtosis 1.838 2.613 2.125 1.645 1.393
7. Deviation, AK& 0.469 1.073 0.676 0.604 0.572
III. Results (Method 1):
1. Fracture toughness (MN/m3/2) - 2.45 2.20 2.04 1.98
2. Plastic radius (mm) - 1.4 1.4 1.5 2.1
3. Variance of results - 0.038 0.027 0.021 0.053
4. Standard error (MN/m3/2) - 0.057 0.047 0.042 0.067
5. Skewness - 0.080 0.718 0.35%4 0.237
6. Kurtosis - 1.675 2.531 1.843 1.665
7. - - 0.056 0.663 - 0.157 0.087

Deviation,vAKé
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TABLE 6.19 (continued)

Material U AO UAT.11 | U A2.22 | U A3.33 | U A5.55
IV.  Results (Method 3):

1. Fracture toughness (MN/m3/2) - 2.88 8.07 8.49 6.35
2. Plastic radius (mm) - 2.0 1.9 2.6 2.2
3. Variance of results , - 0.113 1.744 4.268 0.369
4. Standard error (MN/m3/2) - 0.097 0.499 0.924 0.272
5. Skewness - 0.742 0.179 0.908 - 0.809
6. Kurtosis - 2.808 2.026° 1.845 1.714
7. Deviation, AK (MN/m3/2) - 1.076 2.135 2.390 0.899

- 69z -
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6.12 CONCLUSION

‘Subject to the prerequisite conditions_for brittle fracture in HIPS,
these materials will break at a constant critical stress intensity factor
known as the material fracture tOUghness.‘ The wide single-edge notched
specimens, generally, exhibit a more severe brittle failure compared to
narrow specimens or surface notched specimens of the same dimensions.
The error and deviation from the linear fracture mechanics for wide single-
edge notched specimens will not exceed + 0.5% of the mean evaluated K,
even for the most ductile materials.

The prerequisite conditions for producing a brittle fracture are

summarised for the grade BCF of commercial HIPS as follows*:

A. Single-Edge Notched Specimens: If fracture is considered at the
“maximum app]fed load, the gross stress produced must be roughly
less than 85% of the material yield stress. Therefore, small

cracks do not cause a brittle fracture since they induce a
highly stressed medium at the vicinity of the crack plane. On
a similar basis, it can be argued that, in order to produce a
brittle fracfure, the percentage of cracked area must not be
less than 15% of the specimen cross-sectional area.

The specimen dimensions must be chosen such that the craze
length created at the crack tip remains smal]er than at Tleast
haif the distance between the craze tip and the opposite side of

the specimen. The craze length at the final load is estimated

* A similar argument is right for the specially prepared HIPS with various
rubber contents, although the dimensional conditions prescribed may

sTightly differ in magnitude but not in form.
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at about 1.5 cm for the grade BCF of HIPS. Hence, the
conditions for the brittle fracture of this polymer can be

approximately formulated by:

a+25cm < D < 6.67 a (6.18)

B. Surface Notched Specimens: The fracture toughness at maximum

applied stress carinot be estimated if surface notched specimens
are employed. Howéver, the fracture toughness at craze
initiation can be evaluated if ¢ < 0.5 B. The fracture
toughness of the grade BCF of HIPS at craze initiation is
estimated at about 1.15 MN/m3 2. If a layer of glue covers the
initia] crack of a surface notched specimen, the overall
ductility of the specimen decreases and thus the fracture
toughness at crack initiation may also be obtained with the
proviso that:

1.8cm < a < 4cm (6.19)
and for this situation:

K, = 1.45 MN/m3 2 (at crack initiation)

It is interesting to compare the fracture toughnesses obtained at

craze and crack initiation, using surface notched specimens with the
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instability fracture toughness evaluated at maximum load utilising wide
single-edge notched specimens. As shown, the Kc at crack initiation is
almost a half of the estimated K, at the maximum Toad suffered by the
material. This is an important safety factor in the. design of polymeric
structures since the load bearing capacity of these materials will not
immediately be exhausted after the appearance of the first incipient cracks
and thus the damaged articles can be observed and replaced, even if the
loading may increase in the‘meantime to much higher Tevels.

The second part of the work described in this chapter was to analyse
the effect of rubber content on the toughness of some specially prepared
HIPS containing different nominal rubber fractions. The picture which
emerges is that the fracture toughness increases quite significantly with
rubber .content up to 2% nominal rubber fractional volume. However, there
appears to be no furthér improvement with increasing the rubber fraction.
It seem§ likely that there are two toughening processes involved here.
There is the initiation of crazes by the rubber particles, and the
toughening effect of the damping characteristics of the rubber. In slow
rate tests, the particles normally initiate large volumes of crazes (as
reflected in the modulus of elasticity) and the energy'absorbing capacity
of the material will soon be exhausted. The presence of a large number
of particles may eventually inhibit craze formation, resulting in a
gradual fall-off in fracture properties.

The choice of an optimum rubber content is clearly complex and will
depend on the desired properties. This aspect will be the subject of the
study in Chapter 9, where the effect of temperature on the fracture
behaviour of identical specially prepared tynes of HIPS will be

investigated.
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_ CHAPTER 7
THE IMPACT STRENGTH OF RUBBER-MODIFIED POLYMERS

7.1 INTRODUCTION

In many applications of plastics, such as valves, fan blades, motor
components and pipes, where'dynamic and sudden loads are expected, a
lprebise knowledge of the impact resistance is of major importance. In
other applications, such as optical instruments, the 1m§act properties may
not be of immediate interest to designers; however, it cannot usually be
entirely ignored with confidence. - This is an even more significant
parameter for plastics since many of these materials exhibit ductile
behaviour under low or moderate strain rate conditions but show brittle
behaviour when subjected to impact loading.

Many would considér plastics to be tough if they could withstand a
hammer B]ow or similar impact treatment without a shattering fracture.
However, when the impact behaviour of a component is a crucial engineering
parameter, the classification of materials as such does not obviously
provide an accurate and scientific basis for designers. This is
particularly important when the components concerned cbntain artificial
stress concentrators or a probability of intrinsic flaws and manufacturing
defects, since it is found that these have a greater weakening effect under
impact conditions. To cite an example, an unnotched HIPS specimeh which
can bé bent Back and forth through an arc of 180% in a slow laboratory
experiment, fails in a brittle manner at considerably lower stresses if
tested under impact Toads.

Since the introduction of plastics on the markef as a substitute for
metallic substances, several impact machines and various data analysis

techniques have been devised to study the ability of these materials to
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absorb impact energies required for fracturing. Previous knowledge on
the impact testing of metals was considered to be a useful basis on which
to assess the impact resistance of ductile polymers, but was found to be
insufficient and erroneous when employed for brittle and quasi-brift]e
polymers. The principal requirements of any impact analysis of such

po1ymers are, briefly, as follows:

1. The experimental data must be lucid and scientifically

construable.

2. The impact strength defined for a particular material must

be reproducable in other laboratories.

3. The testing technique must minimise the volume of work

necessary to obtain the required information.

4, Thé analysis of an entire spectrum of a definite family of
polymers (and possibly other types of materials) must be
made uniquely and the numefica] scale on which the results
are placed must be consistent and reflect the differences

between the impact strengths of these materials.

As shown in the preceding chapter, HIPS behaves in a dual brittle-
ductile manner under low strain rate conditions. A similar process occurs
when these polymers are tested at comparatively high strain rates. The
aim of the present chapter is, therefore, to arrive at a universal
solution which can genuinely represent the composite impact behaviour of
rubber-modified polymers and to assess the effect of rubber content on the

impact strength of various grades of HIPS.



- 271 -

7.2 PREVIQUS WORK ON THE IMPACT TESTING OF TOUGHENED POLYMERS

A comprehensive literature survey and discussion on the impact
testing of polymers has previously been given in Chapter 4, and here only
specific experimental work on rubber-modffied polymers. will be reviewed.
The preliminary fracture studies of toughened plastics have employed
standard impact test methods and have examined the change in impact energy
with specimen and notch dimensions, fabrication conditions, testing
temperature, etc., (Hulse & Taylor (1957); Bobalek & Evans (1961);
Bucknall & Street (1967); Vihcent‘(1971)). The experimental results of
these conventional impact tests are mostly expressed in terms of specific
impact energies (e.g. energy per unif length of notch, energy per unit
ligament area, and energy per unit volume of the plastically deformed
‘zone at the crack tip). As previously discussed (section 4.2 of
Chapter 4), the standafd analysis of impact data does not provide a
re]iab]é basis on which to assess the fracture strengths of materials,
since the specific impact energies evaluated are a strong function of the
specimen dimensions, notch radius and the impact machine employed. Hence,
the comparison of the impact strengths of various types of HIPS cannot
satisfactorily be made if standard impact testing is uéed. This 1is
because tests on differing specimen dimensions often rank- the material
in a different order of impact strength.

As far as 1tvis known, the first attempt to determine the impéct
strength of rubber-modified polymers on a scientific basis was due to
P]ati‘(1975). In trying to analyse the data obtained from a commercial
grade of HIPS (equivalent to Grade BCF), Plati employed linear fracture
mechanics theory which was previously formulated by Marshall et al (1973).
The results did not agree with the theory and thus she concluded that the

Tinear fracture mechanics criterion cannot be validly applied to toughened
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polymers due to considerable craze and plastic deformation prior to break.
To overcome the problem, Plati suggested either modifying the linear

. theory by using the effective crack length (which comprised the initial
crack length and the plastic zone length created at the crack tip) or by
using Rice's contour integral which assumes a full yielding in bending
instead of a brittle fracture. As will be shown, neither approach
providesa unique solution, especially when a Widg spectrum of brittle to
ductile HIPS is to be analysed. It is worth mentioning thét the results
obtained from Charpy and Izod tests by Plati predicted different values
for the impact strength of the materials tested, whereas a genuine impact
resistance should be a material constant, being independent of the method

applied.
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7.3 FUNDAMENTALS OF LINEAR AND YIELDING FRACTURE MECHANICS APPROACHES TO

IMPACT

The impact strength can be obtained by evaluating the rate of strain
energy release due to the extension of tHe initial crack in a pre-notched
impact specimen. Since a comprehensive theoretical discussion on impact
testing is given in Chapter 4, only the outline will be presented here.

If a material behavesAelastically and the final fracture occurs in a
brittle manner with no significant craze or plastic zone ahead of the
cracks, the rate of strain energy release at fracture will be defined as
the impact toughness, Gy and can be obtained by applying linear fracture
mechanics theories. Hence, by denoting the energy absorbed in impact by
Iy the specimen dimensions by D and B (along and perpendicular to the
initial crack, respectively), the initial crack length by «, and the
kinetic energy of the flying pieces by Uy and assuming that the fracture
energy 6n1y comprises the energy dissipated in crack initiation (that is,

the other forms of fracture energies are negligible), we have:

6 = 2 T (7.1)
BD ¢ (a) :

where ¢ is a calibration factor which is a function of the crack length
and the supporting span. The values of ¢ can be obtained theoretically
and experimentally for different geometries of the specimen. In '
Appendix B, fhe values of ¢ for Charpy specimens are given in polynomial
forms in terms of the crack ratios, a/D, and the span ratios, Sp/D.

In ductile materials where an appreciable craze and plastic zone is
produced prior to the final fracture, elastic fracture mechanics does not
'app1y and yielding fracture mechanics techniques must be invoked. In

this case, when full yielding occurs, the impact strength is defined as
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the ratio of the applied energy to the ligament cross-sectional area of a

pre-notched sample.  That is:

I,-ul :
BD (1~ a/D}

where.Id denotes the ductile impact enefgy, andvUé denotes the rotational
kinetic energy. The coefficient x.is numerically equal to unity when no
hinging occurs énd is taken as equal to 2 when the specimen breaks in a
hinge bending mode rather than in shear.

Between the two extremes of perfect ductility and brittleness, there
are some plastics which behave in a complex manner. In these cases, the
4short cracked specimens mostly break in a brittle manher, showing only
partié] crazing and plasticity.” On the other hand, specimens with longer
cracks exhibit a ductiie failure and thus the results tend to comply with
the ducfile fracture theory. If the material displays slight crazing
or a limited slow crack growth, the modified linear fracture mechanics |
approach provides a reasonable approximation to the value of impact
strength. Gb values can then be obtained by substituting the effective

crack Tength, a, oo in equation (7.1). Assuming a limited plastic zone

ff

length, Pp’ and a limited slow crack growth, r_s the effective crack length

is defined as:
@yprr = Pp tr o +a (7.3)

where a denotes the initial crack length. Generally, a .., being a

eff
function of the specimen geometry and the fracture toughness, cannot be
estimated theoretically. The probiem can, however, be overcome if
adequate experimental data are collected and analysed by trial and error;

that is, by adding increasing (rp +r ) valdes to a until the best Tine-
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fit is obtained for equation (7.1).

As previously mentioned in Chapter 4, the modified Tinear fracture
theory, as such, ignores the energy dissipated during the formation of r..
However, if the creation of plastic and c;aze zones does not-disturb the
elastic stress field, the energy due to the formation of r,.can be

estimated by ductile fracture theory. That is:

U, = GgBr, (7.4)

The brittle impact strength is then determined by:

(I, - U, - U,)
Gb - b S K (7.5)

' BD¢ (aeffJ

Hence, if BD@(aef?J is plotted versus the total impact energy, I, a

straight 1ine of slope Gy is produced which intercepts the I axis at

Uk + US.
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Figure 7.1: Impact apparatus set up for the Charpy test
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7.4 IMPACT TEST INSTRUMENTATION

The Charpy impact strength of CPS and HIPS polymers was measured on
a éonventiona1 pendulum-type impact machine. The apparatus was originally
designed by BP Chemicals (UK) Limited and its outTine {s illustrated in
Figure 7.1. Izod and tensile impact tests could also be conducted on tﬁis
machine, although these were not attempted since, firstly, an accurate
stress analysis of Izod specimens is more difficult to achieve than that
obtained for Charpy tests. This is because thg clamping of the Izod
specimens produces complex stresses around the notch tip, and the
variation in clamping force may cause significant differences in the
impact energy obtained. Secondly, the tensile impact tests are not so
'pppu]ar in the plastics industry.

The impact machine used consists of a massive base on which the Charpy
vice was mounted fof holding the specimen, a rigid frame to which the
pendulum-type hammer (tup) was attached through an anti-friction bearing,

a release hechanism and a recording system which made it possible to
measure the kinetic energy absorbed from the pendulum during impact. A
set of four pendulum hammers (tups) of varying mass was available which
could be released at four different heights onto the specimen. The
velocity variations of the pendu]ums were rather small (VZ = 2.5 m/sec)
and, therefore, within the experimental error in an impact test, a.
constant strain rate was obtained for specimens of identical dimensions.
The striking edge of each tup had a single rounded nose, so that the test
specimens were all loaded in three-point bending. Although a large
proportion of the mass of the tup was concentrated in the head, its arm
was sufficiently rigid to minimise vibrational energy losses during impact.
The contact Tine of the striking ndse was located at the centre of

percussion of the pendulum.‘ This was carefully a]igned along the
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specimen crack during experiments using an optical magnifier.

By choosing the appropriate pendulum and altering the release
position, the potentia] energy of the striking tup could be adjusted as
closely as possible to the values just adéquate to break the HIPS
specimens. The energy absorbed in impact was then obtained by subtracting -
the excess energy remaining in the pendulum after impact from the maximum
effective potential energy. This was made possible by recording the |
angular swing of the tup using a photoelectric device and a marked
transparent disc attached to the pendulum pending poinf. The angular
displacements of the pendulum were displayed as a number on a dijitaT

counter, which reflected the impact energy absorbed by the specimen .
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7.5 CALIBRATION OF THE IMPACT MACHINE

The calibratijon method used has been given in detail elsewhere
(Plati (1975)) and will be described only in outline here. The energy
absorbed to fracture a specimen (crack inftiation and propagation energies,
plastic work, etc.), is equivalent to the potential energy lost by the
pendulum during impact. The equivalent energy loss recorded by the
digital counter, however, contains other energy losses which must be
considered as errors and thus are to be subtracted from the values

recorded. These errors are mainly as follows:

1. Energy losses due to vibration of the pendulum and horizontal

movement of the impact machine.
2. Energy losses due to windage and bearing friction.
3. Kinetic energy of the broken specimens.

The first factor is associated with the design of the impact machine
and is considered to be insignificant, since the impact energies required
to fracture the HIPS ‘specimens were in all cases much smaller than the
maximum Timit permitted in the design specifications.

The energy losses due to windage and friction is often considerable
but may be accurately estimated experimentally. This is done by
releasing the tups at different positions and allowing them to swing
freely while noting the potential energy losses during each complete
oscillation. The measurements were performed using a closed circuit TV
set and a tape recorder in order to facilitate the interpretation of the

readings. Using this technique, the counts displayed on the digital
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counter during 20 to 30 alternate free swings of the pendulum were recorded
on the tape. The differences between each count thus reflected the energy
losses due to the friction and windage in the system for varying positions
of the tup. These differential losses were then plotted versus the
current potential energy of the pendulum which was denoted by the digital
counter. The relationship between the current potentiél energy and the
windage and friction energy losses was, consequently, expressed in a
polynomial form by means of a curve fitting program. The corrected impact
energies were then evaluated by subtracting the windage/friction energy
frpm the total potential energy Toss.

The impact energy evaluated'as described above comprises the fracture
energy (due to initiation and propagation of the crack and the possible
lp]astic work involved) and the kinetic energy of the broken pieces. If a
realistic estimate of fhe impact resistance of a material is to be made,
then itAmust be possible to separate the fracture energy from the kinetic
energy since the latter parameter is a function of the specimen geometry,
and thus should not be considered as an intrinsic mate}ia1 property. The
corresponding experimental error will be especially significant if the
material breaks in a brittle manner, in which the fracfure energy may even
be less than the kinetic énergy of. the broken parts.

The estimate of the kinetic¢ energy of the broken pieces is not
usually a simple matter, since it is difficult to compute or measure it
with precision. Some useful results may, however, be obtained by
measuring the energy loss due to ejecting an identical impact specimen
freely supported on the Charpy vice. The kinetic energy evaluated as
such is an approximate estimation of the energy loss of the broken pieces
in an actual test. Assuming a linear flight of the broken parts, it is

also possible to evaluate the corresponding kinetic energy analytically,
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using equation (4.26) or equation (4.27); as previously described in
section 4.4 of_ Chapter 4.

If specimens break in a ductile manner, the Tinear kinetic energy
evaluated by the above procedure does not.tru]y represent the rea]-energy
losses of the broken pieces in an impact test. This is because the
specimens plastically deform in a ductile fracture and usually stick to
the impact pendulum, and thus the kinetic energy absorbed will only be of
a rotational form. This ‘energy can be theoretically estimated from
equation (4.28) of Chapter 4.

The greater problem which arises here is dué to semi-brittle or semi-
ductile fracture in which the kinetic energy loss will be of a composite
form. In this case, the exact value of the kinetic energy of the broken
4piéces is uncertain, being somewhere between the two limits of linear and
rotational kinetic enefgies. Fortunately, the kinetic energies of semi-
dﬁcti]e-materials tested in the present research were found to be small so
their effects were reduced in significance and it is reasonable, therefore,
to consider the mean of the linear and rotatioﬁa] kinetic energies
described by equations (4.27) and (4.28) of Chapter 4 as the approximate

loss due to the ejection of the broken pieces.
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7.6 EXPERIMENTAL PROGRAMME

The experimental work to be described in this chapter was mainly
devoted to the two samples of épecia]ly prepared HIPS, each containing
from 0% to 5.55% nominal rubber inclusion, and the discussion of the
experimental technique will be limited to these materials; that is,
the effect of rubber content on the impact strengths of these materials.

Confirmative tests were also carried out on some Super, Standard and
Medium impact polystyrene in order to verify the theoretical assumptions,
and are treated in the samé manner as the former materials, except where

nqted..

7.6.1 Test Conditions

A1l experiments were carried out at room temperature (ZOOC) and
50% relative humidity,land the specimens were normalised at these conditions
for a month before use. The values of the impact energies were obtained
using the 0.152 kg Charpy tup at position 4 (with an effective speed of
2.912 m/sec) for special HIPS and the 0.28 kg Charpy tup at position 3
(wfth an effective speed of 2.448 m/sec) for commercial grades of HiPS.
Specimens having dimensions of approximately
6.3 m x 3.15 mm x 50 mm were manufactured from moulded sheets of material

and were supported on the Charpy stand with a span of 41 mm wide.

7.6.2 Materials
The following injection moulded 3.15 mm sheet samples of HIPS,
which were supplied by the US Steel Corporation, were tested in the present

work:
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A.  The specially prepared HIPS (Sample 1) containing from
0% to 5.55% rubber inclusion: these materials are,
hereafter, denoted by U B0, U B1.11, U B2.22, U B3.33,
and U B5.55.  The numbers following the alphabetical

codes indicate the nominal rubber content of theAmaterials.

B. The specially prepared HIPS (Sample 2) containing from
" 0% to 3.33% nominal rubber content: the materials are
hereafter Tabelled as U €O, U C1.11, U C2.22, and
U C3.33.

C. . Standard HIPS*: USSA, USSB, USSC, USSD, USSE, and USSF.

D.  Super HIPS: USTA, and USTB.

E. Medium HIPS: USMA, and USMB.

F. Experimental HIPS: USEA, USEB, and USEC.

The grafting énd mechanical properties of the U B grade of the
specially prepared HIPS are shown in Table 7.1. }

The U B grades of specially prepared HIPS were nomina11y
duplications of the materials (Grade U A) previously used for the fracture

toughness experiments and their mechanical properties were fairly

consistent with those described before (Table 5.1 of Chaptef 5) with a few

* The codings used here are conventional for this thesis and do not

represent the trade names.



TABLE 7.1

Grafting and mechanical properties of the grade U B of the specially prepared HIPS

Properties U BO U B1.11 U B2.22 U B3.33 U B5.55
Nominal rubber content (%) 0 1.11 2.22 3.33 5.55
Nominal mineral o0il (%) 1.35 1.35 1.35 1.35 1.35
Residual monomer (%) 0.10 0.11 0.11 - 0.12 0.15
Ethyl benzene (%) < 0.07 < 0.07 < 0.07 < 0.07 < 0.07
No. average molecular weight 73000 80000 79000 85000 88000
Vicat temperature (°C) 102.7 102.7 102.2 102.2 101.5
Solution viscosity (mm2/s) 9.3 10.8 12.2 13.8 18.4
Melt flow (g/10 min) 15.4 11.0 7.8 5.3 2.4
Rubber used PBD PBD PBD PBD PBD
Maximum tensile stress (MN/m2) 49 42 38.5 35 30
Modulus of elasticity (GN/m2) 3.1 2.8 2.6 2.3 1.8
Elongation to break ' 2 9 19 37 58

- 82 -



TABLE 7.2

Grafting and mechanical properties of the grade U C of the specially prepared HIPS

Properties U co ucl.n U c2.22 U C3.33
Nominal rubber content (%) 0 1.11 2.22 3.33
Nominal mineral o0il (%) 1.35 1.35 1.35 1.35
Residual monomer (%) 0.1 0.1 0.11 0.14
Ethyl benzene (%) < 0.05 < 0.05 < 0.05 < 0.05
No. average molecular weight 100000 98000 95000 94000
Vicat temperature (°C) 102.7 102.2 102.2 102.2
Solution viscosity (mm2/s) 16 16.8 17.1 17.6
Melt flow (g/10 min) 4.2 3.8 3.9 2.8
Rubber used - PBD PBD PBD
Maximum tensile stress (MN/m2) 56 48 42 .36.5
Modulus of elasticity (GN/m2) 3.0 2.8 2.5 2.3
Elongation to break -2 14 32 40

- §8¢ -
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exceptions. In particular, the solution viscosity of U-A5.55 and U-B5.55
showed significant disparity. The tensile properties of U-A and U-B are
also somewhat different, although this‘may mainly be due to the dissimilar
testing conditions employed*. .

The U-C grades of specially prepared HIPS consisted of blends
containing identical mineral oil and rubber levels to that of U-A and U-B.
However, here the solution viscosities were kept_constant at around
17.0 mm2/sec (this was done by tailor-making some crystal resins in the
reactors to match the viscosity of HIPSj. As a result, the size and shape
of the rubber particles were nearly conéistent for the various blends of
type U-C of HIPS. | Bearing this in mind, these blends are therefore
considered to be a better representation of HIPS composites than the
4previous blends, U-A and U-B, having identical grafting properties but
varying only in the quantity of the rubber used. The mechanical properties
of the U-C series of HIPS are shown in Table 7.2.

A1l series of specially prepared samples of HIPS employed
Diene 55 as the rubber in the massing stage. Diene 55 is produced by
Firestone, using an anionic polymerisation of butadiene in solvent. Diene
55's micro-structure is predominantly transparent. Tﬁe properties of the
rubber in the HIPS used here are described in Table 7.3.

The ingredient properties of the commercial HIPS were not
available; however, it is believed that the PS matrices and PBD rubbers
of these polymers were identical (with the exception of the Super HIPS

series which employs a tougher PS matrix).

* The mechanical properties quoted for the U B type of HIPS are provided
by the manufacturer, in which the test conditions (e.g. strain rate) has

not been specified.
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TABLE 7.3

The Properties of Polybutadiene Rubber, Type 55

Limits
Properties
Minimum Maximum
Volatile Matter (%) - 0.20
Ash (%) - 0.05
Solution Viscosity (mm2/s) 176 196
Gel ‘ . Nil Ni1
Antioxidant (BHT) (%) - 0.25

7.6.3 Notching Technique

The notches were made using a sharp single point fly-cutter
mounted in a notching instrument, as shown in Figure 7.2. The cutting
angTe was around 60° and the crack tip radius was estimated to be around
0.03 mm. Particular care was taken in notching the specimens to avoid
the creation of craze bundles around the crack tip.

As previously discussed in Chapter 6, the machine notching
technique has considerable advantages over razor notching.  This has been
shown by Plati (1975), who made use of the two notching methods and found
more consistent results when using the machine notches.

The initial cracks were inserted fh one edge of the specimens
varying from 0.015 D to 0.5 D (where D denotes the specimen width along the
crack). The use of shorter cracks was found to be vifa] in evaluating the
impact strength of quasi-ductile polymers as they often induce a more

brittlie fracture under impact loads than longer cracks.
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Figure 7.2: Notching apparatus for impact specimens
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The initial crack lengths were accurately measured after

fracture, using a scaled travelling microscope, as shown in Figure 7.3.
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Figure 7.3: The optical arrangment for the analysis of the fracture surfaces of impact specimens
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7.7 ANALYSIS OF THE EXPERIMENTAL DATA

There emerged a variety in the appearance of the fracture surfaces

of the crystal and impact polystyrene specimens, corresponding to the

nature of the material résistance to fracture. The general impact

behaviour of polymers is described elsewhere (Vincent (1971); Nikpur &

Williams (1977)*). On a similar basis, different types of fracture of

HIPS samples, tested in the present work, are classified as follows:

1.

Brittie Po]yhers (e}g. the crystal polystyrenes): An analysis

of the fracture surfaces indicated no trace of craze growth or
stress-whitening. This is due to insignificant resistance to
crack propagation and so a rapid unstable crack growth follows

the initiation.

. Semi-Brittle Polymers (e.g. Tow-level impact polystyrenes): A

small craze zone and limited stable crack growth could be
detected in these materials. Unstable crack growth finally

takes place after the slow cracking.

Semi-Ductile Polymers (e.g. standard impact polystyrenes):

Opaque surfaces of fracture pieces -indicated a stable crack
propagation throughout the specimens. It can be concluded that,
although these materials display a low resistance for crack
initiation, there must be a relatively significant propagation
resistance which inhibits the free travel of'the initiated crack.

This is due to rubber particles which impede the rapid extension

* This paper is appended at the end of this thesis.
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of a crack by absorbing a significant portion of the impact

energy as a result of craze generation.

4. Ductile Polymers (e.g. super HIPS): The fracture occurs after

nearly full yielding. A large region of crazing and stress-

whitening could be detected around the propagated crack.

The fracture surfaces of different types of HIPS are shown in

Figure 7.4.

7.7.1- Fracture of Crystal Polystyrene (CPS)

Plots of the fracture energy, I, , versus BD® for the two grades
‘of CPS (U BO and U CO) are shown in Figures 7.5 and 7.6 (graphs A). The
impact strengths, Gy» Were determined from the slopes of the best straight
Tine thfough the data points. As expected, these lines intercept the
energy akes at 0.010 J which is the kinetic energy of the flying pieces.
The scatter of the points is conspicuous for both materials. This was
predictable owing to the great sensitivity of brittle materiasl to small
variations that may occur during the experiment. The.resu1ts are also .
shown in the energy-ligament area plots (Figures 7.5 and 7.6, graphs.B) and,
if compared with the energy-BD% plots, it is clear that the linear fracture
mechanics provides a better fit to the experimental data.

The grade U CO of CPS, which is a tougher material, according
to the manufacturers, displayed a slight deviation from the brittle theory
at shorter cracks. A crack length correction, r_, of approximately
0.01 mm was found necessary to produce the best line-fit through the data
(Figure 7.6, graph C). The corresponding impact strengths obtained for
U BO and U AO were about 0.4 kd/m? and 1.1 kd/m2, respectively.



Figure 7.4:

Typical fracture surfaces of Charpy impact specimens:

1 (top left) : Brittle fracture in U BO;

2 (top centre) : Semi-brittle fracture in U B1.11;

4

(
(

3 (top right) : Semi-ductile fracture in U B2.22;
(bottom left) : Semi-ductile fracture in U B3.33;
(

5 (bottom right) : Ductile fracture in U B5.55.
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7.7.2 Low-Level Impact Polystyrene

The grades of HIPS having low-level rubber contents beha?ed in
a semi-brittle manner and only a very small region of stable crack growth
was detected on the surfaces of the brokén specimens. The grade U B1.11
was a typical example of such materials.

Figure 7.7, graphs A and B, show the experimental data on
energy-BD¢ and energy-ligament area planes. Apparently, the scatter of
the results is significantly smaller than that obtained for brittle CPS.

Conclusively, it can be noted that, as the rubber content in
HIPS increases, the fracture toughness of the material becomes greater and,
therefore, its sensitivity to the initial test conditions reduces and thﬁs
smaller scatter in the impact data will be obtained.

Although the results are less scattered for U B1.11, neither
the Tinear nor the yieiding fracture mechanics theories provides an
accuraté representation of the experimental impact data obtained. However,
the deviation from the linear theory in the energy-BD¢ plot is small and
only becomes apparent at smaller crack lengths. This can be overcome
by reconsidering the distortions caused by a Timited plastic zone and
stable crack growth prior to final fracture. Graph C of Figure 7.7 shows
the corrected data using the modified linear fracture mechanics theory.
The best Tine-fit on the data points is produced by assuming
r +Arp‘= 0.35 mm.  The slope of the fitted line implies an impact
strength of about 2.3 kJ/m2 for U B1.11.  The intercept of this line with
the energy axis at about 10 m coincides with the theoretical value

predicted for the kinetic energy of the fractured specimens.

7.7.3 Medium- and High-Level HIPS

The grades of HIPS containing sufficient quantities of rubber
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phase generally showed a composite behaviour in fracture. The impact
energies recorded in a complete fracture, however, substantially increased
with increasing rubber contents. In accordance with this, the amount of
plastic stress whitening and crazing was é]so increased significantly.
The corresponding plots of energy versus BD¢ and also the energy versus
Tigament area for the specially prepared HIPS containing various rubber
contents are shown in Figures 7.7 to 7.13. It seems that, while the
linear fracture theory does not describe the impact behaviour of the
tougher grades of these materials, a reasonable approximation can be made
if the yielding fracture criterioh is employed. However, the data for
shorter notches indicate a clear deviation from the yielding theory,
espectially when medium HIPS grades are studied.

Except in the case of U 81111, which was discussed before, the
modified linear theory‘dpes not provide any better solution. For example,
the corfection method for U B2.22 converges at ry = 0.22 mm, and the best
straight 1ine through the corrected data gives an apparent impact strength
of about 0.76 kJ/m2. This is noticeably lower than the value obtained for
U B1.11 which contained a small rubber content, thereby indicating the
inefficien cy of the modified 1inear theory to describe the impact behaviour
of composite polymers. Moreover, the intercept of the fitted line
through the corrected data points with.the energy axis was found to be
around 31 mJ which is significantly higher than the theoretical value
predicted fdr the kinetic energy of the flying pieces (Uk =10md). As
discussed in the preceding theoretical section, this difference could be
accounted for partially due to the‘dissipation of energy during the stable
crack growth. However, the energy difference is too great to be wholly
considered as the result of merely 0.22 mm ductile crack propagation in

the specimen.
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yielding (B), modified linear (C) and composite (D) fracture mechanics theories
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The inadequacy of the linear fracture mechanics (modified or
unmodified) in predicting the impact behaviour of composite polymers is
better shown when comparing the impact strengths evaluated on this basis
for different grades of HIPS (see Table 7.4). Obviously, no consistent
relationship exists between the impact strengths of these polymers and
their rubber contents. In barticu]ar, when medium grade; of HIPS are
studied, the results largely deviated from both modified linear fracture
mechanics and yielding fracture criteria. For example, as shown in
Figures 7.11 and 7.12, the impact data for U C1.11 and U €2.22 indicate a
clear upward trend on the energy-l1igament area plot and a sharp downward
incline on the energy-BD¢ plot. Notably, the appreciable curvatures of

the data obtained for medium HIPS require a substantial correction of the
initial crack lengths. However, the modified fracture mechanics
hypothesis only applies when the distortion due to the plastic zone or
stable érack growth is small and thus the theory must be considered

inaccurate when analysing materials showing a large slow crack growth.

7.7.4 Application of the Composite Impact Theory

The basic theories derived for homogeneous brittle or ductile
materials were shown to bé inaccurate for predicting the impact
resistances of rubber-modified polymers. In the paper appended at the
end of this thesis, a universal theory is developed which attempts to
study the impact strength of composite materials in terms of the resistances
due to the initiation and propagation of a crack. The total energy
dissipated during impact can then be obtained byvconsidering the initiation

impact resistance, G:» and the propagation impact resistance, Gp. Thus:

I, = BD Gp (1 - a/D) + G ¢ (a)] + U, (7.6)



TABLE 7.4

Impact strength of specially prepared HIPS

Material UBO|UBT.TT|UB2.22 | UB3.33{UB5.55]UC0O!UCT.TT{uUC2.22}|U C3.33
G, (initial slope) kd/m® | 0.4 | 1.8 3.0 5.5 6.1 |1.1 ] 2.3 4.2 5.0
Gd (mean value) kd/m?2 0.45| 1.7 2.8 4.2 6.1 1.1 2.2 3.6 4.8
G, (modified) kJ/m2 - 2.3 0.8 6.6 | 6.4 [0.4.1 1.6 1.1 4.0
G, (composite theory) kd/m2 | 0.35 | 0.40 0.3 0.25 0.35 |0.45| 0.5 0.2 0.4
G (composite theory kd/m?} 0.1 1.0 2.5 3.9 5.6 0.8 1.6 3.6 4.4

- G0€ -
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The impact strengths G, and Gp can be determined by performing
at lTeast two impact tests on specimens containing different crack lengths.
However, in an impact test there exists considerable scatter owing to the
nature of the experimental conditions. fo cope with the inconsistency
due to this problem, a sufficient number of tests must therefore be carried
out for specimens containing a wide range of initial crack lengths. The
experimental data can then be analysed using a statistica] program.

The experimental data for the various grades of CPS and HIPS .
were re-analysed using the composite impact theory described by equation
(7.6). A computer program was written to eva]uaté the impact resistances
associated with initiation, G,s and propagation, Gp. The program list is
given in Appendix D which can be used for further research on the impact
strength of composite polymers. The program generates the best surface-
fit on the data descriBed by equation (7.6). The basic impact, theories
(equatidns (7.1), (7.2) and (7.5)) are similarly studied and the
statistical errorsof the results are compared,

Plots of the energy versus BD (¢ + Gb/Gi (1 - a/D)) for the
various CPS and HIPS, are shown in the fourth graphs of Figures 7.5 to
7.13.  As shown, a straight line can be drawn throughAthe data which
intercepts the energy axis at around 10 mJ, equal to the predicted kinetic
energy of-the broken pieces. The corresponding slopes of these lines
give the initiation impact strength, Gi'

Equation (7.6) can be re-written as:

I, = G, + Gp (1 - a/D)/¥(a/D) (7.7)

where I, denotes the reduced impact energy and is given by:
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' (1 -U,) _
I, = e K (7.8)
(BD ¢ (a))

If the composite impact theory genuinely describes the impact resistance
of a rubber-modified polymer, a plot of I, versus the ratio (1 - a/D)/¢
should produce a straight line with a slope of Gp and an

intercept of G,. The experimental data for U €3.33 is re-illustrated in
If-]igament area ratio plots (Figure 7.14). These results demonstrate
the self-consistency of the composite impact theory when applied to a'

wide range of brittle to ductile polymers.
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7.8 EFFECT OF RUBBER CONTENT ON THE IMPACT STRENGTH OF HIPS

In the preceding section, two HIPS samples, each containing different
rubber contents, were tested and their impact resistances to crack
initiation, G-» and crack propagation, Gé, were evaluated using the
cdmposite theory of fractufe. Figure 7.15 shows Gi and Gp versus the
nominal rubber content for the two HIPS samples. It is clear that, within
the experimental errors, the initiatidn resistance remains almost unvaried
with increasing rpbber content. The propagation resistance, however,
increases linearly as the rubber content becomes greater.

The question to be asked then is whether a theoretical limit exists
beyond which the impact strength will not be affected by increasing the
nominal rubber content. It is worth recollecting that the fracture
toughness of identical HIPS samples maximised at 1% to 2% rubber content
aﬁd then showed no improvement with increasing rubber.. The empirical
picture.which is emerging is that the toughness of rubber-modified polymers
is the reciprocal function of the testing speed. Hypothetically, at the
extreme of zero strain rate, the fraéture toughness improvement due to the
presence of rubber particles is a minimum and takes its optimum effect
with the introduction of only a small quantity of rubbér. On the other
hand, when an infinitely fast strain rate test is performed, the toughness
increases significantly with increasing rubbef content and may only
maximise at a large rubber fractional volume. This can be theorefica]ly
explained as‘f011ows: |

The introduction of viscoelastic rubber particles in a brittle elastic
matrix initiates the production of craze bands'emanating from each rubber
pakticle. The energy absorption during the craze formation will therefore
enhance the fracture strength of the material. In contrast, the expansjon

of the craze bands weakens the material (as reflected in the modulus
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reduction due to the presence of rubber particles) since the crazed regions
will act as the nuclei of subéequent microscopic cracks. Craze formation,
therefore, has a dialectic effect since there are dual opposing influences
.of strengthening and weakening. In a‘s]bw rate test, each particle forms
a craze -band which will grow with time. The craze bands emanating from
particles will then interlink, forming a weak stressed plane perpendicular
- to the applied load. At this stage, when the energy absorbing capacity
due to crazing is exhausted, the material fractures at the weakest stressed
region. On the other hand, in impact failure, the growth of crazes is
difficult in the short period of loading so that any addition of rubber .
results in proportionally more crazing with cohparativé]y shorter lengths.
Hence, the inter-effect df craze bands is minimi;ed, while the impact
'strength increases due to a relatively unlimited energy absorption

capacity of multiple infinitesimal craze formation.
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7.9 AN ANALYSIS OF THE COMMERCIAL GRADES OF HIPS

Commercial grades of Medium, Standard and Super HIPS supplied by the
US Steel Corporation were tested in the present work. The values of
impact energies were obtained using a 0.28 kg Charpy tup at position 4
(effective speed = 2.45 m/sec). The experimental procedure was similar
to that used for specially prepared grades of HIPS.

The Standard and Super HIPS all failed in an apparently semi-ductile
to ductiié manner with a significant stress whitening visible from Ehe
surfaces of the broken specimens.  The two medium grades of impact
polystyrene failed in a complex manner where the local stable and unstable
crack growth could be found on the fracture surfaces of the specimens with
small initial cracks.
| The experimental results for the Super, Standard and Medium HIPS are
illustrated in Figures'7.]6 to 7.25, where the applied impact energies are
p]otted»against BD$ (graph A), Tigament area (graph B), modified BD¢
(graph C), and BD (¢ + q;/Gi (1 - a/D)) (graph D). Except for specimens
containing small notches, the experimental data for Super HIPS and to some
extent for the tougher grades of Standard HIPS give a straight line on
energy-ligament area plots. The slope of these lines can therefore be
regarded as an upper limit to the propagation strength, Gp, of the
materials. The ihpact behaviour of Medium grades of HIPS, containing
relatively smaller rubber contents, cannot, however, be analysed using the
classical impact theories.. Although, as previously observed for the
specially prepared grades of these polymers, short crack samples tend to
obey the linear fracture mechanics theory, thus the impact toughness for
the brittle mode of fracture can be approximately estjmated.‘ The data
for ]ong crack samples, conversely, comply with the yielding impact theory

so that the propagation impact resistance can be deduced. Nevertheless,
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when a wide spectrum of impact data for specimens containing various crack
lengths is considered, the results are inconsistent with the linear and
yielding fracture theories.

The theory derived for the composite'polymers was- found to be fn
excellent agreement with the impact data obtained for the whole range of
brittle to ductile HIPS. As shown in graphs D of Figures 7.16 to 7.25,
the best l1ine-fits on the experimental points intercept the energy axis at
about 10 mJ without exception, équa] to the predicted kinetic energy of the
flying pieces. The s]obe§ of these lines demonstrate the brittle impact

_resistances (fnitiation values) which were found to be almost constant for
all materials (except fbr Super HIPS which had a tougher PS matrix).
”Figures 7.26 to 7.35 show the impact data for the commercial grades of

HIPS on the reduced'impact energy, I, and normalised ligament area plots.
An exce]]eﬁt line-fit through the data can be produéed on these graphs,
thereby verifying the accuracy of the composite theory in a clear manner,
The slope of these lines are the propagation impact resistances of these
materials. The results are summarised in Table 7.5 in which the materials
are collated against their propagation impact resistances.

The conclusion to be made here is that the impact strengths of rubber-
modified polymers are to be defined as their impact resistances in crack
propagatipﬁ‘and crack initiation combined. These variables are not,
however, to be considéred as separafe material properties since théy are
simply mathématica] factors which describe the impact behaviour in a
combined manner. As the initiation resistances reﬁain almost constant
for different polymers having identical matrices, the impact improvement
can therefore be asses;ed by comparing their propagation impact resistances
alone. When a wider spectrum of materials is studied, the initiation

resistances and propagation resistances should both be considered, where



TMDQOCT
MR

STRENGTH (HIPS,USMA)

- —
S g
- Bl = C
o n
5 e P~ a —n . -
3 G =3.31 kj/m g G =2.24 kj/m
3. d 8/ b,c
R a
3 L4
A 2 T Ey
r 3 2 a
. 3
- 34 Rs ~ 3
o & a @
x ' 1 a o
; Qv N % [=3
- 3 8
a 31 1 <1
)
3| — g
gl/ é"
1
- U
3] g K
T 2-00 .00 600 8.00 19.00 12.00 14.00 1600 18.00 Yoo 7.00 4.00 6.00 0.00 10.00 12.00 14.00 15.00 18.00
’ »—BwlD-A} MM—> »— Bs0spiR+C} HN—>
: D
o 2
G.=0.37 kj/m
g i o
e -
21 G =2.924 kj/m
p
°
2
a 1 2]
~ -
t 3 = 3
> ~ ol
2 o v
x - 4
" w
z x
- w o
e
a 1 <1
2
a4
o o
3. g8
0 5.38 1030 i5.00 20.00 25.00 30.00 35.00 0.00 45.00 %00 20.00 40.00 60.00 €0.00 100.00  120.00  140.00  160.00  180.00
s»—gn0sfiA/01 HH— »— (BReKaDU] MM—
Figure 7.16
— - ~ v f

- vLE -



IMPACT™ STRENGTH (HIPS.US

M
|

(1

o rr
2
> 9
g, Bl ¢ C
. o .
(=3 ~ — N - b o — : =
g -G =2.88 kj/m 8 G. =0.90 kj/m
8] . d g b,c
a a
o 2
t (i
il =]
= 3 = 8
- o = Bl
o @ o o
x I 4
w w
s s Ea
s 2
I 4 [
o 2
S e
3 3
-
8 3 K .
%00 7.00 .06 ° 8.0 0.00 10.00 12.00 14.00 16.00 10.00 .00 5.00 10.00 15.00 20.00  25.00 30.00 35.00 40.00 45.00
: —@u(D-A1 KN—> : »— BuluglA«C] HA—>
K A : D
= ‘ e
2
. _ .2 5 G.=0.33 kj/m
g'4 Gb—2.84 kJ/m 3'_ i
S - 2
G =2.40 kj/m
g 3 p
T 21 T 2
=] =]
= 8 r 3
- al = o
ICo] o @
s [: 4
wd w
Z s s .
s 5
e l e
o a
3 &
ol o]
2 2
-
T sl Yk
%00 8.00 16.00  24.00  32.00  40.00  48.00  56.00  64.00  12.00 %.00 40.00  80.30 120.00 150,00  200.00  240.00  280.00  320.00  360.CO

»— BaDuf(A/D} HH—>

»— {BR+Kn0Y) HR—»

Figure 7.17

GLE



IMPACT STRENGTH (HIPS.,USSR]

10.00

»— ENERGY Hy —»
50.00

40.00

iy

B

17004

10000

- 2
G,=4.73 ki/m

J
L]

(N.C.)

70.00

9

€.00 .00 10-00  12.00  14.00  1§.00  19.00
»— BuiD-A} AN—»

A0
8
2
- 9L€

100.00

- ENERGY My —»

40.00

20.00

1004
>
__120.04

19000

I‘D-DO
80.00

69.00
80 .00

2
Gbﬁ7.4l kj/m

»— ENERGY N4 —>

' 2
G,=0.70 kj/m

49.00

Gp=3.90 kj/m2

2-00

.00

00 5.00 10.00 15.00  20.00  23.00 30.00 35.00 40.00 45.00 “b.co 40.00  80.00 120.00  160.00  200.00  240.00  280.00  320.00  350.00
»— Bu0=glA/0) MH— > (BRe+XEOU} HH—>

&$.00

Figure 7.18



IMPACT STRENGTH (HIPS.USSB)

My —»

~— EnEKRGY

I}ﬂ.UQ

B

= 2
Gd=4. 87 kj/m

100.00

C
g N. C.

20.00 40 00

. 00

4.00 .00 .00 10.00 12.00 14.00 16.00  18.00
»—gu(0-R) HH—>

=3
&
a8
~
&
8

»— ENERGY HJ —»

120.04
120.04

- LLE -

o a
2 a ] o
g 2|
3 8
g T g-
3 2 3
g _ ., 2 - ol : 2
81 G.=8.75 kj/m 5 s G.=0.80 kj/m

b & i
g z, . '
: I3 ) g

G =4.00 kj/m
8 3 p
&l !
-
. o Uk
Yoo 4.00 e.00 12.03 16.00  20.00 24.00  28.00 2.00  36.00 %00 70.00  40.00  60.00  80.00 100.00  120.00 140,00  160.00  180.00
s—BulagIR/D) MH—> *— | BR+K=0U) MH—>

Figure 7.19




IMPARCT STRz i

B

s

-5 .US5C )

- 81€ -

.
£
: _(N.C)
5 =
x
z
z
bl
A

!

¥ a0 e §-00 .00 10.00 12.00 14.00 15.00 18.00

*—fBulD-R) MN—>

E4 2

: AL

:

o °

EN &1

3. g
.« = é.

t I o
=3 2. G,=0.79 kj/m
%3 5 8
x 2 x N 2
b G =8.10 kj/m S G =4.01 kj/m
- g b w g. p
23 : IR

:‘ Q

3 3

24 g

i -

g Uk

o2 4.3 .00 12.50 16.02 23.02 24.00 28.00 32.00 36.00 %00 20.00 40.00 50.00 #0.00 103.29  120.22  :40.00  180.00  180.00
»— 3a0ag(3/01 HH—> »— {BReM#D,. ““—»

Figure 7.20



IMPACT STRENGTH (HIPS,U53D)

: B :
5 - C
- [
3 a
2 2 / a 2
3 - o - .
3 _ .. = =
* G, =4.56 kj/m /o g G ~9-80 ki/m
2 ’ =]
2 g
- T 24
£ 3 Z g
S 3 5 8
x B @
> w
£ 5 Z a
-~ El o
v 2 l 1
2 2
. =3
2 &
-—Uk
3 . g
2730 2.00 €.00 600 8.00 10.00 12.00 14.00 15-00 19.00 .00 1.00 2.00 3.00 .00 $.00.  6.00 7.00 ¢.a0 9.00
»—Bu(D-RI MH—> »— BuDep(Re{) MM—>»
o R
: 2 D
-." - 2
2 . s G,=0.81 kj/m
gl g 1
= ., 2
. G =3.62 kj/m
8 e p
s o1 S
i 2 T s
2 e G,=6.99 kj/m 2 .
5 o o ¥
x ac
= w
g E s
3
R |
o o
g e
& &1
3] ) Uk )
& - v =
.00 5.00 6.0 15.00  20.00  25.00  30.00  35.00  40-00  45.00 .00 70.00  40.00 _ 60.00  B0.00  100.00  120.00 140.00  160.03  180.00
»— BaDn@(R/0) MH—> . »— (BReK=QU) HM—>

Figure 7.21

- 6LE -




IMPACT STRENGTH (HIPS,USSE

g 5
g B g C
2
o o .
8 gl G =12.7 kj/m
8] 8 b,c
a o
3 8
= =
r 3 r 3
= ol - ol
IC o @
@x @x
ad w
z 4
i e 1=,
a o
3 8
54 o4
2 2
- U
3 8 k
.00 Z.c0 .00 .00 8.0 10.00 12.00 14.00 16.00 19.00 .00 0.50 1.00 1.50 7.00 2.50 3.00 1.50 .00 4.5
=— BeiD-R) MH—>» =~ BaDep(ReC} MH—>
v =
3 3
2 : D
Z‘W :W
. . _ 2
5 5 G.=0.81 kj/m
d g i
n 2
— 3 ~ -]
s ] G =3.75 kj/m o
t 9] yef P 5
=) 2
£ g £ 3
- ol - o]
= @ & 2
@ e
] o
S s Z o
g 3
i JREY
o o
3 s
g ?)
4 5
. . \Uk
s e
“%b.oo 400 v.00 12.00 16.00 29.00 24.08 20.00 32.00 16.00 .00 20.00 40.00 50.00  80.00 100.00  120.00 145.00  160.00  180.00
»— Be0wPiR/D) MA—> #— {BReKuDU) HH—»

Fiqure 7.22

- 0c€ -




U
1>
D)
_{
op
—
A
MM
=
G
_.__1
L
L
—
.
(
(N
<
-

2 B

3 G =3.72 kj/ 2

21 =9, m

3 d ’

5} .
T o1 C
= 3 N. C.
| 4

.00

6.00 .00 19.00  12.08  14.00  16.00  18.00
»—Bu[D-R) HH—> .

o
a
~
4
o
a
-
a
o

»— ENERGY HJ —>

126.04
>
0d
o

g 2 8
3] Gb=6.81 kj/m s) 2
G.=0.68 kj/m
‘o 1
3 g 2
2 t 5 G =3.22 kj/m
P

s 2 s
3 g
2 - o
3 5 3

' 4

wl
| z
S ‘1‘ g
3 g
21 S
< e~ Uk
%'.Gﬂ lv.:!d 8.00 12.30 16.2C 28.00 24.00 28.00 32.00 38.00 Y00 a'.uu 16.00 24.00 32.00 40.C0 48.00 ss.00 - E“-UU 22.83

= GaloJ{R/0) HH—> »— {BReXmIU) HH—> S,

Fiaure 7.23

[2€




IMPACT STRENGTH (HIPS.USTA)

»— Bu0sp(AR/0) HH-—>

»— (BR+XaQU) NMH-—

~1

g - .2

~ G =7.30 kj/m

- d
. C
N o \
T g N. C.
5 N e N S
ac
Li‘ 1=
I

%50 2.00 «.00 5.00 .00 10.00 12.00 14.00 16.00 18.00

»—80(0-R] HHN—>
3 Al g
3 G =12.24 kj/ 2 2
= . m 8 .

: b J 2 6.=1.05 kj/m

T 24 i

g -1 2

o o G =6.29 kj/m

=4 o L] o 2 p L
? L] T L)
23 28 ‘
- 2 = R
o - o =
x o
w g B_ (]
I e O

2 /—Uk

0 4.00 .00 12,00  16.00  20.00  24.00  28.00  32.00  36.00 }‘-‘b.uu 20.00  40.00  60.00  60.00  100.00  120.00  140.00  160.00  180.00

Fiqure 7.24

- 22€ -



IMPACT STRENGTH (HIPS,USTB)

i3

s B

2.

o

3

a

od

]

g C
tE (N. C)
= [} .
2 3
~ g
5 =
- 4
o
z
I e

2
l g

8

3]

2

3

“b.00 7.00 o .00 s.00 10.00 12.00 14.00 16.00 18.00

»— Bui{-AI NN—>

e 3

: Al g 5 D

e 2 Gi=0.94 kj/m

g _ 2 g

= Gb—9.59 kj/m o

&

g : : 2 G =4.80 kj/m
pE t P
£ 8 2 8
~ & . &
je] - Ity -

o ac
z 3
z 3 w3
Iz I

g g

$ 2

9 a

2 g

%00 4.00 -00 12.00  16.00  20.00  24.00 32.00  36.00 .00 Jo.00  20.00  30.00  40.00  50.00  60.00  70.00  8.00  93.00

»—BuDsfia/01 HN—>

29.00

»— (BR+XmOU] HH—

Figure 7125

- €¢¢€



2
KJ/M—>

> (U-K)/(BwDw@(R/D) )

3.00 4.00 65.00 6.00

2.00

8|Gj=0.37

. 4 T
.00 0.20

>— (1-R/D)/B(R/D))—>

L T L L] ¥ - L)
0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 .

Fiqure 7.26:

Initiation and pronacation imnact resistances for Medium HIPS

- e -



KJ/M—>

>— [(U-K )/ (BeDwP(A/D))

040 0.60 0.80 1.00 1.20 1.40 160 180
>~ (1-A/01/&(AR/D)) —

F{gure 7.27:

Initiation and rronagation impact resistances for Medium HIPS

- §2¢€ -



»— (U-K)/(BuD=P(R/D)) KJ/M2—>

12.00

10.00

i

[—6; =0.70

(=)
<
.00 0.20

0.40 0.60 ~ 0.80 1.00 1.20 1,40 1.60 1.80
»— (1-R/D)/P1A/D))1—

Figure 7.28:

Initiation and propagation impact resistances for Standard HIPS

- 9¢¢ -




> (U-K)/(BxDw@(R/D)) KJ /M

4.00 6.00 8.00 10.00 12.00
.

2.00

.00

- 6;=0.80

UsSsB

*>
%00 0.20

u
0.

40

0.60

0.80 1.00 1.20 1.40 1.60 1.80
»— (1-A/D)/$(R/D))—>

Fiqure 7.29: Initiation and nropagation 1mnact resistances. for Standard HIPS

- [2E -



12.00

(=]
o
s
o
p =y
~
- o
x .71
o
~
X o
- O
S 0]
|
o
-
v 0]
— o
N
=
=
L b=t
‘\'.-1
: sii—o-, =0.79
%00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
» (1-R/D1/@B(R/D))—> ‘
Figure 7.30:

Initiation and nronagation impact resistances for Standard HIPS

- 82€ -



12.00

o
<
2-
)
=
~ -
- o
x 9
— 0-
o
~
x o
_ ©o
o »]
)
o
n
a
— [=
~ o
= 7]
:l:J
| 8
o
8|}~ G=.82
%00 0.z0 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
>— (1-R/D)/@(R/D))—>
Figure 7.31:

Initiation and propagation impact resistances for Standard HIPS

T



2

»— (U-K)/(BuDwd(R/D) ) KJ/H—>

12.00

4

.00

.00

.00

6

4.00

2.00

— Gj=0.81

USSE

.00
PG00

.00 0.20

0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
>— (1-A/D)/Z(AR/D))—>

Figure 7.32:

Initiation and nropagation impact resistances for Standard HIPS

~ Qg€ -




5

»— (U-K)/(BeDu@(R/D)) KJI/N>

2.00 3.00 .00 S.00 .00

1.00
A

- G; =0.68

.00

P
2t
]

0.40 0.60 0.80 1.00 1.20 1.40 . 1.60 1.80
> (1-R/D)/81R/D))1—

Figure 7.33:

Initiation and propagation impact resistances for Standard HIPS

- LEE -



2

> (U-K)/(BxD=((A/D)} KJ/MN—>

g I'—Gl- =1.05
00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
»— (1-A/D)/@(R/D))—>
Figure 7.34: Initiation and pronagation impact resistances for Super HIPS

€€ -



»— (U-K)/ (BuDxf(R/D)) KJ/H—>

12.00

.00

8.00 10
1

.00

3 |—G=085

o0 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
>— (1-R/D)/FLR/D))—>

Figure 7.35: Initiation and nropagation impact resistances for Super HIPS

- €EE€ -



- 334 -

TABLE 7.5
The Impact Strength of Commercial HIPS
Material Inifiation Propagation
Resistance | Resistance
Type Code (kd/m2) (kd/m2)
USMB 0.33 2.40
Medium HIPS
USMA 0.37 2.94
USSF 0.68 3.20
UssD 0.82 3.62
USSE 0.81 3.75
Standard HIPS
USSA 0.70 3.90
USsB 0.80 4.00
USsSC 0.79 4.01
L USTA 0.94 4.80
Super HIPS
USTB 1.05 6.29

the first parameter represents the toughness at low strain rates, while

n

the latter determines the toughness in an impact test.




- 335 -

7.10 EFFECT OF RUBBER-MATRIX INTERFACE ON IMPACT STRENGTH

Three experimental grades of HIPS (USEA, USEB aﬁd USEC) were tested
for their impact strengths and the results were similarly analysed. The
manufacturer especially noted that these éxperimental materials were mal-
processed and unexpected shattering fracture of the parts were often
reported.

An analysis of fracture surfaces of impact specimens made from
extruded sheets of these polymers was studied and two distinguishable
modes of brittle and ductile fractures were observed. The specimens
having shorter notches showed insignificant stress whitening and slow
crack growth, while a large plastic flow was detected from the surfaces of
those specimens containing longer crack lengths.

The exberimenta] data for USEA, USEB and USEC are demonstrated in
Figures 7.36 to 7.38, Qhere the impact energies were plotted versus the
1igamen£ area. Two separate regions depending on the initial crack
lengths can be detected in these plots. The specimens containing longer
crack lengths are described by a straight line intercepting the energy axis
at about 10 mJ, equal to the predicted kinetic energy of the fractured
parts: As the initial crack length decreases at a cr%tical crack length
(about 0.2 D), the impact energy abruptly falls off to a level around half
the value theoretically expected. At shbrter cracks below this critical
point, the impact data will be scattered on a Tow energy level, indicating
a brittle mode of failure.

The precipitant ductile to brittle transition of mal-processed
modified polymers can be explained as follows. As previously discussed,
rubber particles act as stress concentrator elements, since they have much
Tower moduli than the surrounding polystyrene matrix. Goodier's equations

(see Appendix A) show that the maximum stress concentration occurs at the
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equator of the rubber particles. If the particles are elastomeric and
perfectly bonded to the matrix, the crazes initiate at points of maximum
principal strain and propagate outward through the matrix. The result is
the generation of a large number of short'craze bands, in contrast with the
small number of long crazes formed in the same matrix in the absence of
these particles. On the other hand, if the particles are only loosely
bonded to ‘the matrix, the application of tensile loads preduces "penny-
shaped" cavities around the equators of these particles, forming the nuclei
| for subsequent crack propagat%on. The result will then be manifested by
a sudden brittle fracture. Now, an initial crack induces a larger stress
concentration in the vicinity of the crack tip. The stress concentration
is more critical when shorter fotches are produced in specimens, since the
.average stress level will be higher in the media (that is, the applied
stress prior to rupturé would be nearer to the yield stress than the
case of'a specimen with longer initial cracks). Therefore, at a critical
crack length, the applied stresses transgress the strength of the matrix-
rubber bonds so that these bonds break and, through a cavity mechanism,

incipient cracks initiate causing a brittle fracture.
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7.11 CLOSURE

The basic theorie§ derived for homogeneous brittle or ductile
materials were found to be inaccurate to describe the impact strength of
rubber-modified polymers. The composite-theory, however, could clearly
determine the effect of rubber content on the impact strength of these
maferia]s. The impact resistances were then defined in terms of
initiation (Gi) and propagation (Gp) impact strengths.  The values for G,
and Gp can be evaluated by performing two experiments on specimens
containing different crack lengths. It was found that G, was nearly
constant, while Gp increased linearly with increasing rubber percentage.
Moreover, it was shown that the matrix-particle interface cohesion'plays a

dominant role in the processing of rubber-modified polymers.
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. CHAPTER 8
DYNAMIC MECHANICAL PROPERTIES

8.1 INTRODUCTION

A knowledge of the viscoelastic nature of multi-phase polymers and its
relationship to temperature provides a basis for relating the macroscopic
physical charactefistics to the micro-structure of the constitutive
components. . An understanding of the time-dependent behaviour of these
polymers when subjected to constant Toad (as in a creep test) or constant
deformation (as in a stress-relaxation test) yields useful information
about their viscoelastic properties, but greater insight and an intrinsic
.understanding of the general behaviour of the polymer can be obtained more
rapidly by the study of dynamic mechanical properties. These are
ascertained by measuring the response to a dynamic sfimu]us.

In.general, a careful and systematic analysis of the dynamic
mechanical experimental data provides a powerful basis for examining the
effect of.cross—linking, crystallinity, plasticisation and the grafting
procedure on the mechanical and fracture behaviour of polymers
(Ball (1971); Bucknall (1967)). The experimental work to be presented
in this chapter is, however, restricted to the study of the influence of
rubber content on the viscoelastic properties of HIPS, since it is
considered to be the most important paramefer in the toughening prbcess.
The effects-of crysta11inity? rubber-po]yétyrene cross-linking and the
grafting characteristics of the rubber particle have been examined
elsewhere (e.g. Turley (1963); Cigna (1970); Koo (1974); Nielsen (1974);
Bucknall (1977)). These aspects have been previously discussed in
Chapter 5 and will not be expounded further.

Generally, dynamic mechanical tests can be classified in two ways,
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one measuring the tdrsiona] response (stress of a specimen subjected to a
free periodic stimulus (strain) using a torsion pendulum apparatus, and
the other measuring the forced oscillations of a tensile specimen using a
Rheovibron apparatus. Both instruments have been widely accepted and
used in polymer technology. The torsion pendulum machine was developed
in the early 1950s by Wolf & Schmieder (Germany) and Buchdahl & Nielsen
(USA) (Koo (1974)), and a standard method for testing was later drafted
and approved by the ASTM section on dynamic mechanical properties (ASTM
(1972d)).  The torsion pendulum machine is relatively simple to construct
and to operate, but it has certain limitations. The main disadvantage is
that the frequency is not an independent test parameter and its influence
on the dynamic response cannot be easily ascertained.

Non-resonant forced-vibration instruments were originally employed
for'testing rubbersr(R6e1ig (1945); Wilkinson & Gehman (1950)), and this
apparatﬁs, commercially known as the "Rheovibron", was later developed and
successfully used for polymeric materials by Takayanagi in Japan (Yoshino &
Takayanagi (1959); Takayanagi (1963); Takayanagi et al (1963)). The
Rheovibron is so designed that the frequency of the oscillation can be
altered as an independent variable and the resultant sfress and strain
responses are simultaneously measured. Consequently, the differential
phase angle between stress and strain are read directly from an oscilloscope
display or from some other electronic device. The damping coefficient and
the moduli of the materials tested can then be evaluated using standard
vibration theories.  Rheovibron specimens are normally very thin (less
than 1 mm) and this gives an advantage over the torsion pendulum since it
is possible to vary the temperature continuously over.a relatively short
period of time while taking the response measurements simultaneously.

The main drawback of Rheovibrons Tie with their 1imited loading capacity
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oVef a wide range of temperatures. This is because a polymeric specimen
with the appropriate dimensions at Tower temperatures, where it is
sufficiently rigid, can become too soft at higher temperatures. If a
compromise thickness cannot be chosen, twb specimens of different thickness

must therefore be employed to cover the whole temperature spectrum.
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8.2 THEORETICAL APPROACH

The mathematical analysis of a dynamic mechanical test can be found in
most common texts (e.g. Nielsen (1974)). The outlines of the main
concepts employed in the present work are.described as follows:

Assume an ideally elastic material undergoes a sinusoidal elongation
described by:

e = g siny, b o (8.1)

where t = time, and E; and b, denote the amplitude of elongation and-
angular frequency, respectively.
Since an elastic material responds instantaneously to the applied

. strain, the resultant stress is given by:
o = g, siny t , (8.2)

where a, denotes the amplitude of applied stress;

Here, the material is mathematically analogous to a system consisting
of a mass and a spring. The maximum energy per unit volume stored in the
system is given by:

U = %¥Ec? (8.3)

where E is the modulus of elasticity equivalent to the spring constants,
and €, is thé amplitude of the applied strain.

Polymers are, however, viscoelastic materials in which a portion of
the excitation energy fed to the system will not bé stored elastically but
rather dissipated through friction and heat release. A linear viscoelastic
material can be paralleled by a system comprising a mass, a spring and a

dash-pot. If a sinusoidal elongation is applied to a linear viscoelastic
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specimen, the stress also varies sinusoidally but lags the elongation by

a phase angle 9, that is:
g = g, sin (wo t - Q) (8.4)
The peak stress can be resolved into the in-phase and out-of-phase

components, and the ratio of the two, tan @, is the damping factor which

represents the relative importance of viscous as compared to elastic

component of the material. . The two corresponding moduli can be defined
as:
E, = (co/eo) cos § = E* cos Q | (8.5)
By = (Uo/eo) stn @ = E* stn Q (8.6)
1 .
= (g 2 2)%
| E* (E,* + E, ) (8.7)

where B, E, and E* are the in-phase, out-of-phase and complex moduli,

respectively. The complex modulus for a flat-strip specimen subjected to

a tensile strain is given by:

5;—_ (8.8)

mllo'?d

o

where Fb = amplitude of the tensile force, L = specimen length, §, = cross-
sectional area of specimen, and E; = amplitude of elongation, and the phase
angle is defined by:

R = tan”l (E,/E,) (8.9)

The physical importance of 9 becomes clearer when the damping energy
dissipated per cycle is considered for a linear viscoelastic material.

The dissipation loss is obtained from:
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Wy = § o (de /dt) dt - (8.10)

where €, denotes the amplitude of the strain sufferred by the specimen.

. From equations (8.1) and (8.2), we have: -
Wy = o, €, stn Q ’ (8.11)

and the elastic energy is givén by equation (8.3), except in this case
E=E, is the elastic in-phase modulus. The ratio of the maximum energy
stored and the damping energy dissipated per cycle is then obtained from:
Wﬁ
26 = = = 27 tan Q (8.12)
' o
Thé above relationship of tan 2 to energy dissipation is the principal
basis on which the dynamic mechanical data are interpreted. A polymer
" which exhibits high energy dissipation with a high value of A is known as a
high damping or viscous material and, conversely, a purely elastic polymer

is defined by a zero démping energy ratio.
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8.3 EXPERIMENTS
8.3.1 Apparatus

The non-resonant, forced viscoelastometer used in this study
was a commercial apparatus (Type DDV-1I, Rheovibron) made»by the
Toyo Baldwin Company Limited in Japan. - A photograph of this apparatus is
shown in Figure 8.1. In addition to the Rheovibron, the stabilised power
source, tan & indicator, operating switches and oscilloscope display are
.also shown in this figure.

For simplicity, the apparatus will be deséribed using the
schematic diagrams presented in Figure 8.2. As shown in diagrams 8.2(a)
~and 8.2(b), the specimen is fixed between two wire strain gauges of the
unbound type, one being designed for stress detection (T1) and the other
for strain detection (72). The specimen is excited at definite frequencies
(3.5, 11, 35 and 1]OVH£) by means of a magnetic coil. The temperature of
the samﬁ]e is regulated by use of an electric furnace over a temperature
range from room temperature to 250°C and a cooling system, which utilises
liquid nitrogen, over a temperature range from -170°C to room temperature.
To prevent ice forming and also to reduce the ambient humidity, dry air
was pumped into the specimen chamber.

A simple block diagram of the instrument circuit is shown in
Figure 8.2(c). As illustrated, the signals provided by the oséi]]ation
generator at a definite frequency'(e.g. v, =11Hz) are fed to the main driver
through a phése adjusting unit, an amplitude adjusting unit and selective
power amplifiers. Via another circuit, these signals are supplied
through a-phase corrector unit to the synchronous rectifier as a reference
. voltage. The output signals from the stress and strain transducers can
be detected by a vacuum voltmeter after being amplified through the

potentiometer VR1 and VR2. If the absolute values of the electrical
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Figure 8.1: The Rheovibron testing apparatus
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stress and strain vectors are adjusted to unity, the phase angle, tan Q,
is obtained by vector subtraction and the resultant is compared with the
reference voltage from the synchronous rectifier. This can be performed

by the following procedure, using the main operating switch, S.

8.3.2 Operating Procedure

Turning the switch S into position 2 (Figure 8.2(b)) and
regulating the potentiometer VR1, the indication of the vacuum voltmeter
is set to unity. The potentiometer ratio in this case is measured (Gz)‘
Subsequentjy, the switch is turned to position 1 and the voltmeter
cindicator is similarly adjusted to unity. The potentiometer ratio is
'also measured (G2). Turning the switch S to position 3, a subtraction of
the normalised stress and strain vectors is made and the absolute value of
the resultant vector, being equal to 2 sin 9/2, is indicated on the
voltmeter. By transforming the scale of the voltmeter, however, the
corresponding phase angle, tan §, can be read directly on this voltmeter.

‘ If the ratios G, and G, are recorded, the complex modulus E#*
can be calculated as follows: representing the output voltage of the stress
‘and strain transducers by ey and ey respectively, and‘the input voltages
of these transducers by gi and o> respectively, the amplitude of stress,

9,s and strain, €,» are given by:

o, = (8.13)
g; £ 0
e
e = 2 % (8.14)
g9 Fy

where f} and f2.are the calibration factors of the stress and strain

transducers, respectively. From equations (8.7), (8.13) and (8.14), the
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following relationship is obtained:

(fo e, g, L)
pt = 2 172 (8.15)
(f} €y 97 Sb)

As the ratio e /e, is set equal to the ratio GI/GZ whilst measuring tan 6,
equation (8.15) becomes:
Fody 1 Gy

E’* = ___._..£._
1918, 06

(8.16)
In equation (8.16), féL/fzﬁg is a constant for the specimen and the
transducers employed, and if the ratios gg/'gZ and GZ/GZ are recorded, El
‘and E, can be evaluated from equationsv(8.5) and (8.6).

For the Rheovibron, Type DDV-II, equation (8.16) can be
simplified as fo]]oWs*; |

L Z
* = =
E 2 s P N -8

x 108 N/m? (8.17)
oo "0 Vo :

where PO denotes the value of the dynamic force dial, No is a proportional
constant specified by the manufacturer as a function of the tan § dial
range, and B, is the strain errort. This error arises due to the

parasitic oscillation of the specimen grips, stress and strain gauge rods.

8.3.3 Specimen Preparation and Experimental Procedure

The materials selected were the specially prepared samples of

* This is according to the instruction manual published by the
manufacturer (Rheovibron (1973)).

+ The values in equation (8.17) are expressed in metric units.
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HIPS which were supplied in compression moulded sheets of 3.2 mm nominal
thickness.  The type U B of these polymers comprised five different grades
of HIPS containing from zero to 5.55% rubber and their general properties
are shown in Table 7.1 of Chapter 7. The type U C, having a different PS
matrix and different processing additives, contained from zero to 3.33%
rubber (Table 7.2 of Chapter 7).

To prepare the specimens for the Rheovibron, the thickness of
moulded sheets of HIPS used had to be reduced to less than 1 mm. This was
done by using é vertical fly-cutter. The specimens were cut to the
required dimensions of 0.90 mm x 3.35 mm x 7 mm and were subsequently
cleaned in an ultrasonic bath.

| The viscoelastic properties of HIPS samples were obtained at a
‘constant frequency (¢0 = 11 Hz) as a function of temperature. Sinusoidal
tensi]elstrain was appiied wﬁth an almost constant amplitude to the samples,
and the'phase angle, &, and the pertaining moduli parameters were measured
by the direct reading method previously described. The in-phase and out-
af-phase moduli were thén evaluated using the standard theory described in

the preceding section.
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8.4 RESULTS

The dampfng parameter, tan Q, was measured as a function of temperature
at intervals varying from 1°C to 5°C within the range of -140°C to 135°C.
Figures 8.3 and 8.4 show the damping curves for two types of crystal
polystyrene (U CO and U BO). At Jower temperatures (-150°C to 50°C),
both po]ymersvshow very little damping and this gradually increases as the
testing temperature approaches the glass transition temperature (about
120°C). The glass transition temperature»can be defined as the temperature
below which the material is predominantly in its g/ussy state and above
whjch it is in a rqbbery state. In the glass transition region (SOOC to
150°C), the damping factor, tan Q, increases rapidly, reaching a maximum
(3.5 to 3.75) at about 120°C to 130°C.  In general, the material is brittle
'with a relatively high modulus on the low temperature side of the damping
‘peak, while in the g]aés transition region it behaves in a ductile manner
with a éignificant]y Tower modulus.

The damping curve for CPS (type U CO) shows a very small secondary
peak at about -40%C.  This may be due to the glass transition of the
processing.additives (presumably, the mineral oil which is the predominant
additive and has a glass transition tempgrature of about -40°C) contained
in this polymer, although the seﬁondary peak was not observed in grade U BO
which contained the same amount of mineral oil*.

Figures 8.5 to 8.11 show the damping coefficient as a function of
temperature for various grades of specially prepared high impact polystyrene.
The large increase in damping above 50°C to 60°C is again due to the onset

of the glass transition of the CPS matrix which takes place at slightly

* It is interesting to note that there is a small g-peak in this region for

CPS (McCrum et al (1967)).
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lower temperatures than for the unmodified polymer. This is believed to
be due to the softening effect of the rubber.

The curves for the HIPS materials show that the effect of adding
rubber is to increase the amount of damping parameter, tan Q. This is
more noticeable when the results are compared in regions at about -75°C to
-80°C where there is a secondary peak in the tan @ curve for HIPS and this
corresponds approximately to the glass transition temperature of the rubber
additive. It is also apparent that the rubber relaxation commenceé well
below -100°C.

- Figure 8.12 dembnstrates the magnitude of the secondary loss peak as
a function of rubber content for the two types of HIPS (U B and U C).
The curves through the experimental points clearly indicate a uniform
increase in the secondary damping peak values with increasing Eubber
content. It is therefore evident that an incremental addition of rubber
in HIPS.effectively'enhances the energy absorption capacity of these
polymers.
| The complex modulus E* and the out-of-phase modulus E, for various
grédes of CPS and HIPS samples were evaluated using equation (8.17) and
(8.6). The strain error coefficient, B, which is dué to the parasitic
oscillations of the Rheovibron connecting rods was neglected in the

resent work*. However, this error may become significant when working
p

* The technique for assessing the strain érror encountered when evaluating
the dynamic elastic moduli from the Rheovibron experimental data is
still in an evolutionary stage and a rough estimation of which requires
a considerable volume of experimental work and computer programming.
This analysis is being conducted on PTFE by Mr J.M. Hodgkinson at the

Department of Mechaﬁica] Engineering, Imperia1 College, London.
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in the Tower temperaturé region. Figure 8.13 illustrates the variation
of the complex and-out-onphase components of the dynamic moduli against
temperature for the different polymers tested. THe in—phasé modulus was
also calculated (using equation (8.5)) but these are not shown as they are
approximately identical to those oflthe complex modulus*, except in the
vicinity of the PS glass transition temperature, where the E, curves show
a more precipitious downward trend. The out-of-phase modulus versus
temperature plots manifest a similar behaviour to the tan @ plots over the
whole temperature spectrum. In view of the low values obtained for E, and
tan Q below the CPS glass transition temperature, it can be seen that HIPS,
in general, behaves in a simiiar manner to linear elastic materials. fhe
complex modulus curves (and also those of the in-phase modulus which are
.similar as stated above) show a slight but distinct drop near the rubber
glass . transition tempe}ature (-800C to -750C) and therefore gradually
decreasé with increasing temperature. Finally, it can be concluded from
the family of E* curves obtained for varfous grades of HIPS that the
complex modulus (which is equivalent to the elastic modulus in a standard
tensile test for tan @ << 1) significantly decrease with increasing rubber

content.

* This is simply because @ << 1 for HIPS, except near the .glass transition

temperature of PS, and therefore £+ = E, cos Q = E,.
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Figure 8.13: Dynamic mechanical moduli for different grades of CPS and HIPS containing from zero to 5.55% rubber content

1 E* for UAO
g
= E* for UAT.11
> n
?_" 1 bL—_—0—20990ag0 - E* for U AZ.22
S x:;i;:; N'N”"LNNN Ny O—W\O\o‘omo&
R ST AL I PN SR SN AN |&* for UA3.33
< %(; X i "”—LH—“"‘“"‘“"-“"—“"'W—m-“"-“”—m-m-m_m_m_m_ _ )
m G XXy, ~ M~ £# for UA5.55
ST A KX X X X=X X X X X XXX X X XXX X= XX X_X
© T, TR . for UA3.33
A | == V== NN =D — -1~ D= D == V- V-1 = U (n 1 D n e . E’2 or .
oo : : ) U™ W~ _
-
>
2 -
o
=
i 05 |—
EZ
0 ] ] ] I ] ] 1 | l 1 ] ! I | ] ] ) | IR S | I J
-150 -100 - 50 *0 50 100 150
0—— TEMPERATURE,C

|
w
o
(o))
i




- 367 -

8.5 DISCUSSION AND CONCLUSIONS

The dynamic mechanical analysis of various HIPS samples has been shown
to be informative when the overall bulk properties of these polymers over a
wide range of temperatures are required. | An dincrease in the maximum tan @
values at the rubber glass transition generally indicates a reduction in
the moduli and yield stress. It may be feasible to conclude that the
presence of a'secondary peak at low temperatures forecasts an improvement
in fracture toughness and ‘the impact behaviour of these materials. This
leads to a more searcﬁing question, whether the size of this secondary peak
coinciding with the onset of the rﬁbber glass transition temperature
provides quahtitative information with regard to the fracture toughness and
impact resistance 6f rubber-modified polymers? In retfospect, considering
the results obtained for the fracture toughness of various grades of HIPS,
it seems that this is ﬁot so. The fracture toughness was shown to maximise
at abouf 1% to 2% rubber content, while the secondary peak of tan Q
increases monotonically with increasing rubber contentl On the other hand,
the initiation impact resistance was shown to be nearly independent of the
rubber content, while the propagation resistance manifested a linear
increase with increasing rubber content.

The value obtained for the complex modulus shows the general elastic
behaviour of various HIPS over a wide range of temperatures. - If we
compare the results with those obtained by employing standard tensile tests
at room température (sectiqn 5.4.3 of Chapter 5), it is clear that the
dynamic in-phase modulus is considerably smaller than that of the standard
static test. This is, firstly, due to the fact that these experiments are
different in nature, since different loading systems and strain rates are
employed. Secondly, it is believed that the strain error, B, which was

neglected in the present work, contributes 1arge1y‘to these discrepancies.
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It was shown by Hodgkinson_(1977) that, if B, is considered for PTFE, the
ratio of the corrected modulus to uncorrected modulus could reach as high
as 3 to 10-fold, depending on the temperature employed. However, the
Hodgkinson correction method was not attempted in the present work, since
considerable difficulty is involved in finding the strain error, B, The
effect of temperature on the fracture properties (such as yield stress and
fracture toughness) of similar types of spetia]ly prepared HIPS will be
described in the following chapter. The previous experimental analysis on
Tow strain (e.g. modulus of elasticity) and high strain (e.g. yield stress)
prpperties of different grades of HIPS has shown that a linear relationship
exists between these parameters, independent of the material rubber content
(equation (5.4) of Chapter 5). An analysis of the fracture stresses at
.various temperatures will therefore provide a common basis as regards

predicting the effect of temperature on low strain properties of HIPS.
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~ CHAPTER 9
THE EFFECT  OF TEMPERATURE ON THE STRENGTH OF HIPS

9.1 INTRODUCTION

An important factor Timiting the application of polymers is the high
dependence of their properties on temperature and’test speed. In effect,
the elastic and fracture characteristics of polymers are not inherently
invariable in these materials but are to be treated‘as relative parameters
which may vary with temperature and strain history. The commonly
accepted superposition rule, inferred from the experimental analysis of
some time-dependent material, provides methods with which to correlate the

moduli and yield strengths obtained at different temperatures and strain
rates by using some shift factor along the speed of testing scale (Smith
.(1963,1964); Halpin (i964)). The effect of strain rate on the moduli,
yield sfrengths and fracture toughnesses of some commercial grades of HIPS
have already been studied in the foregoing chapters of this thesis
(section 5.4 of Chapter 5, and section 6.10 of Chapter 6) and will not be
discussed further here.

The dynamic mechan#ca] test, which was described fn the preceding
chapter, serves to illustrate how the Tow strain elastic properties

(e.g. modulus of elasticity and loss factor) of various types of HIPS are

a function of temperature. Although the measurement of the dynamic loss
factor, whiéh reflects the molecular activation energy of the material,
furnishes a qualitative basis on which to assess the fracture behaviour of |
HIPS composites. a direct study of the mechanical behaviour of polymers at
various temperatures is vital when an accurate and safe design of polymeric

structures in different climates and for versatile apnlications is required.
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It is generally conjectured that most polymers which exhibit a ductile
failure at relatively high temperatures may break in a more brittle manner
as the temperature decreases. This assumption is supported by visual
examination of broken materials which show comparatively small craze growth
and plastic work hardening at Tower temperatures. However, the fact that
the material breaks in an apparently brittle manner does not necessarily
imply that a smaller fracture toughness is obtafned.

In the present work, two fUndamenta} aspects of HIPS fracture behaviour
in connection with temperaturé'variétions will be studied. The first,
which is the fracture strength (ultimate stress at fracture) of an unnotched
specimen, serves as an upper limit in the design of HIPS components. The
effect of rubber toughening on the fracture strength will subsequently be
analysed at different temperatures, using some specially prepared HIPS
materials which contaiﬁ different rubber contents. Secondly, the fracture
toughneés, a parameter associated with the lowest fracture resistance of a
notched material, will be studied at various temperatures employing similar

grades of HIPS.
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9.2 EXPERIMENTAL PROGRAMME

b
Uniaxial tensile tests on both unnotched dumbell and single-edge

notched specimens were performed on an Instron testing machine in the
temperature range from +60°C to -140°C. | The dumé%]] specimens were
moulded into the required dimensions specified by ASTM (1972c) - the
nominal thickness, width and effective gauge length are 3.2 mm, 12.7 mm
and 100 mm, respectively. Rectangular Specimens manufactured from moulded
sheets of HIPS 300 mm x 120 mm and of 3.2 mm nominal thickness, were used
for fracture toughness tests. Single-edge notches were induced by
machining with a very sharp fly-cutter,. having a cutting radius of 70 mm.
The materials used for all specimens were the specially prepared
‘grades of HIPS (typé UB and U C) which contained from zero to 5.55%
nominal rubber content. The méchanica] properties of these materials

have previously been shown in Tables 7.1 and 7.2 of Chapter 7.

9.2.1 Cooling and Heating Apparatus

A11 experiments were carried out in a temperature cabinet which
was fitted to the Instron testing machine. The temperature cabinet
contained electrical heating elements to maintain temperatures greater than
ambient.  For performing low temperature experiménts, liquid nitrogen was
vaporised and circulated inside the chamber by an electric fan which was
installed on the temperature cabinet. Temperature control was achieved by
an Eurotherﬁ Control Unit giving the required temperature with an accuracy
of +1° over the full range of +60°C to -140°C.  The chamber contained a
double-glazed window through which the initiation and propagation of cracks
could be observed By utilising a travelling monocular microscope and
recorded on the Instron chart using an event recorder. Figure 9.1 shows

a photograph of the experimental set-up and the details of the heating and
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Figure 9.1: Experimental arrangement for temperature controlled tests

on an Instron testing machine
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cooling system are further jllustrated in Figure 9.2.

As shown, liquid nitrogen is first sucked through the capillary
centre pipe (14) from the nitrogen dewar with the help of a high vacuum
vaned pump (2). The bladeé of this pump were originally made from carbon
graphite but, however, they were found to be soluble in 1iquid nitrogen
and were, therefore, replaced by PTFE blades.  The liquid nitrogen drawn
from the dewor vaporised in a helical brass tube (6) and re-entered the
dewar as a-pressuriging agent. The pressure inside the dewar was
maintained at about 1 to 1.5 atm by a variable reset pressure switch (11)
in the system. The pressure generated in the nitrogen dewar drove the
liquid nitrogen through a peripheral outer tube (15) to the temperature
cabinet (2]) via a solenoid valve (35) whichwas controlled by the Eurotherm
output (29). The temperature inside the chamber was measured by a
Chromel/Alumel (23) thermocouple and the output signals were conducted to
the Eurbtherm servo-mechanism (34).

The amount of heating or cooling required could then be supplied
in the temperature cabinet in order to maintain the temperatdre at a
specific level. The temperature of the cabinet was further checked by a
Copper/Constantan thermocouple (27) connected to a digfta1 display,

Comark (16).

In order to redﬁce the heat transfer to or from the cabinet,

additional Tow density polystyrene insu1ating material was used to cover

the internal wall of the chamber.

9.2.2 Test Procedure

b
The dqu@l] and single-edge notched specimens were all
normalised at specific ambient conditions in the temperature cabinet for at

least one hour prior to performance of the test. The dumbell specimens
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were then clamped in a pair of sliding wedge grips, one of which was fixed
and the other moving at a constant cross-head speed. The rectangular
notched specimens were clamped between two steel plattens by six (or eight)
sc%ews, 3" in diameter. | This method wa§ found preferable to usihg the
sliding wedge grips because slippage at high loadings was prevented.
Nevertheless, some difficulty was experienced during tests at very low
temperature where the specimens suffered some stress concentration between
the clamps and thus fractured in that region. Stress concentration was
mainly due to the discontinuity in the clamping pressure. This was
further aggrevated by the formation of ice which enhanced the localised
pressure between the clamps, leading to the initiation of multiple cracks
in the stress concentrated regions. The problem was partially solved by
-wfapping the ends of the specimens in emery paper which mitigated the
severity of the localiéed clamping pressure. An efficient solution to the
prob]em'was not, however, found and whenever a specimen broke in the clamps,
the test had to be repeated.

Dum$?11 tensile specimens and rectangular single-edge notched
specimens were all tested at constant cross-head speeds (0.1 cm/min for
unnotched and 0.01 cm/min for notched specimens) and the ultimate strengths
and fracture toughnesses were evaluated for the differeﬁt grades of HIPS
at different temperatures. A Tow cross-head speed was selected for the
fracture toughness measurement to allow sufficient time for craze formation

and crack initiation to be carefd]ly observed and recorded.
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9.3 RESULTS AND DISCUSSION*

9.3.1 Effect of Temperature on the Ultimate Stress of HIPS

Typical force-deflection records for brittle materials (such as
grades U BO and U CO of CPS with zero ruBber contents) and ductile
materials (such as grade U B5.55 of HIPS with 5.55% rubber content) are
shown in Figure 9.3. For both types of fracture, the ultimate fracture
stress is defined by the ratio of the maximum force to the original cross-
sectional area. The yield point was not always as distinct as illustrated
for grade U B5.55 in Figure 9.3(b). A common phenomenon was, however, the
premature fracture of the more brittlie materials below the yield point
which was due to the presence of intrinsic cracks+. It is therefore

Aessentia] to appreciate that, whereas in the case of metals one carefully
conducted test provides reasonable meaningful values of ténsi]e data,
plastics on the other hand exhibit considerable scatter in the results.
Bearing-this in mind, it was found necessary to perform two or more tests

under nominally identical conditions and to take the average of the results

* The testing of dumé?]] specimens was performed with the assistance of
Mr G. Campaner as part of his third year mini-project at the Mechanical
Engineering Department, Imperial College, London.

t Below its glass transition, CPS is by nature a brittle material. The
fracture strength of these polymers s therefore to be viewed as the
brittle strength rather than the yield strength.  The hypothetical
yield stress of these materials, compared to that obtained for their
rubber-modified derivatives, is somewhat greater than the measured
fracture stress (Andrews (1968)). A similar problem may arise for HIPS
méteria]s at low temperatures, whereby the fracture takes place below

yielding.



HYPOTHTICAL YIELD
0 ) ;RACTURE
<€
O .
- (A)

DEFLECTION
(B)
YLI:ELD
Q
<
O
|
. FRACT.
DEFLECTION

Figure 9.3: Typical force-deflection curves for brittle (A) and

- ductile (B) failure in a tensile test



- 379 -

in the case of ductile failure and the maximum value obtained in the case
of brittle failure, in order to acquire more reliable information. The
error arising from the use of the original cross-sectional area as a basis
for calculating the stress did not seem fo be appreciable, since the |
formation of necking was not observed before the maximum Toad was recorded.

The variation of the ultimate stress as a function of
temperature (from +60%C to -120°C) has been plotted and is shown in Figures
9.4 and 9.5 for types U B'and U C of all the grades of HIPS tested,
respectively. It can be seen that the experimental results generate a
set of smooth curves associated with the rubber content of the materials
examined. These figures clearly confirm that the temperature has a strong

influence on the yielding characteristics of HIPS. ' As the temperature is
lowered, the ultimate stress increases from relatively low values

(17 MN/m? at +60°C for material U B with 5.55% rubber content) to sensibly
higher Qa]ues (75 MN/m2 at -120%C for the same material). At about -20°%C
to -40°C, the experimental curves for all materials show a point of
_inflection which coincides with the g-transition of the crystal polystyrene.
The g-transition which was shown to be unrelated to the variations of the
loss factor and low strain properties of HIPS with temperature is
ostensibly associated with the fracture behaviour of these materials.

The reason for the étrong temperature dependence of the fracture
properties is believed to be the molecular reorientation and
structural change which gives rise to a re]atiﬁe rigidity of the polymer.
This aspect of the fracture mechanism will be further expounded when
analysing the results of the fracture toughness experiments.

The effect of rubber content on the ultimate strength of various
types of HIPS is demonstrated in Figures 9.6 and 9.7, where the stress is

plotted versus the volume fraction of the rubber at various temperatures.
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Figure 9.8 shows the photographs of typical fractures for various types

of HIPS. Generally, both fuTi yielding and craze formation (depending on,
the temperature and the amount of rubber used in the'materia1) can usually
be detected on the specimens. Full yielding and extensive craze formation
in medium to high impact PS produces an opaque area in tHe strained region.
Typical partial crazing in crystal PS at all temperatures and various types
of HIPS at very low temperatures (i.e. T < 120°C) is manifested by the
formation of a large sequence of narrow craze bands which appear as
internal cracks. As a generél rule, the formation of crazes and plastic
zones in HIPS materials becomes less conspicuous and is confined to thinner

1ayer$ of highly strained zones as the temperature decreases.

9.3.2 Effect of Temperature on the Fracture Toughness of CPS

Values of fracture toughness were obtained as a function of
temperafure for two types of unmodified crystal polystyrene (grédes U BO
and U CO), using single-edge notched specimens. The temperature range
considered was from +60°C to below -140°C. At every temperature interval
(varying from 20°C to 40°C), a number of specimens (normally between five
to eight) which contained initial cracks of different lengths, were tested
and thereby consistent frécture foughness values were obtained for both
types of CPS. A1l specimens exhibited brittle fracture independent of the
tesf temperature. Consequently, only a vefy small craze growth (% 0.05 mm)
was detected which did not cause any subsequent stable crack growth, even
at the higHest test temperature.

The fracture toughness experimental results are shown in
Figures 9.9 and 9.10 for the two types of CPS, U-B) and U-CO, respectively.
The behaviour jllustrated by these curves shows that the toughness

increases with decreasing temperature within the temperature range +60°C

centiwed dn Pt 383
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Figure 9.8:

Types of fracture under uniform tensile loads. From the
left:
1 & 2 : CPS (0% rubber content) tested at +60°C and -120°C.

344 :

5&6 :

78&8

respectively. Note the typical partial c¢raze
formation in a brittle fracture

HIPS (1.11% rubber content) tested at +60°C and
-120°C, respectively. Note the extensive craze
formation at the higher temperature and the partial

crazing typical of a brittle material at the lower

temperature

HIPSO(2.22% rubber content) tested at +60°C and
-1207C, respectively

. HIPS_(3.33% rubber content) tested at +60°C and

—IZOOC, respectively
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The fact that the experimental curves tend to become independent of the
rubber content at Tower temperatures indicates that the effect of the
rubber (and hence its capacity for craze initiation) reduces and becomes
almost negligible beyond the rubber g]as§ transition temperature (-75°C to
-80°C). In fact, an increase from zero rubber content in CPS (type U C)
to 3.33% rubber content in HIPS (type U C) causes a decrease of about 45%
in the ultimate stress at +60°C, but only about 5% at -90°c.

The ‘experimental results have shown that some differences '
existed between the performantes of type U B and UC of HIPS. Material
U B had generally a 10% to 20% lower ultimate stress than type U C. It
was also more influenced by the rubber glass transition temperature in the
sense that near and below this temperature, the ultimate stress of all
gradgs of U B tended more rapidly towards a constant value independent of
their rubber content, Qhereas the U C materials showed perceivable
differeﬁces, even at -120°C. The relatively high fracture strength in the
case of the U C materials is believed to be mainly due to a higher molecular:
weight of the PS matrix employed.

The elongation of specimens tended to be small for CPS and
appreciably larger for HIPS, especially at high temperatures. Typical

results for the two types of failure are as follows:

1. Material U BO (zero rubber content) at -120°C has an
elongation to break of about 2.5 mm corresponding to

3.3% strain.
2.  Material U B3.33 (3.33% rubber content) at +30°C has an
elongation to break of about 45 mm corresponding to

60% strain.

L s - ;" <) - )
K 7 Lm,f,,umi M from "'M,;L VL]
v
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to -40°C and thereafter decreases smoothly with decrease in temperature.
The transifiona] temperature at which the maximum fracture toughness is
obtained coincides for both types of CPS. The result reported by Parvin
(1975) for a commercfa] grade of these méteria]s also shows a peakAat

about -20°C for the computed fracture toughness values. It is intereéting
to note that the experimental curves obtained for the ultimate fracture
stress of these materials have shown a point of inflection at about the
same transitional temperature (see the previous section). On the other
hand, the Tow strain prOperties (such as modulus of elasticity and the loss
factor) show no significant variation at or near this transitional
temperature. The increase in the toughness and fracture stress at this

~ temperature can be caused by either one or a combfnation of the following
phenomena:

1.  The presence of 1.35% mineral o0il: The mineral 01l which

is usually added for processing purposes acts as a
plasticising agent and thence enhances the fracture
toughness of the material. Roldt's (1973)-experimenta1
results on some CPS and HIPS are in support of this idéa
in which a 1arge'improvement was indicated for the
elongation to break (a parameter approximately equivalent
to the fracture toughness) at room temperature (see
section 5.3 of Chapter 5). At the glass transition of
the mineral o0il (assumed to be around -40°C), the optimum
oil-toughening process will occur, giving rise to a
significant inérease in the fracture toughhess of CPS at

this temperature.
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2. Molecular structural changes: The fracture toughness

peak at -40°C can be correlated to the g-transition of
CPS. Martin et al (1956) found evidence of a similar
peak at -30% for’thermai expansion. . Chang & Bestul
(1968) reported a change in the slope of the specific
heat temperature plot at -23%Cc.  Illers (1961) showed a
sécondary dynamic loss peak for crystal and modified PS
“in the region of 25%¢C to 60°¢C at frequencies varying from
0.05 to 40 Hz.  This is in agreement with the experimental
results previously noted for CPS (section 8.4 of Chapter
-8)*. As discussed by Boyer (1968), the g-transition
temperature is a strong function of the testing speed and
could drop as low as -30°C while the a-transition still
remaiﬁs a a constant temperature. He suggested that the
B-transition is caused by a molecular crankshaft motion
(i.e.Aa specific motion about the chain axis) in CPS

material.

9.3.3 Effect of Temperature on the Fracture Toughness of HIPS

120 mm wide single-edge notched specimens made from compression
moulded sheets of various grades of spe¢1a11y prepared HIPS were tested at
0.01 cm/min Instron cross-head speed within the temperature range -140°C tb
+60°C. Fraéture toughness values at crack initiation and at maximum
applied load were compufed for specimens containing cracks of various
lengths (normai]y in the range of 10 mm< g <40 mm) at temperature

intervals of about 20°¢. The initiation values obtained for all materials

* Although the g-transition recorded for U CO occurred at a temperature

somewhat below the one quoted by Illers.
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and at all testing temperatures were notable for being independent of the
initial crack lengths and therefore were quite accurately described by the
Kc criterion. This was mainly because of the use of comparatively wide
specimens (that is, the craze length << sbecimen width) which causéd a
predominantly semi-brittle* fracture in these materials. The instability
values (computed at maximum applied load but using the initial crack
lengths) were, however, less consistent at higher temperatures (T > 20°C)
and a deviation from the Tinear fracture theory of about 5% to 10% was
obtained+. The average instébi]ity values computed at temperatures above
209C should therefore be regarded as apparent fracture toughnesses.

The variations of fracture toughness computed at crack
initiation and at maximum applied load as a function of temperature are
shown in Figures 9.11 to 9.17 for various grades of HIPS materials tested.
The experimental curves for both sets of initiation and instability data
show thét the K, values increase with increasing temperature in the region
7 < -80%C to -75°C, reaching a maximum at around this temperature, and then
smoothly decreasing with increasing temperature. The glass transition
temperature of PBD rubber employed in these polymers is about -80°¢ which
approximately coincides with the peak obtained for the.previously mentioned
results.  The peak observed for CPS at about -40°C due to the g-transition

did not appear to influence the fracture toughness of their rubber-modified

* See Chaptef 6 (section 6.8) for the definitions of fracture behaviour in
HIPS. In the case of semi-brittle fracture, the instability point (the
instant of unstable crack growth) normally coincides with the point of
maximum load application.

+ The derivation from the fracture mechanics theory is defined by

equation (6.17) of Chapter 6.
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derivatives. Below the nubber-g1ass transition temperatﬁre, specimens
made from various -types of HIPS all broke in a semi-brittle manner
manifesting 1imited craze growth and stable cracking. The extent of this.
slow crack growth is demonstrated by the'differences obtained between the
initiation and instability k, values (Figures 9.11 to 9.17). It can be
seen that these differences maximise at around -50°C to -30°C (depending

on the material used), indicating comparative]y']ong sTow cracking at about
these temperatures. At temperatures below -120%C to —14OOC, the fracture
occurred in a purely brittle manner and no crazing and slow crack growth
was observed for any grades of HIPS tested. The initiation and

instability curves, therefore, coincide at these very low temperatures.

Figure 9.18 shows 1light micrographs of fractured surfaces at different

temperatures for typical grades of HIPS. Generally, the amount of crazing
manifested by opacity éf the materials increases with increasing
temperafure showing a maximum craze formation at the highest temperature
examined (i.e. at +60°C). It is worth noting that the amount of whitening
shown in these photographs does not correspond to the craze length at
initiation but rather describes the total crazing and the extent of slow
crack growth at final fracture. |

Theoretically, the craze length at crack initiation for
specimens containing comparatively Tong initial cracks is approximately
defined by: '
— (9.1)

where o, and K, denote the ultimate fracture stress and fracture toughness

values, respectively. Although the fracture toughness increases with

decreasing temperature in the region of T > -90°C, the craze zone length,

r,s will decrease, since the fracture stress, oy increases more rapidly
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as the temperature decreases. The typical computed craze zone lengths

at crack initiation are:

at +60°C, r_ = 0.23 cm
Material U €3.33 (containing 3.33% rubber) { o ¢ :

at -60°C, r, = 0.09 cm

at +60°C, »_ = 0.15 cm
Material U C1.11 (containing 1.11% rubber) { o ¢

at -60°C, r, = 0.10 cm

The results'described above are in close agreement with the experimental
data obtained for HIPS materié]s.
The work by Parvin (1976) on the temperature-dependence of the
fracture toughness in a commercial grade of HIPS similarly indicates
‘substantial increases in fracture toughness with decreasing temperature in
‘the range of -80°C < T < +20°C;‘ although, as pointed out here, an analysis
of the fracture surfacés showed a much greater craze formation at higher
temperafures. Similar work was performed by Plati (1975) on the impact
strength of an identical polymer. Plati's data for the impact resistance,
conversely, demonstrates a sharp decrease with decreasing temperature
within the above temperature range*. The Plati analysis is not, however,
conclusive since it does not distinguish the initiation and propagation
resistances. It is the author's belief that for HIPS, generally, the
initiation impact resistance either increases or remains fairly constant
as the temperature decreases, while the propagation impact resistance drops
markedly at 1ower temperatures. The proof of this can be given as follows:
The fracture toughness, K, and the initiation impact strength,

-Gi, are correlated by:

* The impact strengths reported by Plati (1975) are ¢ = 16 kJ/m? (at +20°C)
and G = 4 kd/m? (at -80°C).
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. 5?2
G, = —5% (9.2)
v (1 -v2)E
where E and v are the modulus and Poisson ratio of the material,
respectively (see section 3.3 of Chapter 3). It has been shown that the
modulus of elasticity remains fairly constant within a wide temperature
range (-60°C < T < +60°C)*. If the fracture toughness increases
substantially with decreasing temperature (as shown in thislwork), the
right hand side ratio in equation (9.2) increases with the second power
ofiKc,assuming a constant modulus. Consequently, it is more likely that
the initiation impact strength similarly increases with decreasing |
temperature, at least within the temperature range quoted by Plati.
| The propagation impact resistance, being an aggregate composite
property, genera]]y.debends on the rubber content of the polymer composite
which, fn turn, gives rise fo a proportional increase in craze formationt.
Since the volume of the crazed regions in HIPS reduces with decreasing

temperature, the propagation impact resistance should similarly decrease

* See Chapter 8, section 8.4. Simi1ar1y, the experimental results
obtained for some typical grades of HIPS by Cigna (1970) exhibit only a
10% to 15% reduction in modulus as the temperature increased from -50°¢
to +50°C.  The increase in the fracture strength within the temperature
range -50°C < T < +20°C was reported to be about 350% (Parvin (1975))
for the same material. There is a relatively sharp decrease in the
modulus of HIPS near the glass transition temperature of CPS (Tg = 120°C)
and PBD (Tg = -80°C). However, these variations do not occur within
the temperature range quoted above.

+ See Chapter 5, section 5.8, and also Chapter 7, section 7.8.
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with a Towering of temperature*.

From the experimental analysis and the subsequent discussion
presented here, it can be concluded that the variation of the initiation.
impact strength and the fracture toughnesé'with temperature do not only
depend on the crazing mechanism, but are also strongly affected by the
amount of viscoelastic energy dissipation at the crack tip. ‘ The energy
dissjpation is itself influenced by the activation energy of the material
which varies with temperature due to some change oﬁcurring in the molecular

structure of the polymer.

* Direct experimenfa] ana]&sis of impact resistances of various types of
HIPS at different temperatures has not been attempted here. For future
research, it would therefore be of interest to find out to what extent
the initiation and propagation resistances vary with temperature and
thereby to assess the influence of the rubber and polystyrene glass

transitions on these parameters.
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9.4 THE ROLE OF RUBBER IN HIPS WITH REFERENCE TO TEMPERATURE VARIATION

More 1ight can be thrown on the effect of rubber content on the
fracture toughness of HIPS by comparing the results obtained for materials.
with different rubber contents with those.described for CPS. P]ofs of
K, versus nominal rubber fractional volume at different temperature
intervals are shown in Figures 9.19 (type U B) and 9.20 (type U C). The
striking feature described by these graphs is that the K, maximises at
around 1% rubber content for type U B and at around 1% to 2% rubber content
for type U C, and then remains fairly constant (or decreases slightly,
depending on the temperature or material used). The optimum rubber

toughening is achieved at temperatures above 10°C to 20°C and is also in

the range -80°C < 7 < -50°C. . The rubber toughening effect is negligible

at around -30°C which is near to the g-transition temperature of CPS

(TB =~-40°C). "The reason for this behaviour is due to the fact that the
g-transition, which is influenced by the presence of rubber, shifts to a
lower temperature and interlocks with the rubber glass transition at about
-80°C.  Since the increase in the fracture toughness of CPS due to the
g~transition is almost identical to that obtained for HIPS materials due
to the presence of rubber at -40°C, there will be no relative improvement
in the fracture strength of these polymers around this temperature.

' It is interesting to note that the apparent fracture behaviour
quantified by the amount of craze growth and slow cracking increasés
significanfly with increasing_rubber level. As previously shown, the
craze length generated at the crack tip is approximately a square function

of the ratio of the fracture toughness to the fracture stress. Since the

ultimate fracture stress of HIPS materials decreases uniformly with an

" increase in rubber content, the craze length will increase, as the square

of the rubber content, while fhe fracture toughness values may remain
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fairly constant. This is an_ important conclusion that can be drawn from
the present experiments, clarifying the fact that a mere analysis of the
fracture surfaces does not necessarily provide a correct basis for
assessing the real toughness of rubber-mddified polymers.

Finally, it is worth analysing the effect of material thickness on the
apparent fracture toughness computed using Parvin's bimodal fracture model.
This model was previously studied in Chapter 3, where it was shown that
the plane strain fracture toughness, Kq0o and the plane stress fracture
toughness, Ky,s are related to the apparent measured fracture toughness,

K, by the following equation:

K, 2 :

— c m——

K, = K, +,———————2 (X XK, ) (9.3)
'n.B Uy

The plane strain fracture toughness is theoretically obtained if the
through;thickness strain is prevented. Under this circumstance, crazing
cannot occur since its appearance induces a considerable through-thickness
displacement. If the craze formation is not allowed, the fracture
toughness of a modified PS material should tend to that of the crystal PS.
This means that K,, can be equated to the fracture toughness of the parent
CPS, assuming no improvement in plane strain values of a rubber-modified
PS. Having eétab]ished this hypothesis, the plane stress fracture
toughnesses can be deduced from equation (9.3), replacing K, and Kc with
the fracture toughness values computed for CPS and its rubber-modified
derivatives, respectively. The typical plane stress and plane strain

fracture toughnesses for the U C2.22 containing 2.22% rubber are:
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at +50°C , Ky, = 1.08 Mym¥Y2 , Kk, = 2.2 mN/md/2
at 0%, Ky, = 1.7 MN/m/2 ., Kk, = 3.1 MN/m3/2
at -40°C , K, = 2.75 MN/m¥/2 » Ky, = 3.3 MN/m3/ 2
at -80°C , k,, = 2.55MN/m3/2 , k, = 4.4 MN/m3/2
at -120°C , K, = 1.9 MymY/2 . Kk, = 4.5 my/m3/2

In general, the plane stress fracture toughness ié smaller than the
apparent fracture toughness obtained and. therefore its computation will be
of no practical interest. Oh the other hand, the most severe fracture
occurs when a perfect constraint is exerted at the crack tip so that no
crazing is allowed. However, this hypothetical constraint does not apply
:in practice. In fact, the experimental work on specimens which contained
glue-covered surfaces* have proved that a further app]icatiqn of
constraining materials does not cause a weaker fracture toughness. In
designiﬁg a polymeric component, the calculations should therefore be based
on the valid fracture toughness values under specified environmental
conditions and within a given ambient temperature. Here, a valid fracture
toughness means that the computed K, must remain independent of the crack

and specimen configurations.

* This experimental work has already been described in section 6.5.
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_CHAPTER 10
CONCLUSION

The primary aim of the work presented in this thesis was to develop
a quantitative understanding of the mechanical and fracture behaviour of
various types of high impact polystyrene with specific reference to their-
rubber contents and the consequent toughening processes involved. The
theoretical and experimental findings of this survey are not, however,
confined to these polymers alone, but may provide information which will
be of considerable importance in future research work on a broader field

of polymers, e.g. rubber combinations ranging from ABS, MBS (methylmeth-

acrylate acrylonitrile butadiene styrene) and PVC/nitrile rubber blends to

modified epoxide resins. From'a general point of view, three aspects of
the behaviour of these polymers have been considered to be of most interest
to plastic manufacturers and designers. These are:

1. The elastic and yield properties;

2. The low strain rate fracture toughness; and

3. The high strain rate resistance (impact strength).
Discussions and conclusions relating to these specific' factors have already

been given in detail in the preceding chapters of this thesis, and here a

summary of the discussions is presented together with an outline of possible

. future research in this field.
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10.7 CONTRIBUTIONS

An introduction to the subject of elastic criteria of particulate-

~ filled composites, crazing phenomenon, fracture mechanics and impact
theories was given in Part I. In spite of the considerable number of
valuable results already available, the work is still in an evolutionary
stage. The preliminary literature survey given highlights the limitations
of conventional elastic and fracture mechanics concepts and discusses the
difficulties encountered when applying these theories for rubbér
particulate-filled composites. The subsequent chapters of this thesis
have been directed to aiding the deve]opment‘of composite criteria upon
which the elastic and fracture behaviour of these polymers can be analysed.

In Chapter 5, the low strain properties and yield stress of some
.specia11y prepared HIPS, having different nominal rubber fractional
volumes, have been meaﬁured experimentally. It was shown that the yield
and modﬁ]us values of these polymers decrease significantly with increasing
rubber content. On average, a monotonical decrease of about 6% to 8% in
the modulus of elasticity and yield stress was recorded for every 1%
increase in the rubber fraction. On the other hand, the elongation to
break (an implicit parameter exhibiting the extent of ductility of a
material) was shown to increase several fold by the addition of a small
fractional volume of rubber in the parent brittle PS matrix.

Electron microscopic analyses of the morphology of some experimental
and commercial grades of HIPS have revealed a random dispersion of quasi-
spherical (or spheroidal) rubber particles of a radius of about 3.5 to
6 um, depending on the grade examined. These particles consisted of
occluded PS sub-particles (80%) separated by thin layers (about 0.07 um
thick) of PBD rubber (20%). The micrographs of HIPS specimens subjected

to tensile stresses have shown the production of multiple crazes emanating
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from each particle on a plane perpendicular to the direction of the applied
load. The crazing phenomenon has beeﬁ confirmed to be the principal
contributor to the toughening mechanism which was always accompanied by a
substantial reduction in the stiffness and yield stress of the matgfia].

An analytical craze formation model based on the previously mentioned
experimental observations has been developed which excellently described
the comparatively large deformation at rupture suffered by rubber-modified
polymers.

The Tow strain propertieé, such as modulus of elasticity and bulk
modulus of particulate-filled composites, can be evafuated if an
appropriate model is chosen. In particular, when studying the elastic
behaviour of HIPS, one must allow for the phasé inversion occurring in the
composite aggregate and PBD/PS particles. The analytical method proposed'
in Chapter 5 for computing the shear modulus of HIPS has principally been
based onbthe Lewis & Neilsen theory for the suspension of relatively hard
particles in a soft medivmand the Hill theory for suspension of relatively
soft elastic particles in a sojid matrix. The computed moduli for various
types of HIPS containing different rubber contents employing the two-stage
ca]cu]ation method proposed, have been shown to be satisfactory, as they
were c]eaf]y correlated to the experimental data obtained. Subsequently,
the influence of anisotropic dispersions of particles on the overall
elastic properties of these materials have been analysed, using a sﬁmp]e
theoretical ﬁode]. When employing this model on certain specially |
prepared HIPS materials, the results indicatéd an almost perfect isotropic
dispersion of particles in these polymers.

The ‘experiments which have been described in Chapter 6 demonstrated
that the linear theory of fracture mechanics can be successfully applied to

characterise the brittle fracture of CPS and HIPS materials at room
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temperature. In a systematic experimental analysis of the fracture
behaviour of certain commercial types of HIPS, it has been shown that the
prerequisite conditions of brittle fracture can generally be sustained if
appropriate specimen geometry, crack conffguration and notching technique
are employed. Conéequent]y, consistent and accurate fracture toughness
values were obtained at the craze initiation, crack initiation and maximum
applied load, using 100 mm wide single-edge notched specimens.
Additionally, thin layers of Araldite were applied to the crack surfaces
of some single-edge notched specimens to induce plane strain conditions
and the fracture performance was studied. The experimental results
obtained for these tests haVe indicated that the fracture toughness values
were identical for both tﬁe glued and exposed specimens, although the
cracking speed was significantly increased when Aka]dite covered the
specimens. In discusging the fracture behaviour of these polymers, it
was stafed that the apparent brittle fracture should be associated with

l
predominantyp1ane strain conditions which may be enhanced by the

A
introduction of a constraining material covering the surfaces of the.
specimen. On the other hand, the rapid rupture of wide single-edge
notched specimens with glued surfaces was partially atfributed to the
impact caused by the sudden fracture of these fragile constraints.

The picture which has emerged from the analysis of certain specially
prepared grades of HIPS having varioué rubber contents was that the
fracture toughness increased quite significantly with a small addition of
rubber; however, there was no further improvement after 2% nominal rubber
fractional volume. The Timited toughening process involved is
attributed to opposing effects of the rubber particles which both initiate

and control the craze growth.

In Chapter 7, the impact behaviour of various types of commercial and
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experimental HIPS material have been analysed. The conventional theories
derived for homogeneous brittle and ductile materials were found to be
inaccurate when fracture of rubber-modified polymers are studied. On the .
other hand, the modification of basic 1inéar fracture .theory for a situation
where Timited plastic flow, crazing and stable crack growth take place,
have been shown to render an approximate solution but only for a narrow
range of Jow impact grades of HIPS. Faced with these difficulties, a
universal impact theory has been developed which provides a unique method
of analysis, whereby the impaét data obtained for a wide spectrum of
brittle to ductile composite polymers can accurately be assessed.

According to this theory, thg energy loss in an impact test constitutes
‘the energy consumed in the initiation of a crack, the energy dissipated
while the crack propagates and .the energy losses due to extraneous factors
(such as the kinetic- energy of the broken pieces and vibrational energy
losses of the testing machine). It was shown experimentally (which is

in accordance with the composite theory proposed) that the initiation
resistance of a composite polymer merely depends on the compoéite matrix
properties and does not vary effectively with the level of rubber graftihg.
However, the propagation resistance was seen to increase linearly as the
rubber phase volume fraction became greater. The propagation impact
resistance was found, therefore, to be useful for rating the various grades
of HIPS in an order of merit. -

The anaiysis of the dynamic mechanical results, described in Chapter 8,
has provided an informative understanding of the molecular motions and
posgible transitional tehperatures which occur as a result of the presence
of the constitutive components of HIPS composites. Plots of the input-
output phase angle versus temperature have generally shown two major

transitional temperatures corresponding to the polystyrene and polybutadiene
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glass transitions. The rubber peak, occurring at about -75°C to -SOOC,
was found to increase monotonically with additional rubber content.
Although it can be concluded that the presence of a low temperature
dampening peak ina qginvsoy polymer 15, in effect, an indication of a
two-phase system, the size of this peak does not appear to be directly
correlated to the actual degree of toughness. On the other hand, for a
family of similarly prepared HIPS, the curves of bulk properties (such as
modulus of elasticity and yield stress) versus temperature have shown
almost identica]-transitiona1‘regions corresponding to the dynamic peaks
observed in a tan Q-temperature plot.

In Chapter 9, the effect of temperature on the yield strength and

fracture toughness of various types of specially prepared HIPS has been

studied. The initial interpretation of the results inferred that the
apparent fracture behaQiour of these materials, as quantified by the
amount df crazing and slow crack growth, increased with increasing
temperature. In contrast, the experimental results reported in this work
have indicated a significant drop in the yield stress at higher
temperatures.

The fracture toughness-temperature curves for various types of crystal
polystyrene have exhibited a secondary peak at -40°C which can be
correlated to the g-transition temperature of these materials. For HIPS,
however, this peak was interlocked with the rubber glass transition at
-75°C to -80°C. As a result of this study, the toughening effect of
rubber at various temperatures has been analysed, whereby it was shown to
be most efficient at higher temperatures (7 > 2006) but was almost
insignificant in the vicinity of the PS g-transitional temperature

(7 = -40°C) and beyond the rubber glass transitional temperature

(7 < -80°C).



- 415 -

10.2 RECOMMENDATIONS FOR FUTURE RESEARCH

The ana]ytica] procedures developed in this thesis provide information
which will be of considerable use in future research on rubber-modified
polymers. Firstly, the methods deve]oped in Chapters 5 to 9 are
immediately applicable to design procedures of HIPS materials. Secondly,
the theoretical models suggested for the evaluation of moduli, relative
elongation to break and the impact resistance can be adopted as a basis
for the analysis of newly processed particulate-filled polymers, as well
as the other commercial rubber-modified polymers, such as ABS, MBS, and
PVC/nitrile rubber blends.

Furthermore, it is interesfing to analyse the effect of temperature

on the initiation and propagation impact resistances of similarly prepared

HIPS containing various rubber contents. The results of such a study
will be of considerable interest to those who are concerned with the
fracture of ductile and semi-ductile materials.

In Chapter 6, SEN and SN specimens have been employed to study the

_fracture behaviour of various types of HIPS materials. The question

which may arise here is whether specimens with different crack
configurations and subjected to different forms of Toading should yield
identical results, as reported by this work. In particular, the use of
three-point bend single-edge notched specimens is recommended inasmuch as
the results can be directly compared with those obtained from the Charpy

impact specimens.
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_APPENDIX A
THE ISOLATED SPHERICAL INCLUSION

[y

Goodier (1933) analysed the stress-strain behaviour of an infinite
elastic body containing a single spherical particle, which was in a state
of uniform uniaxial tension, o, at points remote from the particle.
Figure 2.4 of Chapter 2 illustrates the Goodier's model in a spherical
system of coordinates. The Goodier theory is a rigorous basis for the
analysis of particulate-filled composites containing spherical (or quasi-
Spherica1) particles perfectly bounded to the matrix. .

Let Ups Ug and Uy, be the displacements along the radius, », and at
right angles to it in the meridian and orbital planes of the sphere,
‘reSpective1y. The specimen is-under a tensile stress, o, along the
Xs-axis. The Uy, compdnent would naturally vanish since the problem is
symmetrfca]. Hence, the displacement of any arbitrary point, like
Alr,y,0), outside the inclusion will always lie on the meridian planes of
the spherical in;]usibn, and the other components, u, and ue,'do not

~involve the y-coordinate. The following equations, given by Goodier,

define the displacement of a specimen in a region outside the inclusion:

H, 03 H, 05 H, 03 H, 05
u, = | 2 )+ (L - L) cos 20| T4 uz (A.1)
l”2 l”“ l”2 ’ .'L”Ll ¥
H_ 03 H,O05
ug = - S + L sin 28| < + u (A.2)
2 rh H

where 0 is the radius of the inclusion, and Hl’ HZ’ Hg, H4, H5 and H6 are

constants in terms of v and v' (Poisson ratios of the media and the

inclusion, respectively), and the ratio of the modulus of rigidity of the

media, u, and the inclusion, u'. u; and “3 are uniform displacements of
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a complete elastic solid subjected to a uniform tensile stress, that is:

4 - 90 |1I=-v

ur qu |1 + v

+ cos 26]

(A.3)

2 g and #, of equations (A.1) and (A.2) are

The ‘constants Hz’ HZ’ H3, H

given by:

n_ -1 2 (1-2v')(6 - 5v) n, + 3+ 19 vl = 20v v!

8 ((7-5v)n +(8-100))(2 (1-2v')n,+ (1+v')

n, (1=29v")(1 +v) =1+ 2vv' +v

+% :
(1 + v) (2 (1 - 2v’)_no + (1 + v’)]
2 . 8 (7 - 5v) n + (8 — 10v)
fo)
H = 2 (5 — 4v) H
3 3 2
2 (1 - 2v) H
3
H5 =
(5 — 4v)
H, = 3 H, = 28 n o= =
4 2 ? 6 2 ? fo) n'

The displacement variance due to the presence of a single spherical

inclusion along the xj—axis is given by:

M = (u, - u¥) cos 8 - (g - ut) sin @
AXg = (u,-ut) sin 8 cos y + (U - ug) cos 8 cos Y (A.4)

_ k] e . _ s .
AXg = (uln ur) 8in 0 sin Y (ue ue) cos 0 sin Y
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The stresses imposed by the presence of the particles for a region

outside the particle boundary are defined by:

(HJ' 03 B 05 1} 03 . 1} 0% )
o = 2 + + + ) cos 26 (A.5)
r | rd S r3 »d )
’H5' 03 1} 05 " 03 1) 05 )
oy = 20 S + ( — + ) cos 26 (A.6)
r3 »d r3 7S
. J
FH' 03 H! 05_ H! 03 ! ‘05
UW = 20 9 + 20 + (- 1 + 12 ) cos 28
r3 »° r3 »d
r 03 u! 05
Lo, = + 20 |22 + 14 sin 28 (A.7)
r9 73 »5 :
Opp = oy = 0 (A.8)

.» 14) are functions of v, v' and n_.

where coefficients H! (z =1, 2, . o

Goddier's equations show that the maximum stress occur at the equator
of the spherical inclusion. The stress concentration caused by the
particle falls very rapidly with distance from its surface, therefore
indicating the Tocalised nature of the stress field. In special cases,A
a uniform tensile stress at a distance from a spherical cavity produces a
tensile loop stress, G, around the equator of the cavity in the direction
of applied stress, and of a concentration magnitude of about 2.05 (assuming
=)

kepresenting the worst possible case of an inclusion more rigid than the

v = 0.33). On the other hand, a rigid spherical inclusion (u’ =

matrix, induces tensile stress concentrations at the planes of the sphere

of a magnitude of about 1.95 .
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_APPENDIX B
THE CHARPY SPECIMEN

The stress intensity factor of a three-point bend.beam containing a

single-edge crack (Charpy specimen) is given by (see Figure 4.1 of Chapter 4):

= ’ = .6_12 9_3 < =
X 06[00‘*01 (g) +n2 (D) +n3 (D) +n4.(g) c Y va (B.1)
where a = crack length

o = gross applied stress

D = specimen width along the crack .

Y = geometrical factor introduced to account for finite width effect

The coefficients of the above polynomial depend on the span to depth ratio

(Sp/D) df the specimen and have been computed by Gross & Srawley (1966)

for various specimeh configurations. Table B.1 collates the numerical

values of the coefficients of this fourth degree polynomical égainst Sp/D.
The elastic strain energy stored in a Charpy specimen is given by |

(Timoshenko (1951)):

. 2 '
vo= x5 B2 92¢ (B.2)
6S
p
where C = specimen compliance
B = specimen thickness

Equation (4.19) derived in section 4.4 of Chapter 4 describes the compliance
in terms of the intensity factor. Substituting equations (4.19) and (B.1)

in equation (B.2) gives:



TABLE B.1

The coefficients of the Y polynomial¥*

S_/D
Coefficients p
4 5 6 7 8 9 10 11 12
Ny 1.93 1.937 1.945 1.952 1.96 1.967 1.975 1.982 1.990
ny -3.071-2.99 |- 2.91 -2.83 {-2.75 | -2.67 |-2.59 |- 2.51 -2.43
ny 14.53 | 14.312; 14.095 13.877 | 13.66 | 13.442 1 13.225{ 13.007 | 12.790
Nz -25.11 | -24.827 | -24.545 | -24.262 | -23.98 | -23.697 | -23.415| -23.132 | -22.850
Ny 25.801 25.655 ) 25.51 25.365 1 25.220( 25.075| 24.930] 24.785| ?24.640

* Brown & Srawley (1966)

- 0¢v -
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. 2
U = BDg— ¢ (5 /D,a/D) (B.3)
p
red

where B rod is the reduced modulus of elasticity, and the function ¢ is

defined by:
(S_/D)
- 1 2 2 :
o [(a ) | ¥2(a/D) d(a/D) + ota/D) /Y (B.4)

The geometry function, @, can either by computed analytically using
equations (B.4) and (B.1), or determined experimentally by measuring the
specimen compliance subjected to a static load, as detailed in CHapter 7.
The experimental measurement has been carried out by Plati & Williams
(1975) and the results are collated in Table B.2. For computing purposes,

these results are also expressed in a polynomial form in a log-log b]ane as

follows:
Yy = w1X+¢2X2+¢3X3+¢4X4+¢5X5+¢6X6¢2x10'8
where ¥ = log ¢, and X = - Zog (a/D).

The coefficients of this polynomial are given for different span

width ratios in Table B.3.
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TABLE B.2

CHAREFY CRLIEBEATION FUHCTIONM

i 45 3. 137 2,90 4,55

I v15 .o R N | Z. 155
0, 0= 340 1.7Z5 KR P I e
1 | 1.11& 1.422 1.71% 1.23010
.12 0.357 1.217 1.48k1 1.8853
.14 2k 0,24 1. 087 1.274 1,457
0.15 .55 0. 757 0,350 1.130 1.2897
.13 a.50s5 1. 28 ot J 1.015 1.161
n.2n 0, 4= n.531 f.2321 1.030
n., 2 0. 4z2 ., 5324 .29z 0,355
n. 24 0,412 0. 543 0, vvS n.EFF
n.2s 0.2 .S .71 0.3ns
0.2= 0n.=v71 0. 477 D.RES n.74=
n.zn 0,254 0.45%50 .51 1. 534
n.32 0,339 0.425 1.573 0. 547
0. 34 M. 324 ., 542 0. &0z
0. 2e n, 211 n.S08 0, 56l
. 2= . 293 d n.a477v 0,527
I n, 2=7 n, 245 0. 443 . 33d
0.4z n.2ve o, =228 0. 421 0. 462
ii.d4 0,255 0.211 z 0, =95 LIPS 3
.45 .54 . 235 o n.=2vl 0, 405
0,43 0.244 0. 257 S .349 0,373
.50 n, a3 n. 27 0,298 0, =27 n. 355
.52 0,224 0. 253 0. 2s1 0,207 0,232
.54 n.=14 0.240 n.&n5 i, 222 .21
0, SE 0,205 0. 228 0. 2943 0,270 .23
n.ss 0. 13 0. 218 f, 235 0,253 0. 271
., =0 n.13v d.ns n.zee 0,223 .25
1. 00 0, oo 0, oo . non ., oan 0, oog

* After Plati & Williams (1975)
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TABLE B.3

"The coefficients of the ¢ polynomial

Sp/D 4 6 8 10 12
Rz 0.472745{ 0.459418 | 0.448416 | 0.438677| 0.437392
Uy -0.822365 | -0.571559 | -0.332259 | -0.100584 | 0.068089
Vs 1.018265 | 0.690945| 0.317650| -0.093797 | -0.382703
Uy -0.566424 | -0.321486 | 0.013065 | 0.417717 | 0.688010
Vs 0.166343 } 0.075176 | -0.091181 | -0.299732 | -0.433270
-0.017705 | 0.003082 | 0.028742 | 0.071685| 0.098247
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_APPENDIX C
PROGRAM: FOR CALCULATING FRACTURE TOUGHNESS

This program is written'in FORTRAN IV and was run on a CDC 6400 at
the Imperial College Computer Centre.. In the version listed here, the
program evaluates the fracture toughness of single-edge notched specimens
but it can easily be modified to perform calculations for specimens
containing surface notched and other types of crack conffguration*. The
program also provides some comments on the fracture behaviour and
1imitations of the linear fracture mechanics theory applied. Furthermore,
the statistical analysis of the data obtained are described in terms of
the maximum, minimum and mean values, variance, standard deviation,
'standard#error, skewness and Kurtosis of the results. The deviation from
linear fracture mechanfcs theory, as defined by equation (6.17) of
Chapter}6, is also evaluated and indicated by the.program.

The program also enables the production of graphs of the results for
each batch of specimens. These graphs comprise the plots of stress versus
crack depth, stressaY-factor versus inversed square root of the crack
length, intensity factor versus the crack length, and intensity factor
versus the percentage of specimens having a value equal to or greater than

a specified fracture toughness. The program listing is given as follows+.

* A simp1ifiéd version of the program for surface notched specimens is also
quoted here, which can simply be co-operated witH the main program
mentioned above. ‘

t The program calls the library subroutinés ELLICE and EO2ACF, the listings
of which are not given here.  These aré, however, available at the
Computer Centre of Imperial College and may be directly called from the

CERNUP and NAG4F softwares.
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Program 1 (SEN Specimens)
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LELEMY=F1e g
DUTEINT PERCEMTRGE UF FRITTLE OF OUCTILE FARILUFE
WP (ErE e L 00
100 FOPMAT O 135 7 4-000
METTE e 281 I TRe 5B« S0 DD
FOFMAT ¢ 100 eAMDHGEs. T2y ¢ TFEC IMEMT €« FS. 13 ¢PEF CEMT. HAVE FRILED IH EF
+ITTLL MANHEReFS, 1 ¢FPER CENT IH ZEMI-FRITTLE MANMMER .4 F5, 15 ¢FER CE
+HTes ~v f2eeIM ZEMI- DUCTILE MRHMER o AMDeFS, 1s4¢FERCENT IM FUFELY D
+LCTILE MAHHER, ¢
QUTFLT CRUTIONHT GHD COMMENTT
131 IFM2.LT.3 GO0 TO tz0
Ma=pe--1
MEFITE dhe 1A a2 M s M=1 M2 .
1 FORFHAT 710X oBDTCH GEOMETRY OUTETRIFS THE THEORETICHL LIMITE FLV =F
+ECIHENE HMO. ¢y (20U Ecoa e 30
120 IFMa,LE.Zy 30 TG 1z22
Ma=Ma-1
WRETTE Cfe 1730 fnefmvsm=1,m*~
13 FORMAT 10:, «L0OA EXCEEDT 3-4 OF THE PELEVANT YIELD =TFESS FOF =ZFEC
+HMEMET HO., =e 100 ~IL-¢1~~I_~BEE¢-¢J oD
122 IFGd, LT 2> 30 TO 1249
M3 =HM4=-1
A ||I’ITE'P‘-r4"l'|1-"1'~f1—¢-”*"
FdOFURMAT LD PLANE=-STRAIN CONDITION COLUDR HOT EBE MAIXNTARHINED FOF =FEC
+FIMEHT NHO.=es ~10E IS e ¢ IS 220420 0
OUTFUT STATIZVICE
WEITE 93 203 MAMK MM MEAM YRR TRMIC s STADEY STRERR « GREMMH BEETHS DFLEMT
S0 FORMAT ¢y #0135 (0383 3 0y '
s #ME TN STRES IHTEHTITY FALTOR =*«F4, 227
AMIHIMLM ZTREZS IMTEMTITY FRLTOR =¢Fd4,. 2.7
FyeMEAM TTRETT IHTEMTITY FACTOR =esfFd. 25~
I # VAP IRHCE OF THE ZTREZD IHTEHTITY FRCTOR REZULTS =e.F5, 3.
¢TTAMDARD DEMIATION OF THE FEIZULTE =+4«F5. 3~
3 e THHUth EFFOF OF THE REZLLTZ =4sFS. 2
R e o =T OF THE REZLILTE =¢,F5%, 3.~
wEURFTOSIE OF THE REZULTT =<¢«Fg, 27
+i 0=« ¢DEVIATION FFROM THE LIMEAR FRRCTURE MECHARICE THEDRY=Z=e.F&_ 320
FLDTTIMG SUBRODUTINES
CHLL DRAWD
CAILL DRERAN
CRLL DRALT
CRLL EHFLUT
=0 T0O 1855
EMI
SUEBEROUTIME DREAND
COMMON- TS TEMRY
FEHL MAS *HFHH
COMEDH T2 s ‘DjxrtH’
ﬁﬂHNUHfL4-M!T.HEPH
CETMOM DS e e Wy W% LI 4l
CRERCE DEFTH.LHYIT O THE #H-R=13Z
U= IHT DS e 00, geon, 41 0o tnn,
STCETTSLUHIT OH THE Y-ARTE
WA IHTCCTIEMAYE T eq, SR 32+ 0
FERCENMTARE OF THE HOTCHED FAFERCUHIT O THE =-
CHEERPE=Ita e T
FEROCM=1 00 «CHFERIAT - |
WEl=FEFLM -2
INTENSITY FARALCTO%.UMIT QM THE Y-RHIS
VAR THT o MESS AT 4T o1,
IHY, i, FT. OF THE ©Rqcl TEFTHY UHIT OH THE X—-f»1%
TICTM=1, ~Z0T it a0
LHIS R T o 2, o b, +1, 5 - 100,
CTRFEZ 2oy =R T0RY LUIHYT DN THED Y -1aa 13
..-.II:‘I [SERCTSEE B A TN NI U S I V1§ B
VIR I T o Z 1R fe S, ey o
FETURN
(R
SUREQL T THE LSl
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DT e LRGeSy ezl L LY S MATER - 1 Bk T o 1

n

X}

X
“
r—
2]




- 428 -

COMMOM - e GLUE S LOAT s MATER
COMMIE TS 1 S e B % o 182 4
. DEAMING UF ROFDEFS AFOUND ERCH FRTRNE
CHLL ZTRST 2o
CHLL FROTUOR S 8z
CHLL FLOT OO0 a0, fa=30
CHLL FLOT O e 13, fa 2o

CHLL. FLOT Y210 13, (0 23

CALL FLOT Y2100 022

I

CHLL FLOT OO0, 00, 0y 30
CHLL FLOT (0, 0 &, Se
CALL PLOT 721, 0«5, Sedn
CHLL PLOT 9100 S0, 030

CALL PLET v 10,51
= IERNIHE OF THE AXES IM ERCH FEAME

CAHLL FEM 4
T A= FRERME HiO, 1

CALL (1.0 FLSy=30

CHLL CU. 00, Dy ITHTPACK DEFTH MMy v =179 0a 0, Oa 01, 013

CHLL D, D0, 0 2SHRFPFLIED STRESSE THM Mool s 250 g, Sa S0, o 0. ¢ W'D

CHLL S, e 4 S0 ZOHFEFCENTAGE OF THE MOTCHED AFES 30«9, s 0. s . O L

+7 : :

. E- FRAME HO.Z
CHALL FLOT 10,50,y =32
- CO. e 0.y IVHIFACK DEFTH VMM e =173, 08 e, e L2
SIS0 e G SBHIMTENEITY FARCTOR CMMAMee T 20 s 22, S Qi o 0, o W'
L C—- FRAME HO.Z
CALL A¥TSO0, x4, 5 ZO0HFERCENTAGE OF THE MHOTCHED ARER» S0«9. v 0, s . Oeldl
+7 :
CRLL PLOT $~10,Sy =6, S =30
CHLL HETZ7. 0s, 00 SIHINYERPSED -Z0UAFE FOOT OF THE CRACK DEFTH  HMesr-
F12r e =513, 0, e 0, Qe LIl
CHLL AMTL O 08 0 ZEHETREST & Y—=FRUTOR  CMHAMeeZr s 250 S, 0 S0, D O, D000
+ WL
- I~ FRAME HO. 4
CHLL FLOT 1005y 0, De=30
CRLL FLOT (2, 0s 0. De+30
fPola=1.1

I
e cld

P i

1
L1l
AL
A
Frids=sn,n
FroiSr =i, 1l
Fricy=20,0
Frold=100,0
ng 1 1=i«1v
AEALOGIO O Id Y ed (S
T DAL ZVMEOL v =0, 0350, OF O L 2000, =17
g 2 1=t1.7
AERLORI R T eg, S ~0, 04
S LRLL HUMBERF o=, S0 B 1RSI0, Iy ~10
JUSIEEES IR :
HEALOGBI el e, 5- 11
TOCERLL MR e = S 0e L1 e R Is o G, Gy =10
CRLL ZvMED0 A S0e =0 5500, 1 STHEERCENTRGE UF ¥R, HI9YING § YHELUE EQ
FLHAL U Al A TERE S TR B o, et
CHLL =150 2o 0 D 0@ FRETHTENRITY FATIOR  Cpitd-tMes 405 o Z 0 S, Q00 200, 1L
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F
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AT F[H\*H1-}lillw
CRALL 2MEOL T 015 0, 15 3VHFFPACTURE TOWSHBE DL IH MECHTHED ZINGLE
HEDGE-HUTCHED SPECIDENS FFODUCED BY A FLY CLTTEFRs RE=a0, 0 MMy e, 0037,
CHLL S9YMLEOL v Geld . de IN7«MATER s 0, « 110100
CHLL Z5MROL o1, 0s 1, H-.lﬂT-rT~ﬂ.‘Tﬂh
CALL SvHTOLYL 013 6y o107 s SLUES I« 1 200
CHLL ZYMEOL YL, 0813, I:_'- LI0F e LORDs 0, o 1200
FREAME Hifi. 1
CHLL PLOT /7. S 18, 0 =320
CHLL ZYMREOL Y. Os = 2s , 10 ESHMERH KL~
CHLL ZWMPOL O De—=, 2, 10 ZSHOFDDE ETREZE FEMPIRICALY o, 00252
CHRLL MEDIL Gl Da =4 0e L L0 ESHYIELDING LINE CTHEQRYY OO EED
CHLL Z¥HMEOL oS =0 1S« 1ol lo i 0a—10
CARLL FPEH O
CHLL
CHLL
CARLL
CHRLL
CHLL
CHLL
CHLL
CHLL FEMcID
FEAME NHO. 2
CHELL FLOT 10, Ss—4, 1 =32
CRLL EYMEOL Ol B D0 o 1 ZEHESFERFIMEHTAL REZLILE v e 220
CHLL MEQL 0, B = 2 L 1 s ZZHAYEFRAGE EC=%ALUE LExF 2 o, U
CRLL SYMEOL 2 3. 05 o 10203, s 10
CAHLL PER ran
CALL FLOTCZ2.Z2
CHLL FLOT 2.6 —.2e
CRLL FEHL .
CHRLL FLOT 7. e, 3. =20
FRAME 11, 4
CALL FLOT v—g. D=5, 3a~30
CHRLL EVMEOL c4+03, Ov =1, 0 0, 13« EHTTRTISTICAL THYESTIGATIONS L D 6D
CHLL FLOT V=193, Qe =32, 11 ~32
CHLL PEM oY
CHLL PLOT{-1.0«-1,0s 2
CHLL FLOTYE 0. s =1, De g
CHLL FEM 1>
RFETLRH
EHD '
ZURROUTIHE DRALI
FEAL MERMHE
DIMEHZION NS0y« D050 1 CS0n
COm 0 T TEMAY
COMMON-CF < le Da 0
COMPMOH =S s e Wi W s LIS 4L
COMMOH T < 1le T MERH
(INSIIEIN IR RN TBMAR
nEAL STRESE VERZUT CRACE DEFTH
0O1M=1«.
Sl=DdHy <l 101,
=0 oy o3 Em) oY
T CALL SYMIDL Zxl41, e W+ S, 0700 110, e =12
DEAR Y TELD BH0 FUPTLIFE STFESS LIMHED § FRFACTURE TOUSKNHETZ FOR RO=k0-MERM
IIl==
CCHLL PEH 40
B=iD =D 130,
Lo & H=i«zt
DA=D 01y FLLOAT tH-1r oA
AElime i, 1
CHFEA=TI T
FERF=CRIER T
YT IEMAFe oL PFF' (It I B
LHLL FLOT =4l e 47,5100
< Il=2
[1=1T+14

VHLLES WTHEOFYY o 0 Z50
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CHLL FEHe =06

o 5 H=1.31

11 -II- s+ FLONAT =11 e

L] u’IS(J.EQJ’,q

HL‘IU.

rHLLFLDI' L+ T ST I
v II=¢ )
TRAM FC-VALUES  YERZUE THE CRACEK DEFTH
CALL FEM Y
0 2 H=1.
S IR SRR N W
Wk CH S .
PCRELL EYHEOL G411 S VAT S 0L 07 s 2 0, v -1
H=0,
W=MERH WY
CHLL FLOT @541 1, 5 V47 S #3230
CHLL FEHdn
CHLL PLOT P R4 D, S +7 . T e
CHLL FEfr! ' '
OR[N . 1020, FOOT OF THE CRACE DEFTHI«Y-FACTOF ASAINET THE CRACK DEFTH
oo 4 H=1s.l
: SCRDRET OOy e1 0, 3 <L
T

SEIE LRI AT K

CRLL ?lﬂrDL" LRl s 0 Fy 13 0, =10
IIFAL vTHTI_1IE;

FORT ki

Ik=1

I 21 I=t..l1-1

IFCKE CIy JLELK CI+13 2G0T 21

EA=k (13

FTy=k {I+12

ECI+1Y=EH

IH=1I1r+1

COMTIHILE

IFCIRCHE OGO TO 1S

ng & I=i«l

H=1

=106, +FLOAT ST ~FLOAT «.
HEALORI sy ed O
dd=1-1{+1

R A R IR LY

= DRI EVMEBOL AL, Se YL, Ua 0L 0T 00 S 0, e =10
FETLIFH
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Program 2 (SF Specimens)

FROGEAM EEK CIHFUT []“TF'“T THFES
ESTERNHAL F1

11 READ ISy Z0A a0 P

2 FORMBT CFS.22Fd. &8 F3. 02
"H.LE. 0 ZTOF ‘

..,.||| 1|~|.|:||_'|.

II
0
#
Xl
+
-
*
L4
r
.La
- r:l
*

fHHHLF R B SR

HLFH—_.*HFHHvTHHHLF
H1=HALFHeR+e2 .2,

2= R-Ch eHo 2,
AREA=Z1-52
<vEell o]
'-Ubf P

Thh=F.
?” .

141l4’Lﬁ
ale g rn~-.:H4 IR
'M‘ITE'F- 12HsC !D-f'_fl.|1~hﬁ
1 FORMAT C2F10, 20

=0 TO 11

EMD

FUMCTION FI A '1'3'

1—' P e el
=EHRTOSL )
F1=ELL1cEfz)

FETLIREH

EMD

=IMFUT THFEC=0UTFUT
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_APPENDIX D
COMPUTER PROGRAM FOR IMPACT ANALYSIS

This program is written in FORTRAN IV and was run on the CDC 6400.
The program; firstly, analyses the impact results on the basis of 1inear
and yielding fracture mechanics assumptions, as described in Chapter 7.
As a result, a Tine fit and a second degree fit on the energy-BD¢ and
energy-ligament area plots are produced, displaying the validity of the
brittle aﬁd ductile impact théoriés applied.  The pertinent ductile and
brittie impact resistances of the material tested are then given in terms

of the initial slopes of these plots and the corresponding errors involved

are mentioned.

Subsequently, the program attempts to modify the impact data by
adding incremental crack lengths pertaining to the slow crack growth and
p]astic‘zone length to the initial crack until the best straight line is
achieved.

Finally, the impact data are studied on the basis of the'composite
theory expounded in Chapter 7, so that the initiation and propagation
resistances of the material tested are computed. |

The program also produces graphs of the results for each test,
corresponding to the brittie, ductile and composite impact theories.

The program Tisted here* is followed by a sampie of input and output

print out.

* The program calls the standard 1ibrary subroutine NAG4F, the listing of

which is not given here (see the footnote of Appendix C).
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FROGFAM TMEACT A IMEOTOUTRUT « TRPES=THFUT« TAFF&=

FATERMAL EDTEDRZLEDZ
DIMEMZTION SYenrsE
[ERASRIES 4 5 I3
: PP~1|;¢'L.1;.MUFk-.uu-.D .

Eibte EQSaEXTRAP
)-h-tup-H-cUg

th FHL LLL s LLLLEFF
RERL LIG
LLL=LLLL=,TFLIE.

CAHLL ZTRET o2

CHLL FRCTOR OO, 7

CHLL IHTEHTEzm

CALL HEWFARGE

CHLL BOFDOFF

FERLCS«Sn JLT1IT 1-.1 LeZrai3

FORMAET vaHI O Fd, 1 .
FERD S« da 28y HeZWe Ty RO

2 FHORHAT CI e FE, Qe gFS, 50

o

h

C=ietn,
T 44322 I=1s1

Dol =T

RESAT S 1r vECID Dol s Aol s iIn s I=1atid
FORMRBT C02Fd, SvFS, 1o

MEITE (G2 cLTITolrs I=ly e
FDI’nlhI'lH '!1P‘ .

Wi+l =1 000,
F=
lP—l

ST

IH«:

0 2 I=tsH

Felr=ROlre0, 225

CAHLL FICSolxeBold aDIs s @l s lnn
Wl =1,

LIGeTa=DiiIv e iBeld—AaIND

HaeH= DFIGIHHL [ATHes ~
.*-1HH-r s SHEBECTICO 3 THES 1=

% "'x‘IH ”M““‘l’_“"‘i"!"'“l"'
_rMIDLuu u5s14 4r-u.c_sLTIT-n RN

DY

DUTPUT TRREESEZD

At el Edr a WSS R O v TTR T

Ve DZTCRED s COMITRCEED «F ran)

METTE (G 20 S0Ty s BOTY oIV T o Aoy o3 0y o LTBe Ty o e ln

FOUMAT O F2, 1 32, 20 ZF9, 2 FoR, O
Mila=fals +R0-1

Velsdu=L1G0Tn

MOTaga=kindo

LTS ' RS R G T o

CISTIHLE

WETTE v S

FOFMET e
IEnT0=1 !

G T0u= e TR =20
S SN MR AT SRR N
P+ g

Wiliela =i,
Ve Za =0

W 1 =1 E=51

REOES A
LT

veeEDie=e s S BKs el = RIOO-FLOTe ¢: ¢k

UHLEL D00 o Do s e e TR T THe b for« LIRS

EFEOF=1
[USEIR RS N R
PRI R EPAYEE P RRSLES-PE L PRSP
W T e 1 =
""i‘-"r'ﬂ:‘ IR A R [H'_'
R R T I R SR R IhT - N
N ‘n', T
R SHUAERREI VR SR EHA T AR BN S S ERR NS R I

SRS TR

LIstdae { o =or3

r6K516ﬁ°=¢?sffs

s ¢EHERR T

B B NI



Sond o4

Hidpt ol =H+2
Mopdela=1n,

LIGaeH+i=0,
DXZ M+t

MOHEE =0, 0

LIGoeH+E =0,
0.
":"n =1,

SFAF e Ly MMy 1o =1y 13HED«0 OF

b+ E0 = I,
LEZ i+
CALL

EHLL LEAF

+E LD

M=H+1

CHLL ERZALF fHs ¥

ZE1D=%1513]
LF oF {17 . 3E.
ZLOFEL=F¢
II!’ ITE'._):!

IF (R (1
SLOFEE=
50 70 14
IF iR 17
ZLOPEE=FRE

[l

FORPMRT ¢
WETITE 06
WEITE <&
CAHLL EO
TEZN=ET5

MEITE (A 38

FUFMIRT

|I~ITE"P'._““H
& FORMAT .

AFITE-~-4

+ |

N H=-1
AU NER A=

CHLL.

Ir Rz D iRE.

LTER=
LTEFF
JF £STEFF.
I & I=1.H

Aela=q{oln 0

LBEL B

v e E. =

FITE C&et i
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Fola=i

(B

Y=g SLEFT CRES
LLLeMOs 'R T rs I=1s
CHLL Eﬂ:h ot LIGa b hle S e MU
b= I SLORT CFLOAT CH=Tx
LLEL L
LLE.IBY
FRIZIHS.LDORTIRR I« RRE (I3 —Gx D

>0 TO
FE 10 =15

FRO1r =0
G=C,eIDRT O

slls e 2o

s L TISAMENT

E SRR T ®allahly
"‘[] 1r] “rr"' "

ll %

={.«1511
CerfLOAT v I=12
ETERHAT

BT,

=0 70

]

a0y TIG Ry
T0RT .FLDI‘H =2

SEAF CLTG s HUM s 1 s =1 L OHE® (T1—F0
CHEZ s U M 1 =10

LLL>

8 ]

MMs 10 LOHENERGY

TEHCER+E <DL MMy 1Es 1 OHENERGY

Mt 1% 1 THEMHERGY

-"F‘-'"'@""-F lnl‘vl

13,

HO

GeyReLLL:

BT SFLOAT rH-23 )

«¢1- EDO-FLOT:+>

LLL s MOy € lo s T=10 3%+ 3

IHLL EDNEZALE cifs LIGs Lsbly &5 HHO
STETG O CRORT OFLOAT tH=20

BRI =2 SR S
AveLTGAMENT AFER PLOT! e
ISE I
LLLLsHHOs rEF ST s I=10 23 s ZEE0

cIn
TEIG« R LLLLY

: ARER FLOTer e
WETTE (0 100 LLLLyHHDs (RF (L s T= 100 2 SE40

=0

44

28 RETR X LLL'

CER

CUELL FIvToIneRvlaeDoly R0 Id ey

[

I
in
I

o4

IFT . de e

LRI [C

L CUNTINUE
EOEAEREF THy»

CHLL
SEG0=Y

b

TG
TTE 0 1E
FORMAT e o

FURTRT Ol

TF VB 5
w0
YRRl ln{Il’
| RS Ho

C

L R RN N IS o)

T,

e 2d

RARRIE

ERN e REa
SERETOFLOAT vH=-120
TEFF JESOLLL MOy R e v s T=1 25

STRELE CRRCK

THHDAED

.l

LT Tl

70 =

FORIAT C62 Ll 1Ee e SECTNN
UG HECTHe AT :'1”'¢
R GeielOp e NI I

!‘:A.

.-L1~11~>:LIHE.

EF

TEaFaLLLY

BREOWMTHz &0
sL1cT1ye: JECDHT

e

LGEGREE U

LMY e
ILUOFE
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i=0F=

TN

T
S tim

e

zLOFEL

;Ih.rr LLLLJ
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S THHINGRT
RN S
IT=seF . chas+a«F 110, -

e 1 0OH

DA IO

LOFEER

Pt o

DEGSEE CUSYE FIT=ew

('S

(RN
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ETRHIDAFD

Fo. et

EFFOF=ec.

M ey

SHeX
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HD—_TFFFM

I IITHes 7

=

-
LR

Te & LEFRAMS . 2
caEHERFSR 4y Sy
P31y e e i

o I=1H
LIGuIs=lJrediR

P ES i e—en ]
DO R SR Gy
WFRITE & 20 s

CONT IS
CALL GRARF

SERS T3 EFS T SR TS SRS RN
Gy s HUMy Lo ~1s 1ZHECDeD (A+0D

G0 TO 43375
WFITE (6 &0 4 :
FORMAT C1H« <o 1 oFLAZTIC COFRECTION
N0 13457 1=1eH+1

COMETR T =0
MFITEfF‘j

Vi

ety TS 2 CONTTHOL
e ¢= COMEDZITE THREORY @ s
4»qu£¢D°W,4 col [HETIC 62 dide ¢EHERGY 9y ¢
EE:TH"HH**E“-_Hs?HﬁMH**E)s4Es*ﬁH LR )
Flll.._) 1
tFF~;

HDITEIF
FORMAT ¥ &
£« ¢PROFAG,
¢ TIHITIAT. FE
MRITE CSa 1 EFFOR
FORMAT -y R e STRRDART
CHLL HEWEHRE
CARLL EBOFDOFF
CHLL SYHMEOLCO, 05 1. 38 B0 B3 LTITs 0,
M=+ 1 -
EiMx=0
SiHa=0
ZHLL RR
}_' [1.._: I r-th
CALL EMFLOT
ZTOR

EHD

TURFOUTIME FI¢
HTEFMAL EDi:EnR

=eaFia.de 1 0OH
L=erFRLZe 1 0H

¥

ERFOF=4,

HFE VFsEa s
I

1s—=1:15HC1-H-D2 -0

EE« T I8 SAXTE
EGZERdyERSEXNTRAF

B D
LE

e, 4

Fr=s 5
1F %, CRHLLECLESLELD
CHLL E“TFdPtEfH.M{,
S0 TO 2
IFCz 6T 20

>0 TO 1

=0 70 =2
=V

FHE=EG] cfs 0 EQE CRY B0 FRD Y e 0 F=d 22,
0 TO#

JF S, ET. 2.0 G0 TO 4
FHT=ERE o+ ERZr Sy ~ENZ VA v e 0 T=6 0 2,
13 I Eo B

IFrs, AT, 10,3 0 70 S
HH’—[ﬁ*-n'l-FHo-H\"LH PRI EYT=F, Y 08,

=0 70 &
Hd--IHJ'H-i'[“H'H"rUI'HV
RIS R S SRR AR )
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N
FLRETRT I
FRTERIOS] Fin
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R SR E D B A
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PO =EOT RS

[
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ABSTRACT

The classification of impact failures is discussed and four types are
defined; mnamely, brittle, semi-brittle, semi-ductile and ductile. The
failures observed in rubber modified polystyrenes are shown té be semi-ductile
in which the absorbed energy. is essenkially linear with ligament area because
_of extensive crazing but with a deviation caused by the subsequent brittle
fracture of the matrix.. It is shown that it is possible to deduce an
equivalent ductile energy per unit area, Gd’ and a true matrix toughness, Gc'
Gd is shown to be proportional to rubber content in two sets of blended resins
while Gc remains constant. The method was also successful on several

commercial grades.



" INTRODUCT ION

There has been a good deal of success in using linear elastic fracture
mechanics to describe crack growth in polymers (e.g. 1,2,3) and; in particular,
brittle failures in impact (4,5). In common &ith other materials, however,

. interest inevitably turns to describing materials which show sufficient

toughness not to be fully brittle and, indeed, materials which are quite ductile.
Fully ductile behaviour may neither need, nor yield to, description in fracture
mechanics terms but there is much interest in materials which show substantial
ductility along with brittle failures. Such materials are the rubber modified
polystyrenes, which are investigated here. The addition of rubber particles to
the polystyrene matrix induces craze formation whicb provides a ductile process
but the inherently brittle matrix is unchanged.

This paper discusses the classification of impact failures and then
describes a series. of experiments on various types of rubber modified
polystyrene. The analysis of the results in fracture mechanics terms is then

considered.



FRACTURE CLASSIFICATION AND ANALYSIS

It is normal practice to élassify the impact failures of polymers in either
the Izod or Charpy tests according to the degree of deformation encountered
[e.g. 6). One extreme 1s the brittle fractﬁré in which there ié a flat, smooth
- surface with little or no distortion. This is i1llustrated inm Figure 1(a),
together with the triangular load deflection diagram which is associated with
this type of fracture. The other extreme is that of ductile failure in which
there is gross plastic deformation in.the ligament of the specimen which results
in large energy absorption and a 1§ad-def1ection diagram, as shown in Figure 1(d).
In conventional testing, the impact strength is described in terms of the energy

absorbed, Ul’ per unit of ligament area, 4. i.e.
Impact strength = UZ/A

. For ductile failures, this parameter is often reasonably constant with specimen
geometry, although it really describes the energy to deform the ligament prior
to, and perhaps during, fracture while the energy per unit area to'actually '
cause rupture 1s a véry small part of the total.

For the brittle failure, the energy per unit area is not constant since

the fracture is initiated as a classical Griffith type when:

This analysis has now.been very thoroughly investigated for the impact test

(e.g. 5) and a true measure of Gc is given by:

Uy

B D¢

— (1)



where B = specimen breadth;
D = specimen depth; and
¢ = a geometrical factor which can be deduced for any geometry (4).

If impact tests are performed with specimens with various crack lengths, the
energy should be linear with ¢ for brittle fracture (and not ligament area),
while for ductile failure it will be linear with ligament area (and not ¢).

Between these two extremes, it is useful to identify intermediate cases and
these are also illustrated in Figufe 1. The first (Figure 1(b)) may be termed
semi~brittle and describes those cases which are essentially brittle but with
some curvature in the loading line. This may be caused either by the growth
of a plastic zone prior to crack initiationm or by slow stable crack growth prior
to crack instability. Providing the zone size 6r crack -growth are small, a
satisfactory solution for-Ge may be obtained by correcting ¢ by using a crack
length to which a length correction is added; The U, versus uncorrected ¢ in
this case is almost linear but with a slight downward curvature, as illustrated

. in Figure 2. fhe length correction is chosen to achieve a straigﬁt line with
minimum deviation. Also shown in Figure 2 is a positive intercept on the energy
axis, Uges which is the kinetic energy which may be determined separately. The
addition of either a plastic zome or crack growth term gemerally produces
substantial G, values with-little scatter and the method has been shown to work
well on polyethylene and PTFE (7).

It should be.noted in passing here that in the often very low G, values of
purely brittle failures, there is a major problem with kinetic energy scatter
which is best corrected by taking a lower bound on the U; versus BD¢ graph (8).

The second intermediate case; and that to be studied here, is shown in
Figure 1(c) and is termed semi-ductile. Here, a fully plastic ligament is

formed but there is subsequently an unstable brittle fracture. Uq is now



predominantly governed by 1igament area, as in the ductile case, but there is

now some upward curvature on this graph, particularly at the smallerlcrack
lengths (high areas), as shown in Figure 3. The intercepts are often unreliable
on ductile plots since the linearity is caused'by a uniform zone width in the
ligament which does not occur for small areas. For the semi-ductile values,
however, there is generally a positive intercept on the energy axis of Uk'

It is suggested here that this type of fracture may be usefully described
by attributing an apparent surface energy, Gd’ to give the plastic deformation
and a subsequent true crack propagation value, G,. The energy equation now
becomes:

U1=GCBD¢+GdA — (2)
and this will now be investigated when applied to rubber modified polystyrene
polymers. Such behaviour is probably unique to rubber modified polymers since
the rubber modification results in craze initiation from the rubber particles.
This is the energy absorption process which renders the process ductile but it
occurs essentially with no distortion of the crack tip, and consequent blunting,
since there is a substantial volume increase during crazing. Thus, large amoﬁnts
of energy may be absorbed in these systems without the geometry changes induced

in the ductile deformation of most homogeneous materials.



EXPERIMENTAL PROGRAMME

Three groups of materials were tested. In one series, a 5.55% rubber
modified grade was back-blended with the unmodified matrix polystyrene to give
rubber contents of 0, 1.11, 2.22, 3.33 and 5.5$Z rubber. In a second séries,
‘a 3.337 composite was used, giving only four values. Care was taken in the
blending»operation to minimise any molecular weight changes in the polystyrene
and only small changes were observed. This was found to be the most
satisfactory way of producing materials in which only one variable, in this case
rubber content, was varied.‘ In addition, a group of commercial resins termed
Super, Standard and Medium impact polystyrenes were also tested and analysed.

Charpy impact specimens with a test span of 41 mm, B = 3.1 mm and
D = 6.3 mm were machined from extruded sheets and sharp notches of various
lengths were cut with a single point fly cutter. For each test, a set of
specimens with various crack lengths was broken in an accurate pendulum impact

machine (9) at 20°C and the energies recorded.



RESULTS

Only one material, Sl (the polystyrene used in the first series), showed
brittle failure and Figure 4 shows UZ plotted versus BD¢. The considerable
scatter due to kinetic energy is apparent but ﬁhere is a well~defined 1o§er
. bound (8) which gives G, =0.41 kJ/m?.

All the other materials gave pronounced non-linearity when plotted on the
basis of BD¢$ but, on a ligament area basis, gave linearity over some of the
data, as shown in Figure 5 for material S3. This form is that for semi~ductile
behaviour (see Figure 3). For small ligament areas, i.e. long crack lengths,
we have that (5]:

BD¢ ~» A/2
so that equation (2) becomes:

UZ = (Gd + Gc/2) A

Thus, a line drawn, as shown in Figure 5, will give an average Gd value given by:

Gd = Gd + Gc/z

auv
The two separate values may be obtained by using equation (2) for all the points

and this was done using two methods. In the first, equation (2) was written as:

U, = G, (BD ¢ +ka4)
and k¥ was adjusted using a computer program to give a minimum deviation from a
straight line. Ge is given by the slope of this line and Qi =k G;. Figure 6

shows the data plotted as UZ versus BD¢ + kA after this analysis has been



performed indicating good linearity. The alternative 1s to rearrange the

equation as:

-U
17 % A
—_— = G + G

BD¢ ¢ dBD¢

. and then replot the data, as shown in Figure 7, where Gd is the slope and Gc is
the intercept. Similar plots for the commercial grades are shown in Figure 8,
again showing good linearity. The two methods gave identical results and

Table I shows the collected data for éll the materials tested.



DISCUSSION

Table I indicates quite close agreement between Gdau and G + Gc/2’ in
accordance with thevtheoretical expectations. Gc is always the smaller of the
two values and, for the higher energies, is difficult to determine with
precision. However, it is clear that, for the two sets of blended materials,
Gc remains essentially constant at the resin value for the various rubber
contents. This supports the concept that the emergy described.in Gd is
dissipated prior to fracture and a crack then propagates through the matrix
material which is initiated at Gc..

Gd.is strongly dependent on rubber content as expected and Figure 9 shows
a linear dependence for both materials. The matrix resin of the SS series
behaved as if it contained some modifier since it exhibited crazing and gave
semi—&uctile data. A comparisoﬂ of the two lines in Figure 9 would indicate
an equivalent rubber content of 0.67% and it is suggested that this may be due
to the presenée of minefal oil which can behave in a similar way to rubber.

The linear dependence of Gd on rubber content is sensible since the
particle sizes are the same for all the materials, so that each rubber content
reflects the number of particles. It is these particles which generate the
crazes which absorb the energy so that'Gd would be proportional to the number of
them and hence to the rubber content. It is of interest to note that, although
Gc is slightly higher for the SS materials, the Gd dependence of rubber content
is the same, indicating that it is not governed by Gc'

The rubber céntent of the commercial grades is not known but they may be
estimated from the Gd values and Figure 9. The Super grades (Cl,2) appear to
have up to 6.5% rubber, the Standard (C3-8) 5.27, and the Medium (C9,10) 3.5%.
It is notable, however, that the matrix toughness, Gc’ is substantially greater
(x 3.5) in the Super grades and the Standard (x 2) than the Medium grades,

indicating the necessity of not only higher rubber contents, but also tougher

;matrices to achieve high toughness.
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TABLE I

Rubber G G .G G, + G /2
Grade Content dav d. ¢ d U/
(% vol.) | (kJ/m2) | (kI/m2) | (kI/m2) | (kJ/m?)

S1 0 - - 0.4 -

S2 1.11 1.2 1.0 0.4 1.2
S3 2.22 2.7 2.5 0.3 2.65
S4 3.33 4. 3.9 0.3 4.05

S5 5.55 6.1 5.6 0.4 5.8
SS1 1 0 1.1 0.8 0.5 1.05
$S2 1.11 1.5 1.6 0.5 1.85

S83 2.22 3.6 3.6 0.2 3.7

SS4 3.33 4.8 A 0.4 4.6
Cl } "Su er” - 6-7 6-3 .]. 6.85
c2 P - 4.7 4.8 9 5.25
c3 - 4.3 4.0 0.8 4.4
Ch - A 4.0 0.8 bob
CS " " - 4-4 3.9 0-7 4-25
cg | "Standard - 4.0 3.8 0.8 4.2
c7 - 4.0 3.6- 0.8 4.0
c8 : - 3.5 3.2 0.7 3.55
c9 . ae - 3.1 2.9 0.4 3.1
c10 } "Medium - 2.5 2.4 0.3 2.55
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