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ABSTRACT  

Most 	9IassY 	polymers are susceptible to fail in a brittle manner. 

In order to improve the fracture behaviour, these polymers are commonly 

grafted with a rubbery material and it is generally thought that the 

toughness of the rubber-modified derivatives increases substantially. 

The work presented in this thesis aims at analysing the mechanical 

properties of various types of commercial and specially prepared high 

impact polystyrenes (HIPS). 	Having studied the specially prepared grades 

of these polymers which contained 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 type5 of rubber 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 in 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 particles suspended in the polystyrene matrix) 

were analysed using Hill's and modified Kerner's theories of composite 

materials. 	The theoretical 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 

model 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 polymers. 	Finally, 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 were made to measure the fracture toughness of 

HIPS under brittle conditions, 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 

utilising 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 analysed and it was shown that the toughness 

increases with decreasing temperature, increasing strain rate and 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 considered 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  

Symbol 
	

Description  

a 	 normalised a 

a 	 crack length (SEN); crack depth (SN) 

a
o 	 initial crack length 

a' 	 characteristic dimension of a rectangular 
parallelpiped particle 

aeff 	effective crack length 

a
c 	: characteristic crack length 

A 	 area of the crack interface 

A
O 

A . (j = 1,3) 

Am. (j = 1,3) 

AP. (j = 1,3) 

b 

B 

B  

C 
s 

C 

C
o 

C 

d 

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 

exponential 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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Symbol 	Description  

do 	 characteristic particle alignment factor 

D : specimen width along the crack 

e 	 : characteristic length of the Dugdale 
hypothetical crack 

e' 	 : restitution factor 

1 	
: output voltage of the stress transducer 

e
2 	

: output voltage of the strain transducer 

E : modulus of elasticity (matrix) 

E' 	: modulus of elasticity (composite particle) 

E : modulus of elasticity (composite polymer) 

: nominal modulus of elasticity 

E1 	: in-phase modulus 

E2 	: out-of-phase modulus 

Er 	: modulus of elasticity of rubber 

red 	: reduced modulus of elasticity 

modulus of elasticity of PS 

E* 	: complex modulus of elasticity 

: calibration factor for the stress transducer 
in the Rheovibron 

calibration factor for the strain transducer 
in the Rheovibron 

F
jk

(e) 	: geometry function introduced in Westergaard's 
expression 

Fo 	
: amplitude of the applied force 

gi 	
: input voltage to the stress transducer in the 

Rheovibron 

g2 	: input voltage to the strain transducei^ in the 
Rheovibron 

G 	 : strain energy release rate 

G1 	: potentiometer ratio of the strain gauge 
(Rheovibron) 
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Symbol Description  

: potentiometer ratio of the stress gauge 
(Rheovibron) 

brittle impact strength 

: critical strain energy release rate 

ductile impact strength 

initiation impact mpact resistance 

G2 

G
b 

Gd  

G.  

propagation impact resistance 

critical value of shear lip width 

characteristic dimension of a rectangular 
composite element 

Goodier's constants 

index varying from 1 to N 

total recorded energy loss in an impact test 

impact energy (brittle 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 

k : 

k' : 

k : 

h' 

: 

: 

: 

H. (i = 1,6) : 

I : 

I
b 

: 

: 

Ips  
: 

I
d 

: 

/i  

: 

I
r 

: 

: 

J
o 

: 

1 
: 

Jc 
: 

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  

ko 	 shear bulk moduli ratio (= 4/3 ps/ks) 

k' 	: shear bulk moduli ratio (= 4/3 ps/kr) 

k
r 	: bulk modulus (rubber) 

ks 	: bulk modulus (polystyrene) 

K : intensity factor 

0 
	: minimum value of K 

lc 	 plane strain fracture toughness 

K2c 	: plane stress fracture toughness 

K
c 	: critical value of K 

Kern 	: mean K 

AK 	: estimated spread from 
Ken 

: arc length along r contour 

: characteristic thickness of a rectangular 
composite element 

L : specimen length 

m 	: mass of an impact specimen 

M 	: pendulum mass (impact test) 

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

n

- 

. (j = 1,3) 	: unit vectors along the xj  axes 

no 	: shear modulus ratio (= p/p') 

N : number of particles 

N
o 	 proportional 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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Symbol 	Description  

0 	 value of dynamic force dial in Rheovibron 
apparatus 

• • percentage of cracked area 

Pf 
	

• load at fracture 

 • 

 

• 
q1,  q2 constants in Petrenko's expression 

q3,  q4 	

• 

constants in Fillunger's expression 

Q 	 potential energy 

Q
o 	 input energy density 

Qa 	
local energy density 

✓ radial coordinate from the crack tip 

craze zone length 

1,N) 	radial coordinates from the centre of the ith 
particle 

rp 	 plastic zone radius 

rs 	 slow crack growth length 

R
M 	 cutter radius 

• ligament area (of an impact specimen) 

0 	 gross cross-sectional area 

surface (of integration) 

S
e 	

standard error 

S
K 	 elastic stress concentration factor 

supporting span in impact 

Sp 	.• normalised Sp  

t 	

• 

time 

T 	

▪ 

temperature 

stress vector 

T. (j = 1,3) 	• • principle stresses along cartesian axes 

Tg 	 gross transition temperature 



Symbol 

ur! 	5 ue  

uz, ur, U6  

U 

Uo 

Uo 

U
k 

Us 

AU 

V 

✓ ! V ! V z r 0 
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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 

strain energy density 

strain energy density (composite) 

strain energy at fracture 

linear kinetic energy of the flying pieces in 
impact 

rotational kinetic energy of the flying pieces 
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, a) 

✓ : volume (of integration) 

✓ 

• 

impact pendulum velocity 

Vr 

V' 

V" r 

W 

rad 

x. (j = 1,3)  

variance 

skewness 

Kurtosis 

specific fracture work 

fracture work 

dissipation energy density in a dynamic 
mechanical test 

cartesian coordinates 
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Symbol  

x..
so 	

= 1,N, j = 1,3) 

Description  

cartesian coordinates from the centre of the 
ith particle 

X0 	 elongation per unit length (composite polymer) 

X 	 displacement vector (composite polymer) 

displacement vector 

X. (j = 1,3) 

x. (j = 1,3) 
0 

displacement components in cartesian coordinates 
(composite) 

displacement components in cartesian coordinates 
(matrix) 

x
f 	

load point deflection at fracture 

xn 	: fraction of specimens having a value equal to 
or greater than Kc  

AX.. (i = 1,N, j = 1,3) : displacement variances due to the ith particle so 
(along the xj  axes) 

: geometry function in fracture toughness 
expression 

z 	 : normal ordinate (in cylindrical coordinates) 

z = z • 	: equatorial plane of the ith penny-shaped crack 

constant in Kerner's equation 

constant in Hashin's equation 

crack angle in surface notched specimens 

: constant in Kerner's equation 

f3 	 : displacement error in dynamic mechanical test 

0 	 : fractional surface of particles in a composite 
polymer 

: specific fracture energy 

Yp 	: specific plastic energy 

Greek Symbols 

a : 

a
o 

: 

a
s 

: 
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Symbol 	Description  

: specific surface energy 

r 	: arbitrary contour surrounding the crack tip 

crack opening displacement 

minor axis of a penny-shaped crack 

critical s 

(Sik  (j,k = 1,3) 	: Kroneker constant 

A 	 : damping coefficient 

amid 	: displacement variance (mid-layer of the 
composite element) 

A
top 	

: displacement variance (top layers of the 
composite element) 

: strain 

Elk 
	: strain tensor 

e 	 : elongation 

E
o 	 : amplitude of elongation 

: strain rate 

nominal strain rate 

strain rate variance 

amplitude of strain 

yield strain 

normalised z (= z/c) 

r of the ith particle 

constant in Parvin-Bluhm expression 

polynomial coefficients of K factor for Charpy 
specimens 

angular ordinate (from the crack plane) 

a coefficient in the intensity factor 
expression for SN specimens 

: Lame's constant (matrix) 

6 : 

6 : 

6 : 

Ae
0  

0 

ey  

: 

: 

: 

: 

Ci  : 

: 

ni (i = 1,6) : 

: 

o : 
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Symbol 	Description  

A' 	 : Lame's constant (inclusion) 

A 	 : Lame's constant (composite 

A 	 : load point displacement 

: shear modulus (matrix) 

r 	 : shear modulus (inclusion) 

1-1 
	

: shear modulus (composite) 

uo 
	 shear moduli ratio (= pr/Ps) 

Poi 
	

shear moduli ratio (= u'/us) 

0 
	 : shear moduli ratio (= p/us) 

ur 	: shear modulus (rubber) 

u 	 : shear modulus (polystyrene) 

V 
	

Poisson ratio (matrix) 

Poisson ratio (inclusion) 

Poisson ratio (composite polymer) 

v
r 
	 Poisson ratio (rubber) 

vs 	: Poisson ratio (polystyrene) 

constant in Dewey's equation 

P 

Pc 

Pi 

0 

C
Z 
 or) 0

0 

c 

Young's moduli ratio (= Er/Es) 

coefficients of K expression (experimental) 

normalised r (= r/c)  

notch tip radius 

p of the ith particle 

tensile (gross) stress 

amplitude of the applied stress 

normal stress components in cylindrical 
coordinates 

critical stress at fracture 
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Symbol 	Description  

a
e 	 effective stress in the vicinity of the crack 

tip 

a
m 	 maximum stress at the crack tip 

Qy 	: yield stress 

%Jeff 	
: effective yield stress 

cy 	 : yield stress of a composite polymer 

ajk (j,k = 1,3) 	stress tensor (in the cartesian system) 

• summation notation 

T •  integral variable in the Sneddon integral 

rz ' TrO' Tz0 	shear stress components (cylindrical 
coordinates) 

nominal rubber content 

(1)7n 	 maximum packing fraction of particles 

fractional volume of rubber particles in HIPS 

•  (O s 	 fractional volume of occluded PS 

(1) 	 • calibration factor for impact test 

x 	 constant in the ductile impact formula 

correction function in modified Kerner's 
expression 

frequency (angular) 

W1' w2' wp 	constants in the Lethersich expression 

sz 	 : phase angle 
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BCF 

ABBREVIATIONS  

: polystyrene 

: crystal polystyrene 

: impact polystyrene 

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 

polymethylmethacrylate (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 

PS 

CPS 

IPS 

HIPS 

PBD 

ABS 

PVC 

U AO, U BO, and 
U CO 

U A1.11, U A2.22, 
U A3.33, U A5.55, 
U B1.11, U B2.22, 
U B3.33, U B5.55, 
U C1.11, U C2.22, 
and U C3.33 

PTFE 

PMMA 

COD 

BGP 

PET 

SEN 

SN 

PC 

Ti 

T2 

VR1 and VR2 
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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 polystyrene 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 vast number of polymer/rubber combinations, ranging 

from ABS (acrylonitrile 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 suspension 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 

governed 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 solution 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 mineral oil). 	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 

many 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 only one component at a time and then 

to examine the performance of the composite. 	However, this is not usually 

feasible since 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 basis 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 strength; 

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 the 

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 of some relevant problems. 	The computer 

programs attached 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 brittle manner at apparently 

lower stresses under the same ambient conditions. 	Therefore, several 

tests on some commercial and specially prepared impact polystyrene were 

performed with a view to defining the lowest fracture toughness at normal 

• ambient environments. 	Finally, the effect of rubber content on the 

fracture 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 materials 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 attempt 

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 +140
o
C. 

Chapter 9 describes the effect of rubber content on the fracture strength 

of impact polystyrene in the temperature range of -120°C to +60
o
C. 

A general conclusion and discussion 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  

2.1 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 multi-

phase material in which one phase is regarded as the matrix and all other 

phases are embedded in the form 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 

matrix (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 L-;rres 	. 	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 

inevitable 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 low 

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 statistical study 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 properties of the bulk 

composite. 
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An accurate analytical 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 polymers 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 

described. 	His results were later derived independently by Eshelby (1957) 

and Hashin (1959). 	Moreover, 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 that PS and HIPS can 

both be treated as approximately linear visco-elastic materials at small 

strains 	. 	Oldroyd (1956) and Hashin (1970) developed some general 

methods to describe the behaviour of composites whose constituents were 

linearly visco-elastic. 

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. 	Hence, 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 composites having spherical 

inclusions. 	Hashin & Shtrikman (1961,1962,1963) and Hashin (1962) used 

variational principles of minimum potential energy and minimum 

complementary energy and thereby derived expressions for the lower and 

upper limits of the effective elastic moduli of composites 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 
h 

and Hasin & Shtrikman are shown in Figure 2.2. 	In these models, the 

material was divided into spheroidal (or spherical) composite elements, 

each containing a concentric 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 fraction of inclusions 

vanishes. 

Sato & Furukawa (1962), Budiansky (1965), Nielsen (1966), Lavengood, 

Nicolais & Narkis (1973), and Leidner & Woodhams (1974) studied the 

mechanical properties of rigid bead-filled composites. 	Although their 

studies are not of direct interest for this 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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1. Kerner's Model: 
Concentric phases 
surrounded by unknown 
intermediate zone 

2. Hashin's Model: 
Irregular composite' 
elements containing 
rubber cores 
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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 self-consistent prediction for the elastic 

modulus of a rubber modified polystyrene containing 0% to 99% rubber-phase 

inclusions. 	The main restriction to Hill's theory 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 

volume. 	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 interpenetrating 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 solution 

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 inclusions (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). 



Dewey's Theory [suspension of PBDin PS Matrix] 

..••• 

••••"- 

Hashin's 	/ 	K it 1 s Self-consistent 
Upper Bound / 	Theoly 

r Dewy s Theory 
PS in PBD Ma trix 

Hashin's Lower Bound 
[ Kerner§Theory] 

1010 

10 

z 
10 7  

0 6 

10
5 

- 36 - 

0 	 0.25 	0.50 	0.75 
	

1.00 

POLYSTYRENE FRACTIONAL VOLUME 

Figure 2.3: Comparison of various composite theories 



-37- 

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 spherical 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 particles 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 mediurn(matrix) are 

assumed to behave as perfect elastic materials, thus neglecting 

the time-dependence 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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(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 mathematically infinitesimal element 

of the material. 	Hence, 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 each 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 present 

in the matrix. 	This assumption 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 	can can be expressed'  

linearly as: 
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Al xl n/ A2 x2 n2 4- A3 x3 nS 
	

(2.1) 

where x and n are the cartesian coordinates and the unit vectors along 

the cartesian axes. 	Coefficients A. denote the elastic ow-/ances of the 

composite. 	In the special case of simple tension, we have: 

Al 
	

A2 	_ via A3 
.E 

_ L 

E 
(2.2) 

where 6 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 A. 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: 

= A
i  xi 

 = Aj xi + X A
4

4 
i=1 	

(j = 1, 3) 	(2.3) 

where N is the number of particles, and Aa are the elastic constants of 

the matrix. 	AxP denotes the displacement -carefeixes due to the presence 
ij 

of a single spherical inclusion, and are defined by equations (A.3) and 

(A.4) (see Appendix A). 
N 

Statistically, the summation X AXP. can be replaced by N times the 
1=1 sj 

mean value of AXP.
j' 	

Thus, by applying Green's integration transformation, 
s 

we have: 
N 	 x 

AXP. 	= N  f A XP. . 	dS 
i=2 	V 	se r. 

s 	s 
(2.4) 
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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 

x.. and r. are cartesian and radial coordinates from the centre of each 

particle, respectively). 	The elasticity constants of the composite, A., 

can therefore be calculated by substituting for Le.. from equations (A.3) Sa 

and (A.4). 

Assuming that the total energy stored in the composite is the sum of 

the energies due to the presence of N spherical particles and the one of 

the matrix, and equating the results with the apparent composite strain 

energy per unit volume, defined by: 

A 	u  612 + A2
2 4

. A2
3
) U

o 
= 	A 64 	A 

1 
A2  + 3)2 	

1  
(2.5) 

expressions for the elastic moduli of the composite can be deduced (x and 

p are Lame's constant and the shear modulus of the composite, respectively). 

Denoting Lame's constant and the shear modulus of the matrix by x and p, 

and those of the particles by x' and p', we have: 

= p 	15 (11' - u)(A 	2p) (2p' (3X + 8p) 	p (9X + /4p))-1 	(2.6) 

i-1 - k-1  4- (3 +  4p k-1)(k'-' - k-1)  

(3 	4p k'-') 
(2.7) 

where k, k and k' are the bulk moduli of the composite, matrix and 

particles, respectively. 	(1) denotes the nominal fractional volume of 

rubber particles. 

In the special case of rubber particles suspended in a polystyrene 

matrix, we have: 

p' = 0 	 (2.8) 
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and: 

(u/u1 = / — E 	 (2.9) 

where: 

A 2p  = 15 
9A 4. 14p 

(2.10) 

Equations (2.9) and (2.10) predict a linear 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 accurate 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 p' and k') and surrounded by a 

shell of matrix (characterised by p 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 p and k. 	By using the averaging procedure due to 

Bruggeman (1937), and analysing 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 need 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, k, and the shear modulus, p, of a two-phase 

composite results in: 

k = 
[lc (1 —  k' 	(  1 —  

(2.11) 3k 	4p 	3k' 4- 4v 	3k 	4p 	3k' 	4p] 

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

composite, respectively. 
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and: 

_ 	1  + a f3  
- u 1 - s (1) 

(2.12) 

where: 	
a = 7 - 5v

8 - 10v 8 
u 	- 1  
u + 

where v and v' denote the Poisson ratios of the matrix and particles, 

respectively. 	The Kerner expressions are not self-consistent since, at 

the limiting case of the suspending matrix vanishing (i.e. the composite is 

a mere aggregate of packed particles), the elastic moduli still depends on 

the properties of the vanished media*. 	Lewis & Nielsen (1970) modified 

Kerner's equations by introducing an additional function, tp, and taking 

into account that the maximum packing fraction of particles suspended in a 

matrix, (pm, cannot exceed a definite fraction of the composite volume 

(Scott (1960), McGeary (1961)). 	Hence, the shear modulus of a two-phase 

composite was described by: 

The 1p-function must satisfy the following boundary conditions: 

1. 4) 	0 	at (p = 0 

2. d(IP)/4 = 1 	at (1) = 0 

3. tp 	= 1 	at (1) = (pm  

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 — (1)
m  = 1 + 

43127  

11 	e 	—41 InJAP — cPAP 

(2.14) 

(2.15) 

Figure 2.5 shows the modified Kerner theory assuming cpm  = 0.64, together 

with some experimental data on a glass-filled epoxy resin composite 

performed by Lewis & Nielsen. 
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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 = 	= 0.35, p r/1-1 = 25, (pm  = 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, the random characteristics of its constituents 

contributes an homogeneous and isotropic behaviour to the material as.a 

whole. 	An oscillation in statistical characteristics describing the 

quantity (i.e. average volume fraction), order (arrangement of particles 

in the matrix), and geometry (size and shape) of composite constituents 

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 fractional volumes are given alone, the prediction of 

composite behaviour, such as modulus of elasticity, in general should be 

merely restricted to defining the lower and upper bounds. 	The bounding 

values are essentially deduced by determining the admissable stress and 

strain fields within a specified composite of varying composition. 

Has
Ain & 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 based on some new 

variational theorems for linear elastic theory and analyse the change in 

strain energy in a loaded homogeneous body due to insertion of 
h 

inhomogeneities. 	In the HasAin-Shtrikman 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: 

6.k' 4- 2p 	1 ') 
(2.16) 1upper 	p' 	(1  - 4))/1

11 -
1 	

▪ 511' 
( 
 (3k' + 4p ') 

vi 1 	

• 

6 (k 20(1 — 01 
5p (3k + 4p) 	J 	

(2.17) 
Plower 	(1-1 	1-1 
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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 greater than 

that of the rubbery inclusions. 	Therefore, 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); 

Hill (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 elastic spherical 

particles (Bucknall (1977)). 	The theoretical technique is essentially an 

extension of Hershey's (1954) theory for aggregates of crystals. 	In 

applying this theory, the properties of a typical crystal nee  attributed to 

the particle inclusions, and the macroscopic properties of the polycrystal 

to the matrix polymer. 	The shear modulus of such composites was then 

calculated by Hill, and can be expressed implicitly by the following 

equation: 

(1 - 	k. 	k' 	4 5 	- 	pi 4  _) p 	2 = 0 
  (2.18) 

k 	(4/3) p. 	k' 	(4/3) u 	u 	u' 	1-1 - 11 

From the above equation, the shear modulus, p, 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 Hill's solution is that the 

method neglects the phase inversion as the fractional volume 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 yield 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 

loads 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 

derivatives) are, by nature, apt to fail in a brittle manner so that, 

under certain loading and environmental conditions, the initiation of a 

small crack in these materials 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 	is 

predominantly governed by the severity of the stress concentrating 

elements contained in the material, rather than being merely determined by 

their final yield strengths. 	From this it is clear that any valid 

fracture theory should focus upon the phenomena of crack' initiation and 

crack propagation in the material. 	Accordingly, fracture mechanics, which 

is based on the analysis of cracks and their growth, has been developed and 

applied to a wide variety of materials, including polymers. 	The main 
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benefit is 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 strength of a material is categorised 

by a single fracture parameter. 	Having evaluated this fracture parameter 

experimentally, the design of brittle 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 

stress is often well below the yield stress. 	An intrinsic or artificial 

flaw in such materials 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 

which 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 disregards the problem of plastic work hardening and craze 

formation 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 104  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 presence of numerous internal flaws in the glass and similar materials 

which are incapable 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 linear fracture criterion was primarily derived for a centrally 

cracked specimen of infinite width, undergoing a uniaxial tensile load. 

It postulates that the energy absorbed in 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 is 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*: 

DU - R b2  B a2  

red 
(3.1) 

	

where b 	= half crack width 

	

B 	= specimen thickness 

	

a 	= gross applied stress 

Fred = reduced modulus of elasticity (Fred = (1 — v2) E for plane 

stress, and Ered  = E for plane strain conditions; v denotes 

Poisson's ratio) 

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

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

SW = — y (4 Sb) B 	 (3.2) 

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

Inglis (1913). 
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where y is the work absorbed per unit area in forming new surfaces. 

Griffith initially defined the coefficient y as the surface energy per 

unit area, ys. 	The energy SW 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 

plastic work and hence y should be interpreted as the plastic energy 

absorbed per unit area of fracture surface, yp. 	Orowan (1945,1949) also 

noted that yp  is approximately three orders of magnitude greater than ys, 

thereby dominating the fracture mechanism. 	Following Irwin and other 

researchers, the coefficient 2y is usually termed as the critical strain 

energy release rate, Gc, 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: 

a2 BD TrB 

E

a2 	b2  
Q 	U - AU W = 	2GBb 

2 E 	
red 

(3.3) 

where u denotes the elastic energy of an uncracked specimen, and D is the 

width of the specimen along the crack. 

As the crack grows, the current potential energy decreases, having 

its maximum value at instability conditions (i.e. at crack initiation), 

that is: 
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d 	b2  B 02 a2
2E 

dQ 	
B D  

2 G B b) 61) 
db 

 
red 

 

2 G B = 0 
E
red 

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

G
c 

b crc2  

red 

(3.4) 

where the suffix c 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. 

271- bB a2  



P .1‹ 
	 F (0) terms of order r0  

(2 Tr r)2  
cY jk 

K 
(3.5) 
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3.3 STRESS INTENSITY ANALYSIS  

The linear theory of elasticity provides a unique 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 that the stress 

intensity approach is equivalent to the energy balance approach and hence 

linear fracture mechanics was, for the first time, correlated to the 

classical elasticity analysis. 	In a critical appraisal of 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 reassert 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 given by: 

where crik  = the stress tensor, r = radial distance from the crack tip, 

e = the angle from the crack plane, and K, the intensity factor, is given 

by: 

a (Tr b)2 
	

(3.6) 

and the geometry function, Fik(e), is defined by: 
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0 -2 	
30 1 + sin sin -- 2 

6 -2 	
30 1 - sin sin —2 (3.7) 

0 Fik = cos -2 

0 	30 sin -2 cos 

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 9 = 0: 

a 	- 	 jk 	w r) 2  6A (3.8) 

where (sjk  is the Kronecker delta. 

From equation (3.8), it is immediately seen that all stresses 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 calculated 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 Wigglesworth (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 obtained for an infinite plate with 

a central notch is universal for any combination of specimen geometries and 

loading configurations, except for the way in which 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: 
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Figure 3.1: Single-edge notch specimen 
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Figure 3.2: Surface notch specimen 
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K = Y 6 lic—c 
	

(3.9) 

where a
c is a characteristic crack dimension (e.g. a = b for surface 

notched specimens, and ac  = 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 (p t 18.7 (D)2 - 38.48 q43 4. 53.85 qp)4 	(3.10) 

The geometry factors, Y, 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: 

K 	K
c 
	 (3.11) 

The quantity Kc  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, 	and and the strain energy release, Gc, should 

yield equivalent fracture criteria. 	Consequently, Irwin showed that 
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these quantities are related by: 

K
c
2  = G0  E "(1 — v2) 	for plane strain 	(3.12) 

K
c  2 
 = G

c  E 
	for plane stress 	(3.13) 

where E and v are the modulus of elasticity and Poisson's ratio, 

respectively. 

Ferguson (1973), and many others, argued that, when testing plastics 

for the purpose of evaluating their fracture toughness, it is advisable to 

measure K directly rather than G , because calculation of the appropriate 

modulus in the vicinity of the crack tip is extremely difficult as the 

strain rate in that region is an unknown variable. 	However, in impact 

testing, while the experimental measurement of applied stresses and strains 

demand expensive 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 

K and elastic stress concentration analysis. 	The 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: 

K = Zim 
	

[p,- a n pcA Sid 	(3.14) 

where SK  = am/a denotes the stress concentration factor (a = the maximum 

stress at the notch tip, and pc  = notch tip radius). 	Under unstable 

conditions, equation (3.14) indicates that, if Ka  is insensitive to the 

crack tip radius, um  must be inversely proportional to the square root of 
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p
c
. 	Weiss & Yukawa (1965) showed experimentally that this is a valid 

assumption, provided that the crack tip radii are small compared to the 

crack length 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 limited plastic flow, and the subsequent increase 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 limited 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 a = a (where 

a is the yield stress of the material) in equation (3.8), which results in: 

r 
/ e

2  

2Tr
a 
 2 

y 

(3.15) 

Irwin proposed that, if the ratio of fracture strength to yield stress 

(a/a ) does not exceed 0.7, the error due to the plastic work can be 

eliminated by substituting the effective crack length (a
ef

f = a
o 

r
p' 

where a
0  denotes the initial crack length) for 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 applicability of modified linear 

fracture mechanics. 	He concluded that the amount of plastic zone which 

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

crack length, that is: 

rp  « B and D 	 (3.16) 



-64- 

rp  < 0.1 ac 
	 (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, 
ayieff, 

 , rather 

than the general yield stress, must be considered. 	Theoretical a
Y'e

ff 

for plane strain conditions is three times larger than the nominal a*, 

since the transverse tensions in the region near the crack tip raise the 

effective strength of the material. 	In practice, however, plane strain 

only prevails in the middle core of the specimen thickness, and the average 

a
y,eff is, therefore, lower than 3 ay. 	Allowing for this consideration, 

Irwin (1960b) proposed to modify equation (3.15) for plane strain 

conditions to: 

1 
 

c 
2 

r = 7— 
P 	vIT 2 a 

Y 

(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 Hayes & Williams (1972) 

(on a basis similar to that originally put forward by Dugdale (1960) and 

Bilby et al (1963) for plastic zones in steels) envisions a thin band of 

craze ahead of a crack tip. 	From this model, the craze zone size, rc, was 

found to be: 
K 2  

re 
= 'IT 

-§ 

C  
(for a « ay ) 

a  2 
y 

(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 

-X assum 	. 3 3 
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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. 	Two 

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), Ferguson 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 Gc  and 

K
c 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 

tip, 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 - ae  on the crack faces in the interval 

(e - b), it can be concluded that: 

a 	2 	-1 b — = —.cos — a
e 	

7r 
(3.20) 
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Figure 3.3: The Dugdale model 
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where a
e denotes the effective stress in the plastic zone. 

Goodier & Field (1962) and Burdekin & Stone (1966) showed that the 

COD (6) associated with Dugdale's model, expressed in terms of yield 

strain, E , or yield stress, a , are given by: 

6 8b 	e 

	

— = 	1.41 — 
y 

7 b 

	

8 	 7 •CT 
	 in (sec 2 

 
a 
y 	

7 
Ered 

(3.21) 

(3.22) 

where a is the applied stress. 

For moderately large initial crack lengths and small craze zones 

(i.e. in the case of a « ay); these equations are reduced to: 

C  ac 	
Kc2 	

G 

red 
a
y 

(3.23) 

where E
red is the reduced modulus. 	Equation (3.23) correlates the strain 

and stress criteria for a dominantly brittle fracture (that is, 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 & Richmond (1976)) from 

the tip. 

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 fracture 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 failure 

of a material occurs at a constant COD, and he further noted that the 

values obtained were independent of geometry. 	He also stated that the 

experimental measurements of COD and those predicted theoretically 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 

for the discrepancy between theory and experiment could be attributed to 

the non-linearity 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-plastic 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 to this stress singularity, 

characterised by the stress intensity factor, K. 	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 path 

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 Prandtl-Reuss presentation is adopted. 	Hence, the 

J-integral can be calculated at a contour sufficiently far from the 

uncertain crack tip region, 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 crack tip, is a rigorous advantage over the COD and similar criteria 

which are based on the analysis 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 properties of the material. 

The energy line integral, J, is basically defined for a two-dimensional 

cracked body and is given by the following equation: 

J = 0 U dX - 
o 2 x (3.24) 

where r is any closed contour around the crack tip, 14  is the stress vector 

exerted on the material normal to the contour (li  = ajk  4nj, where riel  denotes 

the unit vectors along the cartesian axes), Ye is the displacement vector, 

is the arc length along r, xl  and x2  are rectangular coordinates along 

and normal to the crack, respectively, and uo  is the strain energy density 

function defined by: 	
e
mn 

uo 	
f 	a

jk 
de
jk 
	

(3.25) 

where s
jk 

is the strain tensor. 	Equation (3.24) describes the strain 
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field near the crack tip and is restricted only by the assumption that the 

strain energy be a single valued 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, Jc, can be used as a valid failure criterion by 

showing experimentally that it is independent of geometry and loading 

system. 	They also showed that the J-integral can be alternatively defined 

as: 

J = 

A
o 	

P 
DP 	

dA = f (
„

--a--) 	dP 	(3.26). 
o
f ( 01;

) 	
o

at constant A
o 	@ac 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 CP and A are load and 

displacement at the point of loading, respectively, and ac  denotes the 

characteristic crack length) with respect to crack length. 	The J-integral 

can therefore be interpreted as the potential energy difference between two 

identically loaded bodies having different crack lengths of ac  and 

(2 + 5a c). 	From these equations, the J-integral can be directly evaluated 

by measuring the area under the load-displacement graphs for a family of 

specimens differing only in their crack sizes. 	Rice, Paris & Merkle 

(1973) further showed that the J-integral can be calculated from a single 

load-displacement record for certain commonly used test configurations. 

When the plastic deformation is negligible, eic and Kc  are related by: 

J 
K
c
2 

red 
(3.27) 

or, on the other hand, if the material is rigid-perfectly-plastic, the 
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Jc  and the crack opening displacement, 6c, are related by: 

J = S a = G c 	c y 	c (3.28) 



- 73 - 

3.6 THE BIMODAL FRACTURE CRITERION  

Linear fracture mechanics is based on the two-dimensional approximation 

of an inherently three-dimensional problem (Srawley & Brown (1965)). 	The 

plane stress and plane strain solutions are therefore appropriate for the 

two extremes of infinitely thin and infinitely thick plates. 	In the former 

extreme, there is an insignificant 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 itself by the 

presence or absence of plastic deformation. 	In most cases, the 

experimental results have shown that the fracture toughness decreases on 

changing from plane stress to plane strain conditions. 	However, the 

relative variation 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. 

Although the philosophy of 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 fracture 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 pc  are the specimen thickness and crack 
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tip radius*, respectively), the plane strain condition prevails if (ASTM 

(1973)): 
K 

B 	2.5 ( 2)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 be 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 

undergoes a plane strain condition. 	Bluhm suggested that the width of 

each surface layer, hc, which is distinguishable by shear lips in metallic 

materials, is independent of geometry. 	Thus, if the material is thicker 

than 2h
c' 
 the mid-thick layer of width (B - 2h

c
) undergoes plane strain 

deformation. 	He further postulated that the apparent fracture toughness 

of the material is a function of the energies absorbed in the fracturing of 

plane stress and plane strain layers of the sandwich model and is defined byt: 

K 2 = (1-v2) K /c2 + 	1 	K
2c
2 - (1-v2) K

1c
2) 	(for B > 2hc) 	(3.30) 

 72 a  2 B 
y 

where 
Klc 

 and K
2c 

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. 

t Equation (3.30) is Parvin's modification of Bluhm's (1962) model, in 

which it was assumed h
c 
 = r

p 
 (r

p 
 being defined by equation (3.15)). 
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plane stress layers, respectively, and h 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, 
P. 

He then assumed that the apparent fracture toughness, Kc, can be calculated 

by an arithmetic averaging of K1c  and K2c  over the relevant thicknesses 

(B — 2r p) and 2r p, respectively, that is: 

(bi - 2r ) 	2r 
- 

. 	
P  

Kc 
	K

lc 
4. 	K

2cB 
(3.31) 

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 generalised by Irwin (1948,1956), 

Orowan (1948), and Weiss & Yukawa (1965), and many others, are essentially 

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 

been 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 manner (Ferguson (1973); Theocaris (1974)). 	The 

underlying 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 fracture criterion. 

This theory is essentially deduced for non-linear elastic materials (and, 

in the case of monotonic loading, for those materials which obey the 

Prandtl-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 describing the composite process 

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

investigated. 	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 = 
dQa  

a
c  Qo 

 fYcs,e,2",e,a 
c 
/B,a

c
/D) 	 (3.32) 

dA 

where D and B = specimen dimensions along and perpendicular to crack 

surface, respectively 

A 	= a B = area of crack interface 

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

monotonic deformation) 

Qa 	
local energy density 

= applied stress on the material boundaries 

= applied strain on the material boundaries 

T 	= temperature 

= strain rate 

The fracture parameter y 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, ys. 	Equation (3.32) describes the fracture behaviour as a 

function of stress, strain, strain rate and temperature. 	The inclusion of 

E and e 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 this new 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 devised 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 resume 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 Turley (1967), 

Vincent (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 Reaurmur'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 different 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 excess impact energy 

methods. 	Falling weight machines were first introduced by Fremont, 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 are mounted on Izod or Charpy supports. 

The 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 from the edge of the 

vice. 

In falling weight machines, a certain percentage of specimens are 

fractured (usually 50%) in a single blow. test. 	The absorbed energy is 

estimated either 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 spring on which the weight falls after 

fracturing the specimen. 

The drop dart testing apparatus is a type of falling weight machine 

in which plastics sheets or pipes are tested. 	This machine was first 



Figure 4.1: Charpy specimen and support 
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Figure 4.2: Izod specimen and support 
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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. 

The drop dart machine essentially consists of a release mechanism and 

a heavy rigid base on which a hollow steel cylinder support is fixed so 

that its axis coincides with the line 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 to obtain the 

fraction of fractures for a given number of specimens 

subjected to a fixed level of impact energy. 	Morris (1968) 

Statistically 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. 	Although the Probit technique 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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spectrum of impact energies necessary to cause failure in 

a given small fraction of specimens. 

The impact machines, as described above, are mainly limited energy 

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 loads. 	(He later designed 

his pendulum machine on 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 swing freely in a 

vertical plane, with different supports for Charpy, Izod and tensile 

specimens fixed on a rigid base which can be levelled by adjusting screws, 

and a recording device. 	The energy absorbed in fractured specimens can 

be calculated by subtracting the kinetic energy of the pendulum from its 

effective potential energy at the releasing position. 	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 machine, torsion 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 velocities. 

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, instrumentation and experimental procedure, and hence can be 

compared only if a standard specimen and testing technique is used. 	It 

is the author's belief 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 theoretically if fracture mechanics principles are employed. 

It is only 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.g. energy per unit length 

of notch, energy per unit ligament area (i.e. net cross-sectional area), 

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. 

Impact strength = 
I x 12.7  

D (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 assumed to be the sum 

of the energies absorbed in the following processes: 

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

2. Propagation 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 line 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 in pendulum 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 loss 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 design 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 separately, since it will eventually regove 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". 	Noticeably, 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 

materials are tested (Charpy (1901)}, for most plastics whose impact 

resistances are low, the error is appreciable. 	Callendar (1942), Zinzow 

(a discussion on the paper by Burns & Werring (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 

replaced and re-ejected. 	He therefore concluded that some fraction of 

the elastic energy restored in the specimen will 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 given 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 

theoretical results. 	Hounsfield then calculated the energy for normal 

specimens broken by impact and showed that the rotational energy was 	of 

the linear 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 kinetic 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 experimental (or theoretical) evaluation of the 

kinetic energy of dummy specimens gives an upper limit for this error. 

The energy absorbed in the initiation and propagation 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 

to characterise the impact resistance itself. 	Since the introduction of 

the pendulum impact machine by Charpy at the beginning of the century, 

attempts were mostly concentrated on developing instrumentation in order 

to eliminate the errors arising from the experimental technique, and hence 

limited 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 fracture 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 applied 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 strengths 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 

strain increases with impact 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 

mode 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 changing the specimen width on Izod impact strengths for ten 

different polymers and found that, as the width is reduced from 2  inch to 

inch, the impact strength of polycarb.onate (PC) increased•by a factor of 

5.4 and that 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 ligament 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, Moser (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 notch 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 produce lower impact 

strengths. 	Fillunger (1924) and Petrenko (1925) suggested some empirical 

relations which describe the standard impact strength (energy per unit 

cross-sectional area, /Cs) as a function of the specimen thickness and net 

width (B and D, respectively): 

Petrenko: 
	

I
cs 

= q
1 
B i(D - a) p

c 
q
2 B (D - a)2 
	

(4.2) 

Fillunger: 
	

Ics = 
q3 [IB - a) p

c 
B 	- a)2/2) + q4 

	
(4.3) 

where pc  denotes the notch radius, and q1, q2, q3  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 
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ductile to brittle transition as the notch tip radius varies. 

Vincent (1971) argued that the effect of changing the notch tip 

radius, pc, and notch depth, a, on the measured impact strength can be 

simultaneously analysed if the elastic stress concentration factor, SK, 

is considered (when the crack tip radius is small, SK  is directly related 

to the intensity factor, K (equation (3.14))). 	For materials which obey 

the linear elastic theory, the stress concentration factor is approximately 

given by the following equation: 

SK  = 1 + 2 (a/pc).1- 
	

(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 calculated stress concentration factors. 	He found a 

satisfactory consistency in the results obtained for acrylic 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 impact 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 energies, plastic work, etc.), various energy losses through 

vibration and friction processes in the machine, and kinetic energy of 

flying pieces. 	Among these, the fracture energy is considered to be the 

true characteristic of the impact resistance of materials, while the other 

energy losses are assumed to be procedural errors. 	The error can be 

eliminated if a proper geometry of the specimen and an accurate design 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 

length, 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 size, crack length and tip radius, 

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 of impact 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 composite 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 irreversible 

energies dissipated in crack propagation and plastic work at the tip 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 specimens 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 the 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 causes 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 specimen. 

Experimental 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 starts in a ctu-cOe 

manner but propagates in brittle form. 	Lethersich therefore suggests 

that the total energy dissipated in these materials should be expressed as: 
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I = w1 
v f (132 s 
	 (4.5) 

where v and s are the volume and ligament area, respectively. 	w1  and w2  

are assumed to be constants of the brittle and ductile modes of fracture. 

Stephenson (1957) argued that, although 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 

to 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 	In In his 

hypothesis, the product of w/  and the volume gives the amount of 

irreversible crack initiation 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 impact strength will 

increase with radius of the notch, since the crack initiation energy is 

involved, and below which there should be no significant dependence on 

crack radius since the initiation energy becomes negligible and the 

propagation energy is measured alone. 	Vincent's (1971) experimental 

results showed, however, that the standard impact strength of polyvinyl 

chloride (PVC), Nylon and acetal, 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, there 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 

noted "... 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 on 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 Chapter 3) can be successfully applied to the impact 

results of brittle materials, such as Perspex (PMMA), polycarbonate and 

polyethyleneterephthalate (PET). 	In their analyses, the impact strength 

of sharply notched specimens were studied and, since it was assumed that 

the materials behave in a brittle manner, the crack propagation and plastic 

energies 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, Gc, which is an 

intrinsic material property. 	Plati & Williams (1975a,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 linear elastic materials which 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, tif., is therefore expressed in terms of the area under this 

triangle (Figure 4.4), that is: 
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U
f 

= z Pf  X f 	 (4.6) 

where P
f 
is the load at fracture, and X

f 
is 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, C; thus: 

 

U
f 

.pp 
2 f

2  (4.7) 

where: 

 

C = 
P
f 

(4.8) 

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

critical energy release rate at fracture is given by: 

AiU  
dA

)
at fracture = Gc 

(4.9) 

where A is the current crack surface (i.e. A = B a, where B and a are the 

specimen thickness and the crack length, respectively). 	Differentiating 

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

G = 
dP p  dx ff1 

f d A 	• f dA  

dx x dp 
dc 1 f f  
dA = 

Pf dA Pf2  dA 

(4.10) 

(4.11) 

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

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

p 2 
G 	f  dc 

2 dA 
(4.12) 
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which is known as the Irwin-Kies relationship (1952). 

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

Uf 
= G

c dC 
	

(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: 

uf  =GBDO(a/D,S /D) 
	

(4.14) 

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

span, respectively, and c is given by: 

C (a/D,S /D) 
0 -  
	

(4.15) 
61c (a/D,s /D))/(d (a/D)) 

The function 0 can either be determined from experimental measurement of 

the relevant specimen compliance (Plati & Williams (1975a)) or calculated 

from a stress analysis of the specimen (Brown & Srawley (1966)). 

For three-point bend (Charpy) and cantilever (Izod) beams, the maximum 

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

cr 
max 

MaX 

3 P s 
P 

2 B D2  

6 P S 
P  

B D2  

(4.16) 

(4.17) 

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 strain elease 
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rate, Gam
, 

can be expressed in terms of the nominal applied stress, a, 

crack length, a, and the geometry factor 1; that is: 

y2 a2 a  

red 
(4.18) 

where red is the reduced Young's modulus. 	The factor Y is a function of 

geometry and the loading system, and can be expanded in polynomial 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, C, 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: 

9 S 2  
C - 	P 	f Y2  (a/D, S /D) a da C

o 2 B 	E
red 

o 
(4.19) 

and for cantilever specimens: 

72 S 2 	D 
C = 	P 	f Y2  (a/D,s /D) a da C' 	(4.20) 

B DE" E
red 

 o 

where C
o 

and C' are the compliances of the specimens at zero crack length 

and are given by the conventional theories of elasticity: 

= 
S 3 
P 	[1 + 3 ( 1 + L' )( 9 ) 2 

4 E B D3 	
1 

2 Sp  

4 Sp3  

0 	1 1  7 	 s 
E B D- 	P 

(4.21) 

(4.22) 

The values of function (1) 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 

Y2 -n): 

1 D 
S  

= 	(c1) 	(D) 
Charpy 	D 	18 Tr 	D  

1  D 2S 
( 

(I)Izod = 	36 ir a)  
D 

(4.23) 

(4.24) 

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 essentially concentrated on the former specimens. 

Equation (4.14) correlates the impact energy absorbed in the fracture 

process to the critical strain energy release rate, Gc, which is a material 

constant. 	The impact toughness of materials can therefore be calculated 

uniformly in terms of Gc  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, 

propagation resistance and the other types of apparatus energy loss, we 

have: 

I
b 

= Gb  B D (a/D,Sr/D) 	Uk 	(4.25) 

where Uk 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 ib  versus BD(I) 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, Gb , can be simply obtained by measuring the slope of the 

data line in an energy-BN plot. 	However, to avoid possible errors 

arising from the discrepancy of the impact data (which is usually intrinsic 

in the behaviour of brittle materials), it is usually useful to estimate 

the intercept of the data line with the energy axis by evaluating the 

kinetic energy theoretically or in a separate experiment. 

If the linear kinetic energy of specimens is considered from classical 

mechanics, a mass M (pendulum), striking with velocity V1  a mass m 

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

U
k 

= (1 + et) mV2 m+M 	M  ) {i+ L (1 - et)) (4.26) 

where e' is the restitution factor between the two masses and is found, 

experimentally, to be equal to about (i/2 - 1) (Williams & Birch (1977)). 

As the pendulum mass is very much larger than that of the specimen 

« M), equation (4.26) reduces to: 

7 
Uk = -5  m vi2  (4.27) 

If hinge breaking occurs, the fracturedhalves of the specimen rotate 

about the supporting points, with the striking point attached to the 

pendulum and moving with the same speed, V1. 	The kinetic energy of the 

broken halves is therefore of rotational form and can be evaluated as: 

1 Uk 	75' 
= 	m V 2  4 4' 

S 
- 1) (-7- - 2) 

p 	p 

(4.28) 
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where L and S are the specimen length and supporting span, respectively*. 

Assuming L = 	 the the rotational kinetic energy evaluated from equation 

(4.28) will be about in 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 limited 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 and 

propagate ahead of the moving crack. 	In toughened polymers, the crazing 

process is accelerated as a result of the existence of rubber particles, 

which, by absorbing a larger portion of impact energy, offer an appreciable 

resistance to crack propagation. 	If craze generation is limited to the 

surrounding region of the initial crack tip, resistance to crack 

propagation. would 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, r , 

is proportional to fracture toughness, Kc  (equation (3.15)). 	Using 

equation (3.13), the plastic radius can be expressed in terms of the 

modulus, E, the yield stress, ay, and the critical strain release rate, Gc,  

as follows:. 

red c 

p 
r 	

E G 
1 

 
2ff 	a  2 

(4.29) 

As Irwin (1964) suggested, the effect of elastic field distortion due 

to the plastic deformation at the crack tip can be approximated by adding 

r 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 limited slow crack growth, rs, 

the linear impact theory can be similarly modified by adding re  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 is.: 

aeff = a + rs + rp 
	 (4:30) 

As it will be shown in Chapter 7, there is some error in this 

approximation since 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 rs  error on the linear impact theory by plotting the Ib/BDGb  versus 

(1) for uncorrected impact data (the case considered was at s /D = 3, and 

(r
P 	

r 
s
)/D = 0.2). 	In this plot (Figure 4.5), the departure from the 

linear theory is displayed by the curvature of the data line and its 

intercept of Uk  + 3/4 (rs  + rp)/D. 	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 linear impact 

theory by considering the effective crack length as defined in equation 

(4.30) can be shown to be.no longer 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 

normal linear fracture mechanics theory and it was found necessary to seek 

a yielding fracture mechanics approach. 	Plati & Williams (1975a) and 

Brown (1973) have studied the impact strength of ductile materials using 
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2D 

Figure 4.5: The effect of slow crack growth (or plastic zone) on the 

normalised energy-BD(p graphs (after Birch and Williams (1977)) 
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the concept of Rice's path-independent integral, Jc. 	As discussed 

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

criterion and its value approaches the Gc  value at elastic conditions. 

If full yielding in bending is assumed, the impact specimen would 

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

IC = -
c
- a B 	- a) 4. Uk. 2 Y 

(4.31) 

where 6 is the crack tip displacement at fracture. 	Substituting equation 

(4.31) into equation (3.23), we have: 

I = 2 GC  B 	- a) 	Uk 
	

(4.32) 

The factor Ji arises. because of the assumption of an average displacement 

with regard to the hinging process in bending. 	The above equation 

predicts that the impact energy is proportional to the ligament 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 clearly established and further work is required to ratify 

whether J is a satisfactory parameter for correlating the impact data of 

ductile materials. 	Theoretically, the general yielding and subsequent 

solid body rotation is unlikely 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 

failure of HIPS and similar toughened composite polymers will be 

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

MECHANICAL BEHAVIOUR  

OF RUBBER-MODIFIED POLYSTYRENE 



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 properties of the matrix and by the presence of the 

rubber 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-fold, depending on the rubber content. 	At low 

strain, both PS and HIPS can be treated as 	viscoelastic materials, 

since their moduli vary 	with 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 particles (Bucknall & Smith 

(1965); Bucknall & Street (1967); Bucknall & Clayton (1972); Bucknall 

et al (1972); Bucknall (1977)). 

The primary aim of the work to be described in this chapter is to 

study the effect of 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 blending 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 

significance 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 on 

glass-filled composites, that the moduli, final stress 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 composite 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 particulate-filled 



- 113 - 

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 part of this chapter provides a 

theoretical analysis 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; in 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 interface of the 

constituent phases. 	There are three principal methods to acquire this 

information: light microscopy, conventional chemical analysis, and electron 

microscopy. 	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 

specially prepared grades of HIPS and had dimensions of approximately 

2 mm x 3 mm x 3 mm. 	They were washed in water in an ultrasonic bath in 

order to remove dust and residual polymer from the surfaces. 

Subsequently, the samples were placed on a suitable cylindrical 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 



- 115 

X 13 

[300A Gold)-- 

[Carbon Grid ] S pecimen[ 800A°  (hick] 

   

(B) 

Figure 5.1: Specimens and supports used for: 

A. Scanning electron microscopy; and 

B. Transmission electron microscopy 
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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) 
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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 

transmission 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 microtomed 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. 

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 samples 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 composites in excellent detail. 	
■;-1  section 

As shown in Figure 5.3(a), the particles are almost ellipsoidalAand 

dispersed randomly in the crystal matrix. 	The average diameter of these 

particles vary from 1 to 10 microns with a mean value of about 3.5 to 6 

microns, depending on the grade examined. 	The particles are shown to be 

grafts of occluded polystyrene surrounded by a polybutadiene matrix. 	The 

occluded polystyrene particles 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. 



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 

contributor to the rubber toughening mechanism. 	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 temperature. 

Tut-toy has pointed out that the comparison of various types of HIPS 

containing different rubber contents must be made only within a given 

method 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 et al employed the dynamic mechanical properties 

as a basis for analysis 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 mixing and grafting methods. 	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 little or 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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Figure 5.4: Shear modulus versus the dispersed phase content: comparison 

of Cigna's experimental data for a glass-filled composite 

resin with various theoretical models (after Cigna (1970)) 
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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 toughness of a material, conversely increases 

with mineral oil and rubber content increasing, but the trend is not 

linear 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 appropriate 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 load 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 hereafter 

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 the 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 low strains, all grades of HIPS were found to be linear 
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TABLE 5.1  

Specifications U AO U 	A1.11 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 (p) - 5.5 3.3 3.4 3.4 

No. average molecular weight 73004 76516 82022 80665 90311 

Vicat temperature (°C) 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 
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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 showed a large 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 increase with rubber content. 	The modulus 

of elasticity, maximum fracture stress, and the elongation to break were 

measured at a strain rate of about 10-3  sec-1. 	These parameters are 

given in Table 5.2. 

TABLE 5.2  

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

Material 
Maximum tensile stress 

(MN/m2) 

Modulus 

(GN/m2) 

Elongation to break 

(%) 

U AO 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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U CO 	U C1.11 
	

U C2.22 	U C3.33 

Figure 5.9: Typical types of fracture in CPS and HIPS specimens subjected 

to a tensile load 
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(AE/E0) = 0.009 (Ae/E0) 	 (5.1) 

where Eo  denotes the modulus at a nominal strain rate, 
o
, and LE and oe 

denote the changes in modulus and strain rate, respectively. 	Since this 

dependence is very small, any change in Eo  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 particles remained unchanged. 	When a log-linear 

plot of yield stress and modulus of elasticity against rubber content is 

made, a straight line is obtained. 	Hence, if an exponential type of 

representation is introduced, the modulus and yield stress can be 

expressed as: 
-Bcp 

a 	= a e 	 (5.2) 

-A(I) 
E = E e 	 (5.3) 



0 	1111 	2.221 	3.331  4,441  5,551  

RUBBER CONTENT 1. 

Figure 5.10: Modulus of elasticity versus rubber content 
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where G and E are the composite polymer yield stress and modulus, 

respectively, ay  and E are those of the PS matrix, respectively, and 4) is 

the nominal rubber content. Ao 
and Bo are constants which may be 

calculated by employing a least-squares method of fitting through the 

experimental data. 	From the experimental results, we get: 

B
o 
 = 6.8 	A

o 
 = 6.7 

Hence, approximately: 
a 

= 	 '(5.4) 
E 	E 

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 prior 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 literature survey of some widely used theories has been given in 

Chapter 2; however, there is no general 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, u, 

and the bulk modulus, k, of the composite. 	The problem is to calculate 

these moduli in terms of ps, ks, pr  and kr  (the moduli of the CPS matrix 

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

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

9k p 	
(5.5) 

3k 4- p 

3k - 24 
	

(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 us) and the dispersed composite 

particles (characterised by the moduli k' and p'). 	The particle 

inclusions are, in themselves, subdivided into the rubber matrix (kr  and 

iir) and dispersed polystyrene particles (ks  and us). 	The volume fraction 

of composite particles and the volume fraction of occluded polystyrene in 

these particles are denoted by (1)27  and (ps, respectively. 	The fractional 

volumes are related by: 

- 	 p 	1 - (1)s  
(5.7) 

where (i) 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
s 

= 3.4 	GPa 	k
r 

= 1.9 GPa 

	

us = 1.25 GPa 	p
r 

= 0.7 MPa 

v = 0.335 v
r 
 = 0.5 s

(ps  = 0.80 (the fractional volume of the occluded PS in composite particles) 

The PS properties quoted above are mainly 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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5.5.2 Bulk Modulus  

The calculation of bulk modulus, k, of a composite polymer 

presents no difficulty since the difference between plastic and rubber 

bulk moduli is not very great. 	Also, the theoretical expressions derived 

for the lower and upper bounds of k 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: 

(3k
3 	

4p 21)(1  - kr/ks)(1 - cPs) 
(M/k

s
) = 1  

((3ks 	411r) - 3 (ks  - kr) cl)s) 
(5.8) 

Substituting for the moduli of the constituent phases, and by assuming 

(1)s  = 0.8, we have: 

(ki/ks) = 0.935 	 (5.9) 

A similar calculation for the bulb modulus of the overall composite polymer 

yields: 

(k/ks) = 1 - 0.344)/(1 4- 0.230 
	

(5.10) 

For the special case of (1) = 5.55% (analogous to grade U A5.55), we have: 

Oak) 
4) 	

0.98 
s =5.55% 

(5.11) 

BecauSe this fraction is very near to unity, any change in k 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 

approximate theoretical expressions derived by various methods for the 

shear modulus of particulate-filled composites mostly differ greatly. 

In 1964, Hashin concluded that there is little hope of accurately 

predicting the elastic behaviour of composite polymers, because many 

interacting parameters are involved. 	Since then, numerous approximate 

theories were proposed to calculate the shear modulus of particulate- 

filled composites, which are only applicable to certain materials. 	Among 

these the more noteworthy theories 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 (lower bound) : p us = 1/((1 - 	4- 010) 
	

(5.12) 

Parallel (upper bound) : p/ps  = 1 - (1 - 110) 0 	(5.13) 

where po  = pr/ps  = 0.56 x 10-3. 	As illustrated in Figure 5.12, these 

bounds are of very limited value because they are so far apart. 	Closer 

bounds for particulate-filled composites 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 matrix, Hashin's lower bound coincides with the approximate 

equation 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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O 
(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) 

(4) : experimental data as plotted in Figure 5.10 

(5) : proposed formula - equation (5.25) 

11 	 21 	 31 	 41 	 51 	 61 

2a. 
u 

NOMINAL RUBBER CONTENT 9/. 

Figure 5.12: The dependence of shear modulus on the rubber content of HIPS 
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bound formula and, similarly, the lower bound values were fed into the 

lower bound expressions to evaluate 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 - cps) 

u'/us 	1 	 (5.14) 
1/r1 	u0) - ao  cps) 

where: 

a0 
6 

k
s 

2p
s 

- 0.466 
3k3  4p 

Since po  = pr/us  « 1, equation (5.14) reduces to: 

u'/us  = 1 - (1 - cps)/(1 - ao  (1)s) 	(5.15) 

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

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

pAis  = 1 - (pp/((1 - ao)/(1 - cps) 	ao  cpp) 	(5.16) 

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

p/ps  = (1 - 0/11 	0.873) 	(5.17) 

Similarly, the lower shear bound of the composite polymer is defined by: 

p 4- 1 - 

11/Ps  = 11 po 	 

Po + 0.184 
(5.18) 
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and for pc)  « 1: 

11/11s = 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 cps  = 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 Composites  

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 self-consistent because it satisfies the upper and lower limits 

of the zero inclusion phase content (4) = 0) and packed inclusions (4) = 1). 

The main disadvantage of the self-consistent theory is that it 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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(Ps 	— 	) 	P 	— (Ps)) 
S 	5 	so  

 -I- 2 = 0 	(5.20) 
(1 4. pc; lc()) 	(1 4- poZ, k;;,) 	(11, - 110) 	(1 - pZ,) 

where: 

k0 	4  (Us 	
Pr 

P 	
0 = -g 	, k

0 
 = 4 — 

3 k 

Substituting for values of us, pr, ks, kr  and (1)1, in the above expression, 

and solving the equation by an iteration method, the modulus of a composite 

particle is obtained as: 

P t  = u'/us  = 0.635 	 (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: 

1 - 54) 	54 	5 (1 - 54)) 	- 254)  
4- 2 = 

1 4- 0.49 p" 	1+ 0.524 p" 	1.575 p" - 1 	1-  p"
00 

(5.22) 

where pg = p/ps• 

Equation (5.22) can be solved by iteration for different values 

of (10. 	The solution is shown in Figure 5.12, where it apparently over- 

estimates the shear modulus of HIPS when compared with the experimental 

data. 

5.5.5 Proposed Method to Evaluate the Modulus of Toughened Polymers  

It has been shown that the Hashin and Hill self-consistent 

theories do not provide accurate expressions for predicting the modulus of 

rubber modified polymers. 	As previously noted, the discrepancy in results 

Po  
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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 	sc* 	nature suspended in 

a relatively rigid PS matrix. 

In order to accurately evaluate the overall composite modulus, 

the calculation technique should inevitably be based on differing models 

contrived 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 into account. 

In the first stage, the modulus of the composite particle is 

evaluated with the aid of the modified Kerner's theory, as proposed by 

Lewis & Nielsen (1970) for the dispersion of rigid spherical beads in an 

elastic matrix. 	The modified Kerner equation can be put in the form: 

(1 	a 0 (P s ) uo  
= 	  

us 	11 - s  ip cps ) 

(5.23) 

0 

where: 
(7 - 5v

r
) 

a 
(8 - 10y

r
) (1 ÷ a po) 
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and the correction function, i, is defined by: 

-4 /(1-4)14) ,,,) 
= (1 - e s 	" )/(Ps 	(5.24) 

where (pm  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, (pm  was found to be 0.64 (Scott (1960), and 

McGeary (1961)). 	For the special case of PS particles surrounded by a 

rubbery matrix, (pm  can technically approach unity. 	This is 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 modulus of the composite particle is obtained by 

substituting for the moduli and fractional volumes of the constituent 

Phases in equation (5.23). 	Assuming (pm  = 1 and vr  = 

= 0.0625 u'/us 	 (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 cps  = 0.8) as follows: 

2 = 0 	(5.26) 
.i. 	54) 	4. 5  [ 	 54) ) 

4- 1 	li 0.49 g 	1 	0.524 pg 	16 u" - 1 	1 - pg 
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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 equation (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 BEHAVIOUR  

OF RUBBER MODIFIED POLYMERS  

A substantial amount of the inconsistency associated with the 

physical behaviour of rubber modified polymers is believed to arise from 

the random variation in the structure of the constituting phases. 	The 

following factors are noteworthy: 

(a) Adhesivity of rubber particles 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 subjected to impact loads, as will be discussed in 

Chapter 7. 

(b) Distribution and configuration of rubber particles: All the 

theoretical models neglect the probability of an uneven 

distribution of the particles in the composite 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 

the problem, these ordinary theories assume isotropic suspension 

of spherical particles 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 
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A. 	Scanning electron micrograph (magnification = x5000) 

B. 	Transition electron micrograph (magnification = x7500) 

Figure 5.13: The dispersion and orientation of ellipsoidal particles in 

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

(c) Microscopic craze and crack growth: Intrinsic flOws, either 

produced during the processing of 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 oil on the mechanical and 

fracture properties of HIPS has been studied experimentally by 

Boldt (1973) 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 distribution and 

orientation on the rigidity of composite polymers requires a formidable 

statistical analysis. 	The simplified model 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. 	The particles are 

assumed to be distributed uniformly in the matrix, where 1' and h' denote 

their horizontal and vertical inter-distances from each other. 	This 

model 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 1' x h' x h', 

each containing one rectangular parallelepiped particle of dimension 

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 i, we regard the element 

as a three-layer sandwich undergoing a uniform traction, a. 	The 

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

A 	= 
E 

(hi - b') 
Atop 	

s 

The average displacement of the middle layer is determined by 

satisfying the equilibrium and compatability conditions; thus: 

A
mid 

= a b' /{1 	(1 	E0) (ah  isd) 

(5.27) 

(5.28) 

where E0  = Er/Es  (Er  and Es  denote the moduli of rubber and polystyrene, 

respectively). 

If we assume the composite elongation per unit length is determined 

by the aggregation of the average displacements of each composite element 

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

L/h' 
X
.o = - X (A 

	
+ Amid) ) L a top mid 

1 
(5.29) 

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

1 - (1 - ,(3 ) 41, 
(5.30) 

(1 - (1 - 0)(ap  - (pp)) 

where a = 	b')/(h' 1'), denoting the fractional surface of the 

particles perpendicular to the applied stress. 	The upper and lower limits 

of the relative - 	moduli are given by: 
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At (3 	= 1 (upper limit) : E = E
s 

(1 - p  ) 	E
r p 	(5.31) 

At (3 = 1 (lower limit) : E = 1/((1 - 411))/Es  f 41, Er) 	(5.32) 

These equations are similar to those previously obtained for shear 

modulus by treating the composite as a set of parallel and serial plates. 

In equation (5.30), the geometry factor sP  can also be construed as 

the degree of anisotropy of the composite material, since it is parallel 

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 obtained by substituting for (3
P 

 /4) p) 	(9//6 (Tr/4) )) 1/3  

in equation (5.30). 	For grade U A5.55 of HIPS, we have: 

f3n  
do  = 	- 1) = 0.85 

p 
(5.33) 

Figure 5.16 displays the modulus of anisotropic HIPS composites as a 

function of particle alignment, do  = l(31, - 4p)/4p  for E0  = Er/Es  = 0, and 

= 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: 

-4)) 
(d/do) = 	p 	p - 1.02 	(5.34) 

* The value of do  is obtained from Figure 5.16 by substituting for t/E.s-,-- 

E = 0.647. 
0 

P p 
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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 role 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 

illustrate this phenomenon, the elongation 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 elongation 

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 discussed 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 theoretical 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 So  and c 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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d
o 
« c 

In addition, the interaction between the cracks is neglected and therefore 

the properties 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) has 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 coordinates, vr, ve  and vz, in the 

interior of an infinite body due to the presence of a penny-shaped crack 

with an internal pressure, a, are given by: 

v e 	0 

2a  c  (1+v) f (1 - 2v - 	
dT 

(
sinT 	T) e-T  "/ v

r 

	

	 d (pT) dT 	(5.35) 
0 

7 E 

4a C (1-v2)  f (1 4. 	CT ) d (sin T) e-CT 
J (pr) dr z 	E 	2(1-v) dT T 	0 

0 

where p = r/c, 	= z/c, and r, 0 and z are the cylindrical coordinates. 

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

elastic body, and Jo  and J1  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
z 

= o at z = 0 (r > c) 	a
z 

= a at z = 0 (r < c) 

The stresses produced due to the presence of the internal 

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

The displacement vector of an infinite body subjected to a 

uniform stress, a, can be 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: 

a
z 

= a , ar 
= a = 0 	at 	r = co 

	

a
z 

= 0 , T 
zr 

= 0 	at 	z = 0 	(r < c) 

and the total displacement vector will be defined by: 

u0  = 0 

u = v 
r 	r 

a E÷v u
z 

-  
E 	.z 

(5.36) 

where L denotes the specimen length. 

* a
z
, 
arz' 0' 

and T
r0 

T
rz  Ta 

 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 N (N 4- co) penny-shaped cracks 

is subjected to a uniform stress perpendicular to the crack planes. 	The 

boundary conditions prescribed on the model are given by: 

	

a
z 	

a , ar  = a 
0 	zr 

= T 	= 0 	at 	r 	w 

	

a
z 

= T
zr 	

0 	at 	z = z . , r • < c , i = 1, 2, 	• N 

where zi  = z denotes the equatorial planes of the cracks, and ri  denotes 

the radial distance from the centre of each crack. 	Similar to the 

analysis performed by Sneddon, an internal pressure, a, 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 vzi  be the vertical displacement vector of the centre 

top point of the composite model (point 0 in Figure 5.18) due to the 

presence of the ith crack, where its centre is defined by the cylindrical 

coordinateszs s  ,r.ande..The total displacement of the model due to 

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

N 
v z = 	X v 

z-z,  
. (r z .) 

i=I 
(5.37) 

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

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

we have: 

	 d  
v 	 (

sin T
) 	

AZ T 
• = - S

o 
f (1 + 

2(1-v 
) 

s) 
 d 	

e 	J (p .T) dT 	(5.38) as 	 0 2 

where c.
7, 	s 	s 
z./c, p. = r./c, and S0 = (4a c (1 -v2))/(m.  E) (denoting the 
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crack opening displacement). 

Equation (5.38) can be rearranged in a more convenient form by 

introducing averaging principles; thus: 

v
z 

= —
V • vz(r, z) dV 
V 

(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: 

6 N 	0m 	pm co 
C3 	5 fpo 	 d ( sin T  

V 	oooo 	
) CT  Jo (p T) dp de vz = 2(1-v

s
) dr 	r 

(5.40) 

where pm  = 111  -÷ co, and 0m  = arr. 	Performing the integration for c and 0, 

we have: 

d
o 
c3  (3 - 2v) 	N Pm cc,  

5 f  p  (T 	cos  T - sin T) 	(pT) dT dp v z - 	 (5.41) 

	

V (1-vs) 	o o 	T3 

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

T = X 	 = (Y/X) 

Hence: 

vz _ 
 

	

d
o 
c3  (3 - 2v) 	N co 	

f 

0. 

f 	Y(
X cos X - sin A

")o(Y) dY 
c c  

(5.42) 
V (1-vs) 	o (Y/pm) 	x5  

The integral (5.42) can be solved analytically, assuming c « 1 and 

pm 	... 	After a long calculation, we have: 

d
o 
e2  (3 - 2v

s
) T N 	N

o 
c2  (3 - 2v

s  

4
60 

(1 - v
3
) 

	

	

) 	N 
J (Y) dY vz 	 o k 

4s0  (1 - vs) 
(5.43) 
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where s
o is the gross cross-sectional area of the cracked model. 

The total displacement of the composite model subjected to a 

uniform tensile stress, a, is obtained by a simple superposition, as 

previously described, hence: 

N 
V 
c3

) u
z 

= 	
L 

(1 4- (3 - 2vs) (.2 + vs)  (5.44) 

where L denotes the composite dimension along the applied stress. 

Equation (5.44) gives the elastic deformation of a body containing N 

circular cracks of radius c subjected to a tensile stress, a. 	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: 

uluo  = [1 4-- 
4 
  (3 - 2v

s
)(1 	vs) ) (I)p 

	c 
p M ) 

7  (5.45) 

where p = (c/o)3  denotes the ratio of the crack radius to the particle 

radius, and u denotes the displacement of an uncracked elastic body. 
0 

It is now appropriate to compare the experimental results for 

HIPS (for example, grade U A5.55) with those predicted by the model 

proposed. 	If we substitute the values of v
s 	

0.33 and 

= (1)/(/ - 	= 0.2775 in equation (5.45), we have: 

	

uz/u
o 

= 0.206 p M +1 
	

(5.46) 

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 fully yielded material (at rupture), the average craze length is 

therefore determined by the average distance between particles. 	Assuming 

a random distribution of particles in HIPS, the average distance between 

particles is approximately given by: 

214 7 03Ap)11/3 

	

(5.47) 

Assuming 7-c  = c, equation (5.46) becomes: 

u
z/
u = 1 	25 

Mc 
	 (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 the morphology of various experimental and commercial 

grades of HIPS reveals the random dispersion of the composite particles, 

consisting of occluded PS in a rubbery medium. 	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 

polymers. 	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 

of 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 low strain elastic 

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 resistance of each of them to the initiation and 

propagation of the generated cracks. 	Some polymers (e.g. Perspex (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, ductile failure is usually 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 undergo work hardening (Bucknall & 

Smith (1965); Bucknall & Street (1967); Boyer et al (1970)). 	As the 

load increases, the craze will gradually grow around the crack tip and 

spread through the specimen. 	This crazing phenomenon blunts the crack 

tip and thus prevents the material breaking below the yield stress. 	When 

the fracture eventually begins, the crack propagation 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 

propagation 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 brittleness 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 and thereby 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 fracture toughness. 	This can 

also be estimated theoretically by a hypothetical 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 little crazing, whereas the tougher grades 

normally exhibit considerable 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 ductile, 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, K. 	This parameter 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 K 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: 

a Y 142 	 (6.1) 

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

respectively, and Y is the correction factor defined by: 

Y = 1.99 - 0.41 (q) + 18.70 (!1)2  - 38.48 (g)3 	53.85 (11)4 
	

(6.2) 

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

The intensity factor of a pin-loaded semi-elliptic surface notched 

specimen can be approximately evaluated as follows (Paris & Sih (1965); 

Smith (1966)): 

, -2  
K = [1 + 0.12 (1 - )[

E tan L21 a tG/0 
b a 2B 

(6.3) 

where a and b are the crack depth and half width, respectively, B is the 

specimen thickness, a is the applied gross stress, and the function 0 is 

given by: 
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Tr/2 	b2 

b2 

a2 
0 = I( f 	- 	 sing 0)2  c:10)2- 0.212 (a/a )212  (6.4) 

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

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

a 
Y 

(6.5) 

a 
0.1 	

F 

In principle, the linear fracture mechanics criterion is only a cogent 

hypothesis if the material tested behaves in a linear elastic manner and 

exhibits no more than small scale crazing (or yielding). 	The applicability 

of linear fracture mechanics should therefore be restricted by the 

following inequalities (Weiss & Yukawa (1965); Brown & Srawley (1966); 

ASTM (1973)): 
K 
( 0)2 < 2.5 B  

y 

( 1—) 	0.75 
ay  

(6.6) 

(6.7) 

Expression (6.6) prescribes the plane strain conditions, where the 

minimum fracture toughness and maximum consistency in the experimental 

data will be 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 prerequisite for brittle 

fracture in which the failure occurs below a certain stress level 

(i.e. 0.75 a ). 	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 becomes 

inappropriate. 	If the conditions required for brittle fracture are 

maintained, the Kc  criterion can accurately predict the failure of cracked 

bodies and therefore 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 catastrophic 

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 researchers, using both linear and yielding fracture 

criteria (Van den Boogart & Turner (1963); Ferguson et al (1973); 

Parvin & Williams (1976)). 	The first of these studies 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 linear and yielding fracture 

criteria for a medium grade of HIPS. 	To evaluate the fracture toughness, 

K, Ferguson made use of 50 mm wide single-edge notched and four-point 

bend specimens. 	The notches were made using fresh razor blades to 

sharpen the saw-cuts to the approximately required crack lengths. 

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, linear fracture mechanics was proven to be an adequate 

approach for predicting the initiation of cracking and crazing in 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 applicability of any fracture parameter obtained in ductile 

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 employed. 	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 . 

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 regions 

of both ductile and brittle 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 plane 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 which 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: 

{ 

{ 

Tensile Strength at Yield 

Elongation to Break 

Initial Modulus 

Izod Impact Strength (by BS 2782) 

Particle Size (for BCF) 

Rubber Type Used (for BCF) 

Grafting Percentage of Particles 

Grafting Procedure (for BCF) 

Grade BCF = 15 MN/m2  
(against 16.2 MN/m2  from BP) 

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

Grade BCF = 50% (from BP) 

Grade BCP = 40% (from BP) 

Grade BCF = 1470 MN/m2  
(against 1560 MN/m2  from BP) 

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

Grade BCP = 60 J/m (from BP) 

Grade BCP' = 101 J/m (from BP) 

1-7 microns (mean = 4 microns) 

High CIS polybutadiene (BPD) 

20-25% PBD & 75-80% occluded PS 

Free radial grafting 
A 
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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 AO, 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 Corporatidn. 	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 

penetration) 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 that 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 3
o 

to 40. 	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 2°  to 3°  (Figure 3.2). 

6.4.3 Test Conditions and Apparatus  

All 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 carefully prepared to the 

required dimensions and notch lengths, and then allowed to normalise at 

ambient conditions for at least one week prior to performing the tests. 

All specimens were loaded on an Instron Universal Testing 

Machine (capacity 100 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 propagation points were marked on the Instron chart 

using an 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 recorder. 	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  

Empirical 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 contact 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 behaviour 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 

medium Instron cross-head speed of es  = 10 mmimin. 	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 



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

Batch No. 3 	Batch No. 4 Batch No. 5 	Batch No. 6 Batch No. 1 Batch No. 2 
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A thin layer of Araldite, 0.6 mm thick, covered 

the crack 

A thick layer of Araldite, 1.5 mm thick, covered 

the crack 

A thin layer of Araldite, 0.6 mm thick, covered 

the crack 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 

measured 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 small notches. 

To overcome the problem, the crack depth, a, and the fly-cutter radius, 

Rn, were recorded during machining and subsequently the crack width was 

calculated from the geometry of the crack. 	The geometry equation is 

given by: 

b2 	m2  - (Rm  - a)2 
	

(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 

Batch 3 : 

Batch 4 : 

Batch 5 : 



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; KC values are evaluated, using the initial crack length and the maximum applied 
load; 	Batch No. 1: exposed surfaces. 

NO 	sPL2.:IiEN - WI071-1  11-.11.;4  :1 EPTH Cr,1CK C i? 	C:< 	l+ ;EA 	4PrLIED 	LOAN AP=LILJ INTENSIf1 
t rA.) ( 	CO.) tSm.L.M.) tKb.r, tKGF/SU.SM.; (1N/11.441.5) 

J. .32G 1.21.0 .115 1.77 .009 550. 139. 1.52 

2 .330 1.425 .155 1.72 .149 322. 195. 1.70 

3 .320 1.179 .192 1.7 .204 295. 104. 1.94 

4 .350 1.679 .215 1.74 .244 279. 159. 1.75 

5 .31L 1.916 .259 1.72 .319 e65. 171. 2.90 

6 .3.-:, 1..3-33 .237 • 1.70. .369 239. J49. 	- 3.25 

LOAD EXCE9DS 3/4 OF THE RELEJAHT YIELJ STRESS FOR SPECMENS NO. 1, 2, 3, 5, 

XXXXXXXXAAXX/XX::XxXXXXXX<XX•txX<XXxxXXXXxxXxXAXXx,,XXXXXXXXXAXiXxxXXXxXXXXXXXXxx<XXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXA 

STiZESS INit:NSITY F!..TOR =3.25 
mINImUm 5 TRES3 INTFITY FACTO =1.32 
m=AN 	RcJ i IM771:ITY FACT') =2.15 
4-R1,NC-E Cr 714E 	 :5 INTENSITY FACTOR RESULTS = .5b9 
STAHOARD CEVIATIO1 OF THE t-E3ULTS = .755 
STAN0ARD :2R02 IF TIE RESULTS = .338 
;:KENNEL:. CF THE REZOLTS = .402 
KLJR.TO.,1 .3 OF THE RF3JCS =1.196 



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; Ifc  values are evaluated, using the initial crack length and the maximum applied 

load; Batch No. 2: two blobs of Araldite cover the crack tips. 

HO SPECIMEN WIDTH 	CRACK WIDTH 
t 	(Cl.) 

CRACK OEPTH 
(CA.) 

CRACK RADIUS 
( 	CH.) 

:::RACK AREA 	APPLIED 
(SO.CH.) 	(KG.F) 

LOAD APPLIED STRESS 
iKCF/SO.CM.) 

INTE%SITY 	FACTCR 
(MN/M..**1.5) 

1 .338 1.245 .118 1.70 .091 338. 205. 1.54 

2 .350 1.305 .136 1.83 .127 350. 200. 1.63 

.340 J.F.5) .180 1.76 .148 321. 149. 1.33 

4 .310 1.572  .212 1.75 .239 263. 153. 2.24 

5 .350 1.835 .269 1.70 .335 289. 165. 2.55 

.34c2 1.339 .235 1.71 .365 274. 151. 2.96 

10A0 	EXLC.-.EDS RLE4ANT YIELD 	STRESS FOR SPECNENS NO. 	1, 2, 3, 4, 5, 

XXXXXXXXXYX^ XAxAX<Xx“.X“)0'‹..;;XXXXXAXXXXXxXxXXXXXXXXXXXXXXAXAXXXxXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAXAXxXxX xx X x XX xxXXxxXXX  

Maximum STRESS IlTEISITY FACTO'', =2.96 
MINIMUM STRE;E, INTENSITY FACTOR :1.54 
MEAI Z,TRES.S INTEN3ITY 	:EN=2.15 

m VARIA,E CF THE STR::17 INTSITY FACTOR RESULTS = .309 
STANDARD 0;7VIATIll OF THE RESULTS = .556 
STANDARD ERRS? OF THE RESULTS = .227 
SKEwNESS OF THE RESULTS = .275 
KURTOSIS OF THE RESULTS =1.215 



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/m2; 

Cross-head speed = 10 mm/min; KC 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 SFECIMEA 	WIDTH ClACi< 	WT)TH CRACK IEPTH CAC 	RADIUS CRACK AREA APPLIED LuAD APPLIED STREiS INTENSIT's 	F,1 CTOR 
• ( 	CM.) (: 	1.) (::M.) ( 	•1M.) (SO.CM.) 	(Ku.E) (KGF/SO.GM.) (MN/M.441.5) 

1 .522 1.'4 2 .11U 1.72 .J89 343. 214. 1.52 
2 .320 1. 	P .145 1.72 .135 337. C11. 1.73 
3 .330 1.75 .163 as.3. E 	2. 1.99 

4 .330 1.615 .213 1..75 .250 319. 193. 2.30 

5 .320 1.79; .251 1.73 .305 265. 165. 2.50 

6 .31j _127 ".11 .381 238. 154. 4.33 

L0,0 	t)..;E:::ns 	.1/,4 	OP T;ic-_ YIzi_u 	STRESS FOR SPECMENS NO. 	1, 	2, 

AXXXXXYXXXAAXXX>XXXX(X^Y(XX.0(X:XXXXAYXXXXXXXAXAXXXAXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAAXXXXXXXXXXXXXXXXXXXXXXXXXAXXAXXXXXXXXA 
MAXI1OM 	TMTPSITY FACTOR =4.33 
MIAINO! 	TWT"ITY PA.:TOR =1.52 
:tAN 	IHTFU- Trs Fc,,TOR =2.49 
4A-UANCL OF T 	31.Z: v..3 IHT:NSITY FACTOR RESULTS =1..15 
SL.ND.RD Jtivl-rinv nF THE RESULTS 
STANDARD 	OF THI RESULTS = .411 
LKE:WIt_j OF THE MF,LTE =1.005 
KURTOSIS CF THE PESULTS =2.360 



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; Kc  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 . 

NO SPLCIMEN WIDTH 
( 	CM.) 

CRACK wIrITH 	CRACK 	0L PTH 	CRACK 	RADIUS 
(CM.) 	( 	311.) 

CRACK AREA APPLIEC LUAU 
(SQ.CM.) 	- 	(KG.F) 

APPLIc0 STRESS 
(KGFP./1.,,M.) 

IN1ENSITY 	FAwTDR 
(MN/m.4 *1.5) 

i .320 1.233 .114 1.72 .094 347. 217. 1.55 

a .523 1.460 .16'3 1.76 .162 359. 21„9. 1.99 

3 .320 1.53P .130 1.72 .1-6 33,i. 212. 2.09 

4 .320 1.'538 .218 1.74 .249 020. 230. 2.41. 

5 .340 1...91 	0 .25. 1.74 .306 337. 1i3. 2.74 

6 .320 1.176 .270 1.76 .543 16J. 114. 1.77 

LOAu 7/4 vILLO S.kESS FOR SPELML-AS NO. 	1, 2, 3, 4, 5, 

XXXXXX ,(XXxXxXXXXXX'XXXXX“Xx0X:X(XXXX(XXXXX4XAXXXXXXXXXXXXXXXXXXXXXXXXXxxXXXxXXxXXXXXXXxXXXAXXXAXXXXXXXXXXXXXXXXX XXX X XXXXX  

mAxImUr 	 F;-;102, =").74 
MINIMtM STr?c.S; INTF , JFITY FACTOR =1...)5 

STIES FITT:43FM FP,,TOR =239 
VW2IANC,t CF 	sri":1S 	. FACTO2 RESULTS = .186 

nF Z H 	RE:.uL1S = .431 
ST.-.N[VkD 	OF THF RESULTS = .176 
SKEWNESS OF T9F R7SJLTS = .2.)4 
KURTOSIS CF T4r RESULTS =1.374 



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/m2; 

Cross-head speed = 10 mm/min; Kc  values are evaluated, using the initial crack length and the maximum applied 

load; Batch No. 5: a thin layer of Araldite, 0.6 mm thick, covers the crack and extends further to the edges 

of the specimen). 

NJ SPECIMEN 	WIDTH CRACK NI)TH CRACK 	jCPTH CRACK RADIUS CRACK AREA APPLIEu L0m0 APPLIF3 SrPFSS IN7 EILSIO 	FACTOR 
( 	;;M. ) (1.1. 	) (SM.) ( 	SM. ) (SQ 	0 (Ku.F) KGF/S:.1.L M.) (NN/H. "1.5 ) 

1 .320 1.205  .112 1.68 .1i91 J16. 198. 1.44 

2 .333 1.134 .131 1.81 315. 191. 1.53 

3 .330 1.375 .113 1.74 .192 132. 1.05 

4 .330 1.7 00 .226. . 	1.71 .269 170. 2.14 

5 .34d 1.37L0 .267 1.70 .331 153. 04. 1.40 

6 .277 1.7'+ .354 204. 117. 1.50 

LOAD LX,:7j.; 	RELJ,,NT YIELD STRESS FOR ,PESMLNS NU. 1, 2, 3, 4, 

XXXXXXXAXAXXXXXXKXAAXXA,4XXXXXXXXXXXXXXXXAAXXXXXXXXXXXXXXXXXXXXXXXXXXXXXAXXXXXXXXXXXXXAXAXXXXX4XXXXXXAXXXXXXXXYYAXXYX 

I1 XI?1LIM S .1 7LITI 	III;71TnY F°_,TOR =2.14 
411..4IM4P: 	T1T7"'FITY FACTO': =1.40 
Ma.1N 

CF Tir sr; ;,1 INT:1SITY FACTOR RESULTS = .090 
ic.47.I..);1 CF ,HL 	= .34.41 

ST.,N0J-ku 	Oc THF RE'...ULTS = .123 
SKivNESS CF 1":177 RESULTS 
KUKTOSIS CF TI1= PF.SqLTS =1.101 



TABLE 6.6: 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; Kc  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 SFEGINEN 	WIDTH 	CR,'C', 4I1TH CRACK DEPTH CRACK RADIUS CRACK AREA 	APPLIED LOA;) APPLIED STRESS INTEN'aIT'l 	FACTOR 
(Cl.) (ON.) ( (SQ.U1.) 	(KG.F) (K&F/51.CM.) (MN/H.**1.51 

1 .33'2 	1.?12 ..CO1 1.7? .039 	333. 202. 1.42 

2 .320 	1.417 .140 1.77 .141 	314. 196. 1.63 

3 .3% 	1.513 .1"6 1.77 .214 	31,"J. 1.38. 2.00 

4 .320 	1.511 .217 1.75 .248 	263. 177. 2.13 

5 .340 	1.791 .252 1.72 .308 	286. 108.. 2.36 

6 ..).L: 	I.383 .232 1.72 .361 	269. 153. 2.95 

..040 cXJiElC 	:/4 1! T1. RLL:JAHT YIELD 	STRESS FOR SPECMLNS 	NO. 	I, 	2, 3, 4, 	5, 

AXXXXXXXA<XXXAXXX“<XXV<0(Y%!:XXXXXXXXAXAXXXxXXXXXXXXXXXXXXXXXXXXXXXXXAXXXXXXXXXAXXXXXXXXXXXXXXXXXXXXXXXXXXXxXXXXXXXXXX 

MAxIAUN ST1ESC Trr!JSITY FA■::70 =2.95 
3nE;- 	 FA,-:TO =1.42 

h:AN 1);RES7j, 1.17:71:77s FACTOR =2.09 
JA.RIANC: CF 	c;TRi.;S INT::1SITY FACTOR RESULTS = .288 
STi2TD: KD )7Vr-7 1:11 71F 	RSULTS = .537 
STANO:ikC :ERP0'). 0= 747  RE;ULTS 	.219 

CF T"F R.1"EjlS = .SDP -  
KURTOSIS CF TAE R.:SJLTS =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 

independent of notch configuration. 	As the matter stands, a statistical 

analysis of the results can provide a comparative 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 specimen edges (Case 5), the fracture occurred in a semi-brittle 

manner with a limited amount of observable craze and slow crack growth. 

In Figure 6.3, the applied stress at fracture is plotted 

versus the initial crack lengths for specimens having different glue 

coating procedures. 	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 stresses 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 lowest fracture 

toughness (Ice  = 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 the 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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Figure 6.3: Variation of maximum stress with crack depth for surface notched specimens. 	Different methods of 

crack constraint by Araldite nine are comnarpd. 
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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 maintain the plane strain 

conditions, the strength of the constraint 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 

plastic radius, r 	1/2n (K
c 
 As 
y
)2. 	If this constitutes a considerable 

proportion of the thickness, the apparent Kc  evaluated is a composite 

quantity made up of contributions from the plane strain fracture toughness, 

Klc, relevant to the brittle mode of fracture in the mid-thickness layer and 

the plane strain fracture toughness, K2c  relevant to the ductile mode of 

fracture in the outer layers of the specimen. 	The apparent fracture 

toughness obtained is therefore a function of Kic  and K2c  and is strongly 

influenced by the effective thickness of the material. 	In the extremes, 

K1c 
and K

2c 
 are measurable for infinitely thick and infinitely thin 

materials. 	Otherwise, as discussed by Parvin (1975), these values can be 

calculated indirectly from two sets of data 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 because of the opacity of 

the material and the particular crack configuration thus making it 

impossible to decide when crazing or slow crack growth initiated. 

In general, the fracture 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 which again displays a large discrepancy from the 

K criterion. 	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 stress versus the initial 

. crack length. 	The large devivation from the average KC curve clearly 

indicates the inadequacy of the Kc  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 



-196- 

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/m2; Cross-head speed = 10 mm/min; Kc  values are 

evaluated, using the initial crack length and the maximum applied load. 

NO :PLC. 	1H1:K. 
(CY.) 
--  

Z;1.5 	1"r.) 

_ 

Lk. 	WiO7H 
(C1/ 

u!. 
CL4TA:) 

ADPL. 	LONE' 
(KuF.) 

fAuSS 51F575 
0.:C,E./51.L. 1) 

114T 	ST,06Jt, 
1:,r/SL1,M) 

INT,‘E5. 	FAC1. 
lt.1/.1“10/i't: 

----- 

i .059 46' 1•23.2 2.15 4.24 232• 169. 177. 5.P:71; 

2 .327 .; 49 1.:1r• 2.19 ‘..;•13 233. 113. 161. 1•4137 

3 .355 .115 1.3)4 2.17 6•14 2.77. 153. 159. 1.17. 

4 .326 .111 1.417 2.24 5.52 :35. 259. 224. 1.563 

5 .315 .1/5 1.429 2.22 7.21 335. 216. 233. 1.645 

b .335 .175 1.452 2.26 051. 213. 1.24. 1.630 

7 .321 .122 1.51C 2.29 8.74 335. 7112• 229. 1.6'.7 

e .344 •135 1.503 2.23 7.73 347. 205. 222. 1.643 

9 .311 .133 1.412 2.18 9.74 312. 116. 215. 1.621 

1C,  •309 .173 1.555 2.2C 5.17 319'. 205. 225. 1.644 

11 .364 .145 1.569 2.21 9.92 055. 195.. 213. 1.7t4 

12 .355 .154 1.615 2.19 9.57 304. 172. 190. 1.527 

13 .338 .153 1.693 2.32 16.75 317. 151. 214. 1.746 

14 .33)3 .1 05 1•624 2.32 11.71 316. 195. 219. 1•793 

15 .349 . 	.168  1.732 	' 2.32 11.39 355. 237. 234. 1.564 

16 .339 .170 1.771 2.26 11.83 334. 2°1. 229. 1.943 

17 .327 .175 1.751 2.32 12.94 29F. 174. 292. 1.746 

Le .3E5 .171 1.791. 2.34 14.15 290. 192. 223. 1.956 

19 .312 .13!,  1.100 2.29 14.24 175. 116. 215. 1.555 

23 .337 .117 1.3/5 2.27 13.73 255. 153. 155. 1.571 

21 .323 .2(0 1..354 2.27 15.50 275. 175. 2u3. 1.956 

22 .334 •701 1.593 2.29 16.46 205. 179. 214. 0.079 

23 .329 .701 1.103 2.29 15.52 235. 176. 211. 2.061 

'24 .332 .212 1.430 2.30 16.53 310. 113. 229. 2.755 

25 .346 .013 1.352 2.11 16.09 253. 169. 21.e. 20016.  

26 .343 .272 1.957 2.26 17.44 312. 184. 223. 2.461 

27 .741 .1'21 1•961 2.25 17.35 :15. 179. 216. 2.192 

28 .342 .771 2.025 2.75 16.51 255. 1'.7. 235. 2.117 

e9*  .325 .311 2.1.2? 4.34  19.76 282. 177. 240. ::. lb: 

30 .343 .27",  c.1 i3 4.32 19.JI 311. ,703. 423. 2...1;09 

31 .545 .237 2..43 2.31 14.32 491. 171. 21k.. 2.254 

32 .347 .247 2.:153 2.37 22.14 243. 1. 7q. e3. 2.579 

33 .327 .249 7.3 )1 2.12 21.34 2,1::. ./u. 220. 2.602 

34 .347 .053 2......4 2,11 21.015 392. 1/1. 224. 7.537 

35 .350 .272 7.16? 2.22 25.02 357. 113. eel'. :t.(1 7.35 

Maximum evaluated K = 3.07 MN/m3/2; Minimum evaluated Kc = 
1.04 MN/m3/2; Mean 

evaluated K
c 

= 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/m9/2; Kurtosis of the results = 3.216 (MN)4/m6. 
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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. 

All 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 

K criterion cannot be applied at either crack initiation or final fracture 

since the derived values of KC  are not consistent. 	Moreover, the mean 

apparent fracture toughness computed 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 Kc  = 3.5 MN/m3/2  (against a mean value 

of K = 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 

fracture 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 mi 

Material yield stress = 20.5 MN/m2; Cross-head speed = 10 mm/min; Kc  values are 

evaluated, using the initial crack length and the maximum applied load. 

NO SPLCIM.cN 	ThICK C::11‹ 

•_ - 	
C4:5CKC1 	4c5 ,1 	PRiP3RTIJ11 

(PER 50(TmuE/ 
5P0LItL1 	LOLL 

1C6F./ 
(1.J,1 	511-:(13, (1:.1 	LIRL5 

(N5c/S:.:,(1) 

1 .34D .237 4.22 343. 2;j5. 215. 7.84 

2 .3.13 .707 6.27 340. 2;:9. 222. 2.331 

3 .315 .311 7.2/ 2C5. ..91. 2.o. 2.26 

4 .433 .4173 5.27 311. 191. oe. 2.4b 

5 .339 .461 9.57 295. 173. 196. 2.51' 

6 .341. .517 11.35 .,25. 191. 213. 2.81 

7 .350 .553 11.35 313. 155. 209. 2.96 

8 .346 .611 12.47 3:,4, 173. 2:5. 2.53 

9 .353 .551 13.49 297. 173. 250. 3.04 

10 .347 .710 14.49 299. 176. 216. 3.24 

11 .335 .746 15.22 264. 17o. 2.:74. 3.35 

12 .338 .767 15.315 E74. 105. 196. 3.c2 

13 .345 .757 16.06 265. 15/. 137. 3.12 

14 .335 .311 16.55 257. 175. 214. 3.55 

15 .322 .W. 17.16 265. .65. 2::.i. 3.51 

16 .337 .751 15.69 275. 103. eJu. 3.29 

17 .33C .913 15.57 29?. 174. 214. 3.53 

IF .2.53 .125 id.83 297. 167. 206. 3.77 

19 .351. .41 13.29 2694 154. /51. 3.52 

25 .348 .151 19.76 213. .75." 219. 4.I31 

21 .341 .934 20.319 257. 155. 113. 3.65 

22 .326 1.313 26.67 24:. 153. 11S. 0.73 

23 .322 1.143 21.35 242. /63. 195. 3.53 

24 .335 1.355 21.30 240. 343. 1::5. 3.0 

25 .352 .S3: 2i.29 275. 153. 213. 3.c1 

26 .25'i 1.1".: 23.14 257. 14.5. 13d. J.93 

27 .349 1..:3 ,  21.33 3c3. 163. 214. 4.e2 

28 .339 1.177 ;.6 4:4 261. /5d. 25'.. 4.4! 

29 .32,1 1.133 22.14 25J. 153. 235. 4.12 

36 .32e 1.214 24..3 22j. 133. 195. 4.E1 

31 .332 1.:57 25.56 225.. 133. 197. 4.1 14 

32 .333 k.P.'". 26.04 237. L4..,",. 159. 4.51 

33 1.3i2 27.+13 :LO. 1.1,. 1351 4.M., 

04 .131 1.'d:, 26.16 e07. 125. 175. 4.15 

35 .334 1.:1i e4.73 233. 1'.1. 117. 4.1.6 

Maximum evaluated K = 4.51 MN/m3/2; Minimum evaluated K = 1.84 MN/m3/2; Mean 

evaluated K = 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/m9/2; Kurtosis of results = 2.470 (MN)4/m6. 



- 200 - 

TABLE 6.9: HIPS,  Grade BCP  

Glue-free single-edge 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; Kc  values are 

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

118 spvivri, TPI:K -.11v L:oc-,4 	".:.!°05.1011 2P'1_1'11 1.010 5.9)01 	q31 	53,132.1. INT541111 
(C.1) 	("1 ) 	 17E9 CINTA....1 	tvw./s4.c.9 	%P.4•(3/? 17  

------ 	----- 
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.77  
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O 1.! 
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▪ 	
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1.25' 

.79r: 

	

1.17

• 	

° 

1.nr.7  

1 .77 4  
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12 	.33' 

1 	.344 
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15 	.322 

1E 	.3'7 

17 	.,1"C 

18 	.3SL 

112 	.335 

20 	.748 
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22 	.32b 

27 	.322 

24 	.13(7 

as 

26 	.35". 

27 	.345 

28 	.3.39 

25! 	.321 

3V 

31 	.332 

1? 	.!13 

32 

34 

” 	.3sF  

	

3411. 
	204. 	213. 	1.12 

E.77 
	

32:1. 
	105. 
	299. 
	

2.16 

7.27 
	

2' 5 
	

1.59. 
	171. 
	1.9" 

8.27 
	

275. 	11.1. 	184. 
	2.17 

9.57 
	

298. 
	175. 
	193. 
	2.4j 

1'.35 
	

32.. 
	113. 
	2 9. 
	2.77 

11.35 
	

285. 	116. 
	187. 
	2.E0 

12.47 
	

245. 	145. 	165. 
	2.48 

17.49 
	

275. 
	167. 	185. 

	2.81 

14.49 
	

252. 
	154. 
	15J. 
	2.E4 

15.22 
	

24C. 
	148. 
	175. 
	2.E1 

15.65 
	

131. 
	155. 
	2.71 

16.55 
	

22J. 
	131. 
	155. 
	2.59 

16.55 
	

2)5. 
	127. 	/52. 

	2.57 

17.15 
	

222. 
	141. 
	178. 
	2.54 

15.69 
	

175. 
	149. 
	2.45 

19.57 
	

227. 	126. 	154. 
	2.2') 

13.81 
	

219. 
	122. 
	151. 
	2.-(6 

19.21 
	

2^L. 
	124. 
	153. 	2.37  

19.75 
	

239. 	11.3. 	169. 	3.15 

23.01 
	

1.2P. 
	114. 
	143. 
	2.75 

29.67 
	

195. 
	115. 
	145. 	1.e2 

21.35 
	

155. 
	11'. 
	149. 
	2.13 

'21.21 
	

16P. 
	07. 	124. 

	2.46 

29.21 
	

204. 	110. 
	

1.4 5. 
	 2.77 

23.14 
	

215. 
	122. 
	159. 
	3.29 

21.39 
	

2'35. 	117. 	17h. 
	3.45 

	

292. 
	lee. 	163. 

	3.39 

22.14 
	

255. 	131. 	16E. 
	3.71 

25.51 
	

115. 
	 1+5. 	3.15 

25.15 
	

165. 
	 140. 	1.93 

1.-t' 	2E.!.- 	17.1. 	107. 	io?. 	3.59 

27.31 	173. 	19E. 	150. 	3.59 

1.4Y, 	2,....':3 	/51. 	1.1. 	127. 	3.33 

1.'1: 	S4.73 	17S. 	104. 	13'•. 	2.51! 

Maximum evaluated K = 3.49 MN/m3/2; Minimum evaluated K = 1.82 MN/m3/2; Mean 

evaluated K = 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/m9/2; Kurtosis of results = 2.413 (MN)4/m6. 
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TABLE 6.10: HIPS,  Grade BCP  

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

Material yield stress = 20.5 MN/m2; Cross-head speed = 10 mm/min; Kc  values are 

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

NO S111377N 	1101; 
CH) 

2',7' 	1ril:;79 77\CK'.0 	A1=7 	2.217'9=37)N 
(oEq 	c'.NT502.1 

(PnLl.n 	L9;.,1 
(K(...) 

31;',:53 
(K;F./i1:.C4) 

'1,72 
(Kur/S).22 

TNIJySIT': 	FA'" 

, -- - 	 

1 .740 .7" 4.2? 165. ' 	gq. 1/3. 09 

2 .312 .7)7 €.27 r.!7.. 55. 52. .E1 

3 .M5 .175 7.27 145. 94. 101. 1.12 
4 .773  .411 3.27  1,0. 61. 67. .79 

5 .339 ',;1 5,57 FS. 51. 57. .72 

6 .34A .5:7 10.35 1'6. 75.  65. 1.12 
7 .750 .5-; 11.35 111. 1'25. 111. 1.64 

6 .346 .511 12.47 6u. 35. 49. .69 

9. .35  .651 12.41 165. 96. 111. 1.69 

10 .'47 .71" 14.49 15. 53. 54. .92 

11 .73i .-45 15.2? 75. 46. 55. .ES 

12 .31r .7;7 15.65' va. 63. 72. 1.11 

13 .344 .77 -  16.n6 11'5. 52. 74. 1.24 

14 .335 .11( 1t.55 I I. 43. 59. .29 

15 .322 .941 17.1; 1,12. 65. 75. 1.35 

16 .337 .71.. 1  15.69 1,7. 65. 77. 1.27 

17 .331 .?!0 1n.57 1:-. 62. 76, 1.37 

18 .1'3:: .2?.3 “.391 1'2. 59. 73. 1.74 

19 

or 

.331 

.348 

.54, 

.1,37 

19.21 

19.76 

150. 

R5. 

62. 

50. 

77. 

62. 

1.41 

7.17 

21 .741 .924 20.0 5 112. 67. A4. 1.52 

22 .326 1.011 2,  .57 113. 71. 59. 1.72 

2? .727 1.Y,:,  21.35 1(5. 57. 55. 1.16 

24 .733,  1.313 21.A) 92. 55. 71. 1.41 

25 .712 .514 21.29 92. 53. 67. 1.21 

26 ..359 1.134 27.14 05. 54. V. 1.45 

27 .349 1.147 21.39 114. 64. 42. 1.61 

26 .33'; 1.713 .24.14 75. 51. 67. 1.43 

29 .'2) 1.7t7 22.74 1'4. 65. 85. 1.71 

3L .321 1.22 4  24.34 95.. 53. 72. 1.71 

la .71r 1.757 25.A.6 20,. 55. 75. 1.f4 

72 .Q1; 4.1.; 21.14 65. 41. 74.  1.24 

.131 (.26: 27.51  35. 49. 2.14 

1.'0= 15. 51. 

1.217 25.7i 71. 43. 57. 1.;( 

Maximum evaluated K = 1.72 MN/m3/ 2; Minimum evaluated K = 0.6 MN/m3/2; Mean 

evaluated K = 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/m9/2; Kurtosis of results = 2.212 (mN)4/m6. 
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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 large as the theory requires (i.e. greater than 

2.5 Kc  2A1 y2 ) 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. 	All 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 

Kc 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 

stress = 150 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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1 -  •51L .7.2i': '15. -2 173. 56. 1C:. 3.i.:,. J'...:i1Lc. 

11 .',17 '''. -771 47.73 158. '.2. (.::. ;7 ;....cTILt 

12 .F.7. ,...52: 5:01 '..E.3. 5::. '.0f.7), 3-e7 ,..):..iii..i 
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K 	= 5.34 MN/m3/2; K 	= 1.30 MN/m3/2; K
,mean 

= 3.30 MN/m 3/2; Variance of the results = 1.237 (MN)2/m3; 
c,max 	in 
Standard deviation = 1.112

c,m  
MN/m3/2; Standard error = 0.278 MN/m3/ 2; Skewness = 0.024 (MN)3/m9/2; 

Kurtosis = 1.958 (MN)4/m6. 
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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 Kc  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 

significant 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 initial crack 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 
(Ar■sropie 

shows that the craze length is nearly 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 1.15 cm. 	It is worth mentioning that this 

length for Perspex (PMMA), which is a very brittle material, does not 

exceed 10 pm (Marshall et al (1974)). 	If this crazed cross-sectional 

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 K 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 loads 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 load and the initial crack length, 

the calculated K values for both series of tests show inconsistencies and 

tend to increase as the crack length becomes larger. 	The yielding theory, 

however, seems to be sufficiently reliable to imply a ductile fracture 

condition. 

For surface-free specimens, the evaluated critical intensity 

factor at the instant of crack initiation does not show any better 

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 < a/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 Araldite 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 yielding energy; 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/m2; Cross-head speed = 10 mm/min; Kc  values are evaluated, using the initial crack length and the 

maximum applied load. 
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K 	= 2.72 MN/m3/2; K 	. = 0.92 MN/m3/2; K ,mean = 1.7 MN/m 3/2; Variance of the results = 0.335 (MN)2/m3;  max 	c 	, 
Standard deviation = 0.578 MN/m3/ 2; Standard error  m= 0.155 MN/m3/2; Skewness = 0.157 (MN)3/m9/2; 

Kurtosis = 1.58 (MN)4/m6. 



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; Kc values are evaluated, using the initial crack length and the 

load at crack initiation. 
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KC,Max = 2.57 MN/m3/2; K 	. = 0.75 MN/m3/ c,msn 	2; 
Ke,me

an= 1.69 MN/m3/2; Variance of the results = 0.40 (MN)2/m3; 

Standard deviation = 0.63 MN/m3/2; Standard error = 0.174 MN/m3/2; Skewness = - 0.89 (MN)3/m9/2; 

Kurtosis- = 1.47 (MN)4/m6. 



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

load at the craze initiation. 

'•;.) • ; 	 • 
' 	 (' 	' 	.) 

. 	1.4 
(-".) ('!••1 (i(•■••) 

.• F 
(•,1%./n."(..:/ 211 

7 	• 1::, 1..L. • ,S-  • 1.;...I-1:..c. 

••• C.17 ..t.. -:. 1:.  I . :::._. :...; 14,7' S'::'I -C.11LE 

3.'10 7.!:. 4.1. )4..,. 1.03:: ,..14i .L1 

.1 .7.4.-. 111. ..127 1 _r ..-..U,1 ILE 

• 2..:3 .D...,. 1;:i. ..... ..07/ ._ 	1,'J.:(-LE 

r. • I t • 7 . - 7•• 11‘. J..•,i5 .:- 	_.; 	- L.I.,...T !Li. 

•.1 	;,• ;'(:. ..;3. • 7.. 	3 _•.:t... --,...,1,(:.LE 

cl• %.,.. 1._9: :.:..“1- ..JILE 

C .t.:'::. E:.. •..3.• lj:;0 .._".1-.;IjLi.i.E. 

• • „ 
Al . ";?•?.3 ■.,;• 77. i.?:7 ,.-.-L.J,r:L.t. 

.- 2•)• -,,. .:.. j 	..)i _:-.1-:,.:1)..i 

• 
• :•• i!.21 Lar :..q 	. 7;:. 1. 1-21.  ::::; 	I 	-JuI.I 	.f... 

K 	= 1.56 MN/m3/2; K 	. = 0.90 MN/m3/2; K c,mean = 1.19 MN/m
3/2; Variance of the results = 0.05 (MN)2/m3; 

cintax 	c, 
Standard deviation = 0.226 MN/m 3/2; Standard error = 0.063 MN/m3/2; Skewness = 0.44 (MN)3/0/2; 

Kurtosis = 1.52 (MN)4/m6. 



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-head speed = 10 mm/min; Ke  values are evaluated, using the initial crack length and the 

maximum applied load. 
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K 	= 2.48 MN/m3/ 2' K 	. = 0• 78 MN/m3/2; K 	= 1.50 MN/m 3/2; Variance of the results = 0.24 (MN)2/m3; c,mar 	' ,mn 	c,mean 
Standard deviation = 0.49

c 
 MN/m3/ 2; Standard error - 0.13 MN/m3/2; Skewness = 0.31 (MN)3/m9/2; 

Kurtosis = 2.04 (MN)4/m6. 



TABLE 6.16: HIPS,  Grade BCF 	• 

Wide glued 	surface notched specimens of nominal dimensions of 6.35 mm x l0omm x 300 mm; Material yield 

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

load at crack initiation. 
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K c, max =2.15W1/10/2ilccitnin., 0.91 MN/m3/2; K
c,mean 

= 1.31 MN/m3/2; Variance of the results = 0.11 (MN)2/m3; 

Standard deviation = 0.34 MN/m3/2; Standard error = 0,09 MN/m3/2; Skewness = 1.07 (MN)3/m3/2; 

Kurtosis = 3.40 (MN)4/m6. 
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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 takes place. 

The critical intensity factors at 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 versus the applied loads. 

The results show that a critical net stress criterion at fracture (the 

yield theory) does not describe the behaviour, whereas they ratify 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 instability 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 linear 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 agreement 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 
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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; Kc  values are evaluated, using the initial crack length and the 

maximum applied load. 

= 2.71 MN/m3/ 2; K 	. = 2.40 MN/m3/2; K 	= 2.61 MN/m 3/2; Variance of the results = 0.008 (MN)2/m3; 
c, max 	c, min 	c, mean  
Standard deviation = 0.092 MN/m3/2; Standard error = 0.025 MN/m3/2; Skewness = 0.794 (MN)3/m9/2; 

Kurtosis = 2.465 (MN)4/m6. 



TABLE 6.18: HIPS,  Grade BCF  

Wide glueck 	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; Kc  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 (105  times faster), thus causing an ostensibly brittle 

fracture. 	This, of course, 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 surfaces 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 degree of ductility of the materials tested. 	The 

relative amount of transparent and opaque regions on the fracture surfaces 

indicate 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 fracture 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 leading 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- 



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 a 
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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Figure 6.8: Load-deflection diagrams for various.types of fracture: A. Brittle; B. Semi-brittle; C. Semi-ductile; D. Ductile 
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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 the moving crack. 	The typical 

load-deflection curve is shown in Figure 6.8(c). 

D. Ductile Fracture: 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 assess 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, 

rte, can be approximately determined by: 
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= 0, 2/, 2)  
8 c y 

(6.9)* 

This equation suggests that rc  can be regarded as the material property, 

if K and a 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 

long 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 measuring 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, Kc. 

Equation (6.9) can 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: 

Qy  = 15 MN/m2  

r
c = 11.5 mm (for specimens with cracks longer than 20 mm) 

Thus, substituting for a 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/D > 1/5). 
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8r 
K 	= (a  2 	C) 2 = 2.6 MN/m3/2 	(6.10) 

IT 

The excellent agreement between the two methods of obtaining Kc  is an 

important conclusion which verifies the simple assumption of line craze 

growth originally put forward by Dugdale. 	However, the evaluation of Kc  

from equation (6.10) has certain drawbacks since, firstly, it requires an 

accurate knowledge of the material yield stress and, secondly, it assumes 

line 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 also 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 identical, regardless of different glue applications. 

This is, 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 instability 

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 speed ratiosof these specimens vary significantly. 

Mathematically, the cracking history diagram is a smooth 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 the 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 prevail, 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 leads to an abrupt rupture of the two-phase 

system. 	The unstable crack growth can later 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 polymeric 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. 



- 227 - 

6.9 DISCUSSION ON THE VALIDITY OF THE LINEAR FRACTURE MECHANICS CRITERION  

IN HIPS 	• 

In order to study the extent to which the linear fracture mechanics 

criterion can be applied to describe the fracture of HIPS, the experimental 

results previously reported in section 6.7 of this chapter are rearranged 

graphically and the results are illustrated 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. P.  = a/D for single-edge notched specimens, and 

Pc 	m 
= R 2  (gas  -sin gas)/2 for surface notched specimens, 

where a
s 

= sin-1  (b/ R
m
) and R

M 
is 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-exposed 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 list 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 a.Y is plotted against the 

inverse square root of the crack length (Y denotes the 

geometry factor in equation (6.1), and a is the applied 
a 

gross stress). 	If the experimental results obey Alinear 

fracture criterion, the data points should be covered by a 

straight line. 	The slope of this line presents the mean 

fracture toughness of the material. 

Graph 3: The intensity factors evaluated from the slope of the 

previously mentioned graphs are plotted versus the initial 

crack length and the percentage of cracked area, Pc. 	The 

solid line, which is drawn through the experimental data, 

denotes the mean fracture toughness. 

Graph 4: A statistical analysis assessing the validity and accuracy 

of the fracture toughness approach to describing the 

experimental results is shown in this graph. 	The computed 

Kc 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: 

X
n 

= 100 e 
—(Kc—KOc)41Kc 	

(6.11) 

where X
n 

= the fraction of specimens having a value equal 

to or greater than an arbitrary value for Kc  (%) 

KOc = 
minimum value of K

c 
in a series of experimental 

analysis 

AK = the estimated spread from K
e,me an 

Equation (6.11) can be rearranged as follows: 

K
c 

= --(LK
c
/log e) log X71 + (2AKC/log e) t Koc 	(6.12) 

If K values are plotted against log X
n
, all the points 

should be covered by a straight line with a slope of the 

total estimated spread divided by log e. 	If the 

deviation from the linear fracture criterion is of a random 

character, the slope of the line produced yields an implicit 

value of the error involved. 	However, if the points 

cannot be covered by a single line and it is necessary to 

draw two or more lines through them, then that set of 

experimental 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 
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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 limitations of the fracture criterion 

employed. 	If the fracture takes place in a brittle manner, obeying the 

linear fracture mechanics assumptions, the experimental results are 

randomly 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 yielding 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 a . 	If a transition from ductile to brittle failure occurs, the 

results will similarly be reflected in the statistical graphs previously 

denoted. 

Figures 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 length, the results for the 150 mm wide 

surface notched specimens show that a critical net section stress theory 

is appropriate. 	The experimental data are, therefore, randomly scattered 

around the yield line, 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 single-edge.  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, Kc  (Figures 6.16 and 6.17 for glued and exposed specimens). 	As 

shown, the statistical plots of Kc  versus Zog Xn  produce straight lines 

through all data for both exposed and glue-coated specimens. 	AK and Kc  

may be estimated by taking the slopes of the lines and their intercepts on 

the K axis, so that: 

AK 	= 0.11 MN/m3/2  
Exposed specimens 	

K
Oc 

= 2.40 MN/m3/2  

(6.13) 

AK = 0.08 MN/m2  
Glue-coated specimens { 

K
Oc 

= 2.47 MN/m3/2  

A measure of the scatter in the distribution may be found from AK/Koc, 

that is: 

Scatter for exposed specimens 	= 4.5% 

Scatter for glue-coated specimens = 3.2% 

The mean value of Kc  will be given approximately by Koc  4. AK, thus: 

K
c 
(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 AK = 1.1 MN/m3/2, that is, 
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almost 90% scatter.) 

Although, owing to a comparatively large craze formation, linear 

fracture mechanics fails to describe the fracture of surface notched 

specimens*, the inception of craze production can be adequately determined 

by considering the fracture toughness at craze initiation. 	The 

experimental results illustrated in Figure 6.13 show the fracture toughness 

at 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 > 0.5t), although the scatter in-the results is 

considerably large. 	From the statistical analysis (graph 4), we have: 

AK = 0.25 MN/m3 2  

K 	= K
Oc 

4- AK = 1.15 MN/m3/2  (at craze initiation) 
	(6.14) 

For exposed surface notched specimens (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 initiation occurs at an almost constant 

intensity factor, Kc  (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. 

t This is due to the limitation of the approximate solution (equation 

(6.4)) which was used to evaluate the intensity factor. 
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AK = 0.3 MN/m3/2  

K 	= K
Oc 	

AK = 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 geometries and crack configurations 

were employed. 	The fracture toughness evaluated 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 shown 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 used. 

The method of specimen 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 the K
c 

criterion 

could validly be applied at crack instability. 	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 polystyrene, grade BCF, made by 

BP Chemicals Limited. 	No Araldite is used to cover the initial crack. 

The initial crack length and the maximum applied load are used to evaluate 

4- 

 

cNi 

2- 

1 

1 
0.1005 	0.05 	0-5 

-0—Cross-head speed ( cm/min 

Figure 6.18: Variation of Kc  versus cross-head speed 

the fracture toughness values. 

0 
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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 a 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
c
, can then be calculated using equation (3.12). 	Thus: 

G
c 

= K 	(1 - v2)/E = 8.5 kJ/m2 
	

(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. 

The G
c 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% nominal 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 crazes 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 Kc  with increasing rubber volume fraction. 	It 

is therefore of prime importance to any designer working with HIPS to have 

a clear understanding of the effect of rubber content on the toughness of 

the article being utilised. 

The preliminary experiments on some commercial HIPS have proved that 

the fracture toughness can be accurately evaluated at 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 fragile materials at crack 

environment are chosen. 	Therefore, the fracture toughnesses of some 

specially prepared HIPS containing different rubber contents were measured 

on a similar basis as previously described for commercial grades of these 

materials*. 

* See footnote on next page. 
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6.11.1 Testing Procedure and Results  

Single-edge notched specimens of 300 mm x 100 mm were machined 

from 3.2 mm thick extruded sheets of HIPS (grades U AO, 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 sufficient accuracy using simpler equipment. 	Consequently, 

it was possible to determine the load at both crack initiation and at the 

onset of rapid crack growth (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 single-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 Kc  evaluated. 

t 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 length; 

2. The final, instability, load using the original crack 

length; 

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 quite accurately described by Kc  

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  values. 	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 theory 

of fracture can be defined by the slope of the line passing through the 

data points in a plot of Kc  versus the initial crack lengths, that is: 

K
c 

K 
C177 

- / 	H
2 

(2/D) (6.17) 

where K
cm 

 denotes the average K value for specimens containing different.  

crack lengths. 	In this equation, 112  illustrates the deviation from the 
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Figure 6.23 

SINGLE EDGE-NOTCHED SPECIMENSIPRODUCED BY R FLY CUTTER. R=60.0 HMI 

ARTERIAL SPECIFICATICHS N104 IMPACT 17U3TYRENE =let UA 555. Knee SY US STEEL CORPORATION 

trEcium DIACNOICA3.30.C.10.17...513 CA.. CROC3-MEAD SPEED=0.C6 CA./MIN. 

TEE rnnCran T2UCHNES3 la CALCULATED CH THE rn:13 OF THE INITIAL crAcx LrmaTm RHO THE LOPO RT CRACK MONTH • 

H3 CLUE CC/299 THE INITIAL crno( C3 PAT PART OF SPECIMEN . 
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Figure 6.24 

SINGLE -EDGE-NOTCHED SPECIMENS [ Fly cutter radius, FR = 60 mm) 
MATERIAL. MIG4 IMPACT POLYSTYRENE, 5A4DC VA 1.11 	, 	CAOSS.HE40 SPEED .045 CM/MIN. 

9.EtINFN wilems1eft0.3e.e.10.0..e1e CH.. CROSS-HEAD SFEED=0.05 CH./MIN. 

THE FRACTURE TOUGHNESS IS CALCULATED ON THE ems OF THE INITIAL CRACK LENGTH ANO MAXIMUM APPLIED LORD 

NO GLUE COVERS THE INITIAL CRACK CR ANT PART OF SPECIMEN . 



Figure 6.25 

SINGLE EDGE-NOTCHED SFECIMENS(PRODUCED BY A FLY CUTTER. R=80.0 MN/ 

raTrIum erEcIrienr:oNs • RION IMPACT POLYSTYRENE CRIME UA2O2 • MADE SY US STEEL CORPORATION 

SPECIMEN L'IRENSICK3=3O.DotO.3N.310 CM.. CROSS-READ SPEED=0.06 CH./MIH. 

THE FRACTURE TOUGHNESS I3 CALCULATED ON THE BASIS Or THE INITIAL CRACK LENGTH AND MAXIMUM APPLIED LORD . 

NO GLUE CCYERS THE INITIAL CRACK CR ANY FART CF 3PECIVEN 

.-..., 
0.1 
X 
N 
2:. 
.9 
z,,.. -- 
cno trA,  
wai. rx.. 
.-- 
VI 
0 
W. 
.-... 
J.J.' 
6.. 
C.. 
= 

t, 

• c.c.: 4.19 
PERCENTAGE OF THE NOTCHED AREA 

9.37 	12.40 	16.76 	2C.94 	2G.12 	29 41 	33.00 9740 

g  
 CV • 
...... 
m • 
• 
E .2 
z •  =01 .... 
w al.. 1-.' 
c_)4 
cc 
LL.. 
›- 
1-.0 
.-..'l 
(..... 
Z. 
W 
I-• 
z 
•-•,-, 
'I 

0.00 4.19 9.37 
OF THE NOTCHED AREA 

1 .60 	18.79 	20.94 	2542 	2941 	3340 	3743.  

.71 

n 

............ ■ 

• 
• 

■ 

• 

--- ---- 

m 

CR= 075E30 t EMPIRICAL 1 M 
TMLOINO LINE (THEDRyi 	- - 
KEAN NC-VALUE!' 11400511 	- 

I 

1__-_ _ ----- 

• 
el 

3 	46 • • 
• • 

A 	A  • 

2171311123(719. MMUA 	A 
PY(9903 KC-YALUEIEXP.I - 

°0043 4.19 5.2e 1.67 	1809 
CRACK CEPTH 

2S.96 
=I 

2544 2043 	3342 3/741 9340 	4.19 040 1247 	1845 	2..96 	2 44 	29.33 	3342 	3 
CRACK DEPTH 	(HMI 

0 . 

N. :ll 
27. VS 

..".. 
= 

-,_.. 

u, 
,_. 	• 
„- 
. 
CO. 
C.,. 

.-, 
4 C 

•• 
. 

" 

C Ho; 
M. - 
to  

. 

• 

0 

• 2 

. 
0 ..;- 

,...,. 
',CD 

 • 
Ii. 
• 
= .  
.. ....• 
.  
,„.., .• L._,.. 
, ._. 
tn. 

. 	:el 
4/-  
1-- 

" 

. 	 4 

• • 

 • 
 ••• 

STATISTICAL INVESTIGATIONS 

40 	(1.14 	C...n, 	0.12 	c.in 
INVERSE° SOURRE ROOT OF 	THE 

2.;:n 
CRHCK 

0.24 

DEPTH 
0..29 	0...JZ HUNNI-1/21 cr.Ja 1 	3 	4 	b 	d 	el 	Ili 	IL 	A 	A 3b 	4b 	bb cb 	eb 	(bo 

, PERCENTAGE OF SP.'HAVING R VALUE EQUAL OR GREATER THAN KC 



Figure 6.26 

SINGLE EDGE-NOTCHED SPECIHENS(PRODUCED BY R FLY CUTTER. R=60.0 HH, 

MATERIAL SFECIFICATICAS ■ HIGH IMPACT POLYSTYRENE GRACE UA 3.33. MADE BY U3 STEEL CORPORATION 

SPECIMEN DIMENSICNSv20.0.1C.0..310 CM.. MSS-HEAD SPEED=0.C5 CM./MIN. 

THE FRACTURE TCCCHHE3O 13 CALCULATED ON THE BASIS CF THE INITIAL CRACK LEHOTH RHO MAXIMUM APPLIED LOAD 

MC CLUE COVER, THE INITIAL CRACK CR ruff PART CF SPECIMEN • 
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Figure 6.27 

SINGLE - EDGE- NOTCHED SPECIMEN S (PRODUCED BY A FLY CUTTER. R=60.0 MI) 

rnmnIRL SPECIFICATIONS • HION IMFRCT POLYSTYRENE OKRCE U4%55 MICE ST US STEEL CORPORATION 

army:my 0IMENSICRUSC.0=10.0..316 CH.. CROSS-HERO 0MEE0=0.06 CN./MIN. 

THE FRACTURE IOU3HMEZ3 IS CALCULATED ON THE BASIS OF THE INITIAL CRRCK MOM AHO maxplum RPFLIED LOAD • 

HO OLUE COVERS THE INITIAL CRRCK 03 ANY MIT CF SPECIMEN . 
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Figure 6.28 

SINGLE EDGE-NOTCHED SPECIMENSIPROOUCE0 8Y R FLY CUTTER. R=60.0 HM) 

MATERIAL SPECIFICATIONS . HIOH IMPACT POLYSTYRENE GRADE UA 1.11. MADE BY U3 STEEL CORPORATION 

srec:rEm DIMENSIONS=30.0.10.0..519 CH.. CROSS-HEAD SPEED=0.05 CH./MIN. 

THE FRRCTUFE marvm IS CALCULATED CT TACNO THE CRACK LENOTH AND THE APPLIED LORD AT RUPTURE. 

NO CLUE COVETO THE INITIAL CRACK CR ANT ?PAT OF SPECIMEN 
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Figure 6.29 

SINGLE 'EDGE-NOTCHED SFECIMENSCPRODUCE0 BY A FLY CUTTER. R=60.0 MM) 

nsTrnm 5PSCITICATION3 • HIOM Trirrta POLYSTYRENE GRADE VA 7.27,MACIE 57 U3 STEEL CORPORATION 

:ncrno DIMENSICMS=30.C•10.0K.310 CM.. CRO33-HEA0 SPEEDn0.05 CM./MIN. 	 • 

THE FRACTUCE TOUOMNESS 13 CALCULATED 91 TRKINO THE CRACK MOTH AT MAXIMUM LORD AND THE MAXIMUN LORD. 

NO CLUE COVERS THE INITIAL cRncn OR ANY PART Of SPECIMEN 
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Figure 6.30 

SINGLE EDGE-NOTCHED SPECIMENSIPRODUCED BY R FLY CUTTER. R=60.0 MM) 

MATEMTIO. 0rEC/FICATIOH3 • HIOH znrAcT P0LT3TTREHE ome UA 3.37 • MADE DT Us OTEEL COMMATIOX 

SPECIMEN C.mENS'ONS • 30•10•.315 CM 
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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) shows the initiation Kc  as a 

function of rubber content and the striking feature is that Kc  maximises at 

around 1% to 2% rubber content and then remains fairly constant at about 

twice the crystal value. 	This result is also obtained using Kc  based on 

the instability values of stress and original crack length (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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Figure 6.32: Comparison of the computation errors encountered in determining the fracture toughness of HIPS using: 

I. The original crack length and the crack initiation load; II. The original crack length and the 

load at instability; III. The crack length at instability and the maximum applied load. 
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TABLE 6.19  

Material U AO U 	A1.11 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 - 0.471 0.760 - 0.480 0.006 - 0.300 
6. Kurtosis 1.838 2.613 2.125 1.645 1.393 
7. Deviation, AKA 

 
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 0.354 0.237 
6. Kurtosis - 1.675 2.531 1.843 1.665 
7. Deviation,AK 

c 
- - 0.056 0.663 - 0.157 0.087 



TABLE 6.19 (continued)  

Material U AO U A1.11 .0 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, Aifc  (MN/m3/2) - 1.076 2.135 2.390 0.899 
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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 Kc  

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 applied 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 fracture, 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 smaller than at least 

half 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 

slightly 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 	cm < D < 6.67 a 	(6.18) 

B. 	Surface Notched Specimens: The fracture toughness at maximum 

applied stress cannot be estimated if surface notched specimens 

are employed. 	However, the fracture toughness at craze 

initiation can be evaluated if a < 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 

initial 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: 

1.8 cm < a < 4 cm 	(6.19) 

and for this situation: 

= 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 load 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 levels. 

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 further improvement with increasing the rubber fraction. 

It seems 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 types 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 

pre-cise knowledge of the impact resistance is of major importance. 	In 

other applications, such as optical instruments, the impact 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 consider plastics to be tough if they could withstand a 

hammer blow 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 contain 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 specimen which 

can be 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 loads. 

Since the introduction of plastics on the market 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-brittle 

polymers. 	The principal requirements of any impact analysis of such 

polymers 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. The analysis of an entire spectrum of a definite family of 

polymers (and possibly other types of materials) must be 

made uniquely and the numerical 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. 
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7.2 PREVIOUS 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-modified 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); Vincent (1971)). 	The experimental results of 

these conventional impact tests are mostly expressed in terms of specific 

impact energies (e.g. energy per unit 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 standard analysis of impact data does not provide a 

reliable 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 used. 	This is 

because tests on differing specimen dimensions often rank the material 

in a different order of impact strength. 

As far as it is known, the first attempt to determine the impact 

strength of rubber-modified polymers on a scientific basis was due to 

Plati (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 

linear 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 wide spectrum of brittle to 

ductile HIPS is to be analysed. 	It is worth mentioning that 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 behaves elastically 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, Gb, and can be obtained by applying linear fracture 

mechanics theories. 	Hence, by denoting the energy absorbed in impact by 

I
b' 

the specimen dimensions by D and B (along and perpendicular to the 

initial crack, respectively), the initial crack length by a, and the 

kinetic energy of the flying pieces by uk, and assuming that the fracture 

energy only comprises the energy dissipated in crack initiation (that is, 

the other forms of fracture energies are negligible), we have: 

I
b 
- U

k  
G
b 

B D (I) (a) 
(7.1) 

where (I) is a calibration factor which is a function of the crack length 

and the supporting span. 	The values of (I) can be obtained theoretically 

and experimentally for different geometries of the specimen. 	In 

Appendix B, the values of (1) for Charpy specimens are given in polynomial 

forms in terms of the crack ratios, a/D, and the span ratios, S /D. 

In ductile materials where an appreciable craze and plastic zone is 

produced prior to the final fracture, elastic fracture mechanics does not 

apply 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: 

G = x 

	Id  - Uk 	
(7.2) 

B D (1 - a/D)- 

where /d  denotes the ductile impact energy, and U4 denotes the rotational 

kinetic energy. 	The coefficient x is numerically equal to unity when no 

hinging occurs and 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 

short cracked specimens mostly break in a brittle manner, showing only 

partial crazing and plasticity. 	On the other hand, specimens with longer 

cracks exhibit a ductile failure and thus the results tend to comply with 

the ductile 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 length, 
aeff' 

in equation (7.1). 	Assuming a limited plastic zone 

length, r 	and a limited slow crack growth, r
s
, the effective crack length 

is defined as: 

a
e
f
f 

= r
p 

r
s 

a
o 
	 (7.3) 

where a
o 

denotes the initial crack length. 	Generally, aeff, being a 

function of the specimen geometry and the fracture toughness, cannot be 

estimated theoretically. 	The problem can, however, be overcome if 

adequate experimental data are collected and analysed by trial and error; 

that is, by adding increasing (r
P 

 r3) values to a
o 

until the best line- 



eff )  B D (I) (a 

(Ib -Us -Uk ) 
Gb 

(7.5) 
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fit is obtained for equation (7.1). 

As previously mentioned in Chapter 4, the modified linear fracture 

theory, as such, ignores the energy dissipated during the formation of rs. 

However, if the creation of plastic and craze zones does not-disturb the 

elastic stress field, the energy due to the formation of rs  can be 

estimated by ductile fracture theory. 	That is: 

US 
= GBr d 	s (7.4) 

The brittle impact strength is then determined by: 

Hence, if BD(1)(aefj- ,) is plotted versus the total impact energy, Ib, a 

straight line of slope Gb  is produced which intercepts the ib  axis at 

Uk Us. 



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 conventional pendulum-type impact machine. 	The apparatus was originally 

designed by BP Chemicals (UK) Limited and its outline is illustrated in 

Figure 7.1. 	Izod and tensile impact tests could also be conducted on this 

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 the 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 

popular in the plastics industry. 

The impact machine used consists of a massive base on which the Charpy 

vice was mounted for holding the specimen, a rigid frame to which the 

pendulum-type hammer (tup) was attached through an anti-friction bearing, 

a release mechanism 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 wes available which 

could be released at four different heights onto the specimen. 	The 

velocity variations of the pendulums were rather small (V1  = 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 line of the striking nose was located at the centre of 

percussion of the pendulum. 	This was carefully aligned 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 potential energy of the striking tup could be adjusted as 

closely as possible to the values just adequate 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 point. 	The angular 

displacements of the pendulum were displayed as a number on a digital 

counter, which reflected the impact energy absorbed by the specimen . 
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7.5 CALIBRATION OF THE IMPACT MACHINE  

The calibration 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 initiation 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 limit 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 potential 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 

from the total potential energy loss. 

The impact energy evaluated as described above comprises the fracture 

energy (due to initiation and propagation of the crack and the possible 

plastic work involved) and the kinetic energy of the broken pieces. 	If a 

realistic estimate of the impact resistance of a material is to be made, 

then it must 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 material property. 	The 

corresponding experimental error will be especially significant if the 

material breaks in a brittle manner, in which the fracture energy may even 

be less than the kinetic energy 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 linear kinetic energy 

evaluated by the above procedure does not truly represent the real 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 due 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 

pieces is uncertain, being somewhere between the two limits of linear and 

rotational kinetic energies. 	Fortunately, the kinetic energies of semi- 

ductile 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 rotational 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 specially 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 same manner as the former materials, except where 

noted. 

7.6.1 Test Conditions  

All experiments were carried out at room temperature (20°C) and 

50% relative humidity, and 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 

(with an effective speed of 2.448 m/sec) for commercial grades of HIPS. 

Specimens having dimensions of approximately 

6.3 mm 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 BO, U 81.11, U 82.22, U B3.33, 

and U B5.55. 	The numbers following the alphabetical 

codes indicate the nominal rubber content of the materials. 

	

. B. 	The specially prepared HIPS (Sample 2) containing from 

0% to 3.33% nominal rubber content: the materials are 

hereafter labelled as U CO, U C1.11, U C2.22, and 

U C3.33. 

C. Standard HIPS*: USSR, USSB, USSC, USSD, USSE, and USSF. 

D. Super HIPS: USIA, and USTB. 

E. Medium HIPS: USMA, and USMB. 

F. Experimental HIPS: USEA, USEB, and USEC. 

The grafting and 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 nominally 

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 Chapter 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 82.22 U B3.33 U B5.55 

Nominal rubber content (%) 0 1.11 2.22 3.33 5.55 

Nominal mineral 	oil 	(%) 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 



TABLE 7.2  

Grafting and mechanical properties of the grade U C of the specially prepared HIPS  

Properties U CO U 	C1.11 U C2.22 U C3.33 

Nominal 	rubber content (%) 0 1.11 2.22 3.33 

Nominal mineral 	oil 	(%) 1.35 1.35 1.35 1.35 

Residual monomer (%) 0.11 0.11 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 
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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 HIPS). 	As a result, the size and shape 

of the rubber particles were nearly consistent 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 

previous 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. 

All 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. 	The 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 

Properties 
Limits.  

Minimum Maximum 

Volatile Matter(%) - 0.20 

Ash(%) - 0.05 

Solution Viscosity(mm2/s) 176 196 

Gel . 	Nil Nil 

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 

angle 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 in 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 vital in evaluating 	the 

impact strength of quasi-ductile polymers as they often induce a more 

brittle fracture under impact loads than longer cracks. 
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Figure 7.2: Notching apparatus for impact specimens 



- 289 - 

The initial crack lengths were accurately measured after 

fracture, using a scaled travelling microscope, as shown in Figure 7.3. 



x cos[60°1 la 

TRAVELLING MICROSCOPE 

. 	 - ..••••• 

Projector 

Figure 7.3: The optical arrangment for the analysis of the fracture surfaces of impact specimens 



-291 - 

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 resistance 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. Brittle Polymers (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. 

2. Semi-Brittle Polymers (e.g. low-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. 

3. 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, ib, versus BDO 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, Gb, were determined from the slopes of the best straight 

line through the data points. 	As expected, these lines intercept the 

energy axes 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 results are also 

shown in the energy-ligament area plots (Figures 7.5 and 7.6, graphs B) and, 

if compared with the energy-BDG 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, rs, 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 kJ/m2  and 1.1 kJ/m2, respectively. 
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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; 

3 (top right) : Semi-ductile fracture in U B2.22; 

4 (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 behaved in 

a semi-brittle manner and only a very small region of stable crack growth 

was detected on the surfaces of the broken specimens. 	The grade U 81.11 

was a typical example of such materials. 

Figure 7.7, graphs A and B, show the experimental data on 

energy-BN 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 thus 

smaller scatter in the impact data will be obtained. 

Although the results are less scattered for U BI.11, neither 

the linear nor the yielding fracture mechanics theories provides an 

accurate representation of the experimental impact data obtained. 	However, 

the deviation from the linear theory in the energy-BN plot is small and 

only becomes apparent at smaller crack lengths. 	This can be overcome 

by reconsidering the distortions caused by a limited 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 line-fit on the data points is produced by assuming 

r f r = 0.35 mm. 	The slope of the fitted line implies an impact s 	p 

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 also increased significantly. 

The corresponding plots of energy versus Bal) and also the energy versus 

ligament 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 criterion 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 B1.11, which was discussed before, the 

modified linear theory does not provide any better solution. 	For example, 

the correction method for U B2.22 converges at rs  = 0.22 mm, and the best 

straight line 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 linear 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 for the kinetic energy of the flying pieces (Uk  = 10 mJ). 	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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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 particular, when medium grades 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 C2.22 indicate a 

clear upward trend on the energy-ligament area plot and a sharp downward 

incline on the energy-BDG 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 crack 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 be 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 by considering the initiation 

impact resistance, Gi, and the propagation impact resistance, G . 	Thus: 

Ic 
= BD [G (1 - a/D) 	G. (I) (a)1 	Uk  

)  
(7.6) 



TABLE 7.4  

Impact strength of specially prepared HIPS  

Material U BO U 	81.11 U B2.22 U B3.33 U B5.55 U CO U 	C1.11 U C2.22 U C3.33 

G
b 

(initial 	slope) 	kJ/m2  0.4 1.8 3.0 5..5 6.1 1.1 2.3 4.2 5.0 

G
d 

(mean value) kJ/m2  0-.45 1.7 2.8 4.2 6.1 1.1 2.2 3.6 4.8 

G
c 
 (modified) kJ/m2  - 2.3 0.8 6.6 6.4 0.4- 1.6 1.1 4.0 

G. (composite theory) kJ/m2  0.35 0.40 0.3 0.25 0.35 0.45 0.5 0.2 0.4 

G
P 
 (composite theory 	kJ/m2  0.1 1.0 2.5 3.9 5.6 0.8 1.6 3.6 4.4 
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Theimpactstrengns.and G can be determined by performing 

at least 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. 	To 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 statistical 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 evaluate the impact resistances 

associated with initiation, Gi, and propagation, G . 	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 

(equations (7.1), (7.2) and (7.5)) are similarly studied and the 

statistical errorsof the results are compared. 

Plots of the energy versus BD 4 # 
P
G /G. (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 through the 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, G. 

Equation (7.6) can be re-written as: 

Ir = G. 4- Gp  (1 - a/D)/(1)(a/D) 	(7.7) 

where Ir denotes the reduced impact energy and is given by: 
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- 

  

(7.8) r 
(B D 4  (a)) 

If the composite impact theory genuinely describes the impact resistance 

of a rubber-modified polymer, a plot of Ir  versus the ratio (1 — a/D)/0 

should produce a straight line with a slope of Gp  and an 

intercept of G.. 	The experimental data for U C3.33 is re-illustrated in 

/
r-ligament 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.
s' 
 and crack propagation, Gp, were evaluated using the 

composite theory of fracture. 	Figure 7.15 shows GZ  and G versus the 

nominal rubber content for the two HIPS samples. 	It is clear that, within 

the experimental errors, the initiation resistance remains almost unvaried 

with increasing rubber 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 

and 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 fracture 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 rubber. 	On the other 

hand, when an infinitely fast strain rate test is performed, the toughness 

increases significantly with increasing rubber content and may only 

maximise at a large rubber fractional volume. 	This can be theoretically 

explained as follows: 

The introduction of viscoelastic rubber particles in a brittle elastic 

matrix initiates the production of craze bands emanating from each rubber 

particle. 	The energy absorption during the craze formation will therefore 

enhance the fracture strength of the material. 	In contrast, the expansion 

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 subsequent microscopic cracks. 	Craze formation, 

therefore, has a dialectic effect since there are dual opposing influences 

of strengthening and weakening. 	In a slow 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 comparatively shorter lengths. 

Hence, the inter-effect of craze bands is minimised, 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 ductile manner with a significant stress whitening visible from the 

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 7.16 to 7.25, where the applied impact, energies are 

plotted against BM!) (graph A), ligament area (graph B), modified BD4 

(graph C), and BD (q) 	50/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, 	of of the 

materials. 	The impact 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 estimated. 	The data 

for long 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 in 

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 line-fits on the experimental points intercept the energy axis at 

about 10 mJ without exception, equal to the predicted kinetic energy of the 

flying pieces. 	The slopes of these lines demonstrate the brittle impact 

resistances (initiation values) which were found to be almost constant for 

all materials (except for 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, /r, and normalised ligament area plots. 

An excellent line-fit through the data can be produced 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 

propagation and crack initiation combined. 	These variables are not, 

however, to be considered as separate material properties since they are 

simply mathematical factors which describe the impact behaviour in a 

combined manner. 	As the initiation resistances remain almost constant 

for different polymers having identical matrices, the impact improvement 

can therefore be assessed 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 
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TABLE 7.5  

The Impact Strength of Commercial HIPS  

Material Initiation 
Resistance 
(kJ/m2). 

Propagation 
Resistance 
(kJ/m2) Type Code 

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 

USSC 0.79 4.01 

USTA 0.94 4.80 
Super HIPS 

USTB 1.05 6.29 

the first parameter represents the toughness at low strain rates, while 

the latter determines the toughness in an impact test. 
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7.10 EFFECT OF RUBBER-MATRIX INTERFACE ON IMPACT STRENGTH  

Three experimental grades of HIPS (USEA, USEB and USEC) were tested 

for their impact strengths and the results were similarly analysed. 	The 

manufacturer especially noted that these experimental 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 experimental data for USEA, USEB and USEC are demonstrated in 

Figures 7.36 to 7.38, where the impact energies were plotted versus the 

ligament 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 critical crack length 

(about 0.2 D), the impact'energy abruptly falls off to a level around half 

the value theoretically expected. 	At shorter cracks below this critical 

point, the impact data will be scattered on a low 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 

lower 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 propagation. 	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 notches are produced in specimens, since the 

average stress level will be higher in the media (that is, the applied 

stress prior to rupture 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 theories 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 

materials. 	The impact resistances were then defined in terms of 

initiation (G.) and propagation (G p) impact strengths. 	The values for. Gs  

and G can be evaluated by.performing two experiments on specimens 

containing different crack lengths. 	It was found that 	was nearly 

constant, while G 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 characteristics to the micro-structure of the constitutive 

components. 	An understanding of the time-dependent behaviour of these 

polymers when subjected to constant load (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 stimulus. 

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 parameter in the toughening process. 

The effects of crystallinity, rubber-polystyrene 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 torsional 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 rubbers (Roelig (1945); Wilkinson & Gehman (1950)), and this 

apparatus, 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 stress 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 lie with their limited loading capacity 
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over a wide range of temperatures. 	This is because a polymeric specimen 

with the appropriate dimensions at lower temperatures, where it is 

sufficiently rigid, can become too soft at higher temperatures. 	If a 

compromise thickness cannot be chosen, two 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: 

—  
= c

o 
si x *

o 
t (8.1) 

where t'= time, and K)  and *0  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: 

a = a sin ip
o 
t 
	

(8.2) 

where a
0 
 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: 

= 2E cot 
	

(8.3) 

where E is the modulus of elasticity equivalent to the spring constants, 

and
0 
 is the amplitude of the applied strain. 

Polymers are, however, viscoelastic'materials in which a portion of 

the excitation energy fed to the system will not be 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 c, that is: 

a = a
o 

sin (IP
o 

t — n) 
	 (8.4) 

The peak stress can be resolved into the in-phase and out-of-phase 

components, and the ratio of the two, tan 0, 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
1 

= (aoo) cos Q = V cos 0 
	

(8.5) 

E
2 

= (aoo) sin Q = V sin Q 
	

(8.6) 

E* = (E 
1 
 2 t E22)1" 
	

(8.7) 

where E1, E
2 
and V 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: 

E* = F
o L 

c -o 
0 

(8.8) 

where F
o 

= amplitude of the tensile force, L = specimen length, s
() 
 = cross-

sectional area of specimen, and Eo  = amplitude of elongation, and the phase 

angle is defined by: 

= tan-1  (E1/E2) 
	

(8.9) 

The physical importance of c2 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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= 	a (dco/dt) dt 	 (8.10) 

where E
o 

denotes the amplitude of the strain sufferred by the specimen. 

From equations (8.1) and (8.2), we have:.  

W
d 
=na

o  eo 
 sin SZ 
	

(8.11) 

and the elastic energy is given 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: 

	

2A = 	= 27 tan 52 	 (8.12) 

The above relationship of tan c to energy dissipation is the princiim( 

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 damping 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-II, 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 8 indicator, operating switches and oscilloscope display are 

also shown in this figure. 

For simplicity, the apparatus will be described 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 (T2). 	The specimen is excited at definite frequencies 

(3.5, 11, 35 and 110 Hz) by means of a magnetic coil. 	The temperature of 

the sample 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 oscillation 

generator at a definite frequency (e.g.tpo  = 11 Hz) are fed to the main driver 

through a phase 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 



Figure 8.1: The Rheovibron testing apparatus 
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(a) Arrangement of apparatus: 1. stress transducer; 
2. strain transducer; 3. specimen; 4. driver; 
5. temperature box; 6. thermocour1e. 
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Figure 8.2: Schematic arrangement of the dynamic mechanical testin~ 

apparatus 
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stress and strain vectors are adjusted to unity, the phase angle, tan 0, 

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 (G1 ). 

Subsequently, the switch is turned to position 1 and the voltmeter 

indicator 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 2/2, is indicated on the 

voltmeter. 	By transforming the scale of the voltmeter, however, the 

corresponding phase angle, tan (5, can be read directly on this voltmeter. 

If the ratios G1  and G
2 
are recorded, the complex modulus E* 

can be calculated as follows: representing the output voltage of the stress 

and strain transducers by el  and e2, respectively, and the input voltages 

of these transducers by g1  and g2, respectively, the amplitude of stress, 

a , and strain, Eol  are given by: 

el  1 
ao 

g1 f1 8°  

e
2  1 

E = 

g2 f2 

(8.13) 

(8.14) 

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: 

E* 

	
(f2 el 62 L) 
	

(8.15) 

(f1 e2 
g1 
 so) 

As the ratio e1/e2  is set equal to the ratio G1/G2  whilst measuring tan 6, 

equation (8.15) becomes: 

E* 
g2 L 

G
2 

f g
1 
s
o 
G
1 

(8.16) 

In equation (8.16), f2L/fiso  is a constant for the specimen and the 

transducers employed, and if the ratios g2/g1  and G2/G1  are recorded, E1  

and E
2 
can be evaluated from equations (8.5) and (8.6). 

For the Rheovibron, Type DDV-II, equation (8.16) can be 

simplified as follows*: 

E* = 2  
s p N 1 _ S x 108  N/m2  
o o o 0 

(8.17) 

where P denotes the value of the dynamic force dial, N is a proportional 

constant specified by the manufacturer as a function of the tan S dial 

range, and Bo  is the strain errors. 	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)). 

t 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 a 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 (tpo  = 11 Hz)'as a function of temperature. 	Sinusoidal 

tensile'strain was applied with an almost constant amplitude to the samples, 

and the phase angle, (3, and the pertaining moduli parameters were measured 

by the direct reading method previously described. 	The in-phase and out- 

of-phase moduli were then evaluated using the standard theory described in 

the preceding section. 
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8.4 RESULTS  

The damping parameter, tan c, 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 lower temperatures (-150°C to 50°C), 

both polymers show 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 Massy state and above 

which it is in a rubbery state. 	In the glass transition region (50°C to 

150°C), the damping factor, tan 0, 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 glass transition region it behaves in a ductile manner 

with a significantly lower 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 temperature of about -40°C) contained 

in this polymer, although the secondary 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 s-peak in this region for 

CPS (McCrum et al (1967)). 



Figure 8.3: Dynamic mechanical loss diagram for CPS (type U BO) showing a peak at about 128°C due to the polystyrene 
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Figure 8.5: Dynamic mechanical loss diagram for U B1.11 showing a secondary loss peak at -80°C due to the presence of 
rubber particles 
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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 0. 	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 c curve for HIPS and this 

corresponds approximately to the glass transition temperature of the rubber 

additive. 	It is also apparent that the rubber relaxation commences well 

below -100°C. 

Figure 8.12 demonstrates 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 rubber 

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 El  for various 

grades of CPS and HIPS samples were evaluated using equation (8.17) and 

(8.6). 	The strain error coefficient, (30, which is due to the parasitic 

oscillations of the Rheovibron connecting rods was neglected in the 

present work*. 	However, this error may become significant when working 

* The technique for assessing the strain error 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 Mechanical Engineering, Imperial College, London. 
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in the lower temperature region. 	Figure 8.13 illustrates the variation 

of the complex and out-of-phase components of the dynamic moduli against 

temperature for the different polymers tested. 	The in-phase modulus was 

also calculated (using equation (8.5)) but these are not shown as they are 

approximately identical to those of the complex modulus*, except in the 

vicinity of the PS glass transition temperature, where the El  curves show 

a more precipitious downward trend. 	The out-of-phase modulus versus 

temperature plots manifest a similar behaviour to the tan st plots over the 

whole temperature spectrum. 	In view of the low values obtained for E2  and 

tan 0 below the CPS glass transition temperature, it can be seen that HIPS, 

in general, behaves in a similar manner to linear elastic materials. 	The 

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 temperature (-80°C to -75°C) and therefore gradually 

decrease with increasing temperature. 	Finally, it can be concluded from 

the family of Eh curves obtained for various grades of HIPS that the 

complex modulus (which is equivalent to the elastic modulus in a standard 

tensile test for tan R « 1) significantly decrease with increasing rubber 

content. 

* This is simply because o « 1 for HIPS, except near the glass transition 

temperature of PS, and therefore E* = El  cos 0 - El. 
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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 increase in the maximum tan c 

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 searching question, whether the size of this secondary peak 

coinciding with the onset of the rubber glass transition temperature 

provides quantitative information with regard to the fracture toughness and 

impact resistance of rubber-modified polymers? 	In retrospect, considering 

the results obtained for the fracture toughness of various grades of HIPS, 

it seems that this is not so. 	The fracture toughness was shown to maximise 

at about 1% to 2% rubber content, while the secondary peak of tan c 

increases monotonically with increasing rubber content. 	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 temperature (section 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, 60, which was 

neglected in the present work, contributes largely to these discrepancies. 
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It was shown by Hodgkinson (1977) that, if f3,0  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, (30. 	The 

effect of temperature on the. fracture properties (such as yield stress and 

fracture toughness) of similar types of specially prepared HIPS will be 

described in the following chapter. 	The previous experimental analysis on 

low strain (e.g. modulus of elasticity) and high strain (e.g. yield stress) 

properties 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 limiting 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 (1964)). 	The effect of strain rate on the moduli, 

yield strengths 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 mechanical test, which was described in the preceding 

chapter, serves to illustrate how the low 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, which 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 applications 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 lower temperatures. 	However, the fact that 

the material breaks in an apparently brittle manner does not necessarily 

imply that a smaller fracture toughness is obtained. 

In the present work, two fundamental aspects of HIPS fracture behaviour 

in connection with temperature variations 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 contain different rubber contents. 	Secondly, the fracture 

toughness, 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  

Uniaxial tensile tests on both unnotched dumbp11  and single-edge 

notched specimens were performed on an Instron testing machine in the 

temperature range from +60°C to -140°C. 	The dumbell 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 (type U B and U C) which contained from zero to 5.55% 

nominal rubber content. 	The mechanical 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  

All 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 experiments, 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 Eurotherm Control Unit giving the required temperature with an accuracy 

of ± 1°C 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 



Figure 9.1: Experimental arrangement for temperature controlled tests 

on an Instron testing machine 
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cooling system are further illustrated 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 blades of this pump were originally made from carbon 

graphite but, however, they were found to be soluble in liquid nitrogen 

and were, therefore, replaced by PTFE blades. 	The liquid nitrogen drawn 

from the dewar vaporised in a helical brass tube.  (6) and re-entered the 

dewar as a pressurising 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 (21) 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 Eurotherm servo-mechanism (34). 

The amount of heating or cooling required could then be supplied 

in the temperature cabinet in order to maintain the temperature at a 

specific level. 	The temperature of the cabinet was further checked by a 

Copper/Constantan thermocouple (27) connected to a digital display, 

Comark (16). 

In order to reduce the heat transfer to or from the cabinet, 

additional low density polystyrene insulating material was used to cover 

the internal wall of the chamber. 

9.2.2 Test Procedure  

The dumbell 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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Figure 9.2: Heating and cooling systems 
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1. Electric motor 19. Air/nitrogen duct 

2. High vacuum vaned pump 20. Air/nitrogen diffusion 

3. PTFE blades of the pump 21. Temperature box 

4. Pump inlet 22. Temperature box cap doors 

5. Pump outlet 23. Chromel/Alumel thermocouples 

6. Vaporising coil 24. Lower grips 

7. Pressurised dewar duct 25. Upper grips 

8. Suction dewar duct 26. Specimen 

9. Pressure switch duct 27. Copper/Constantan thermocouples 

10.. Dewar feeder to temperature 
box duct 

28. Temperature box window 

29. Eurotherm differential amplifier 
11. Variable reset pressure 

switch 30. Temperature scale window 

12. Dewar 31. Temperature indicator 

13. Dewar insulation 32. Fixed temperature pointer 

14. Capill ary centre tube 33. Temperature controlling knob 

15. Peripheral 	tube 34. Eurotherm connections 

16. Digital 	temperature 
display (Comark) 

35. Solenoid valve 

36. Instron shaft 
17.  Air fan 

18.  Electric heating elements 



-376- 

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) 

screws, in in diameter. 	This method was found preferable to using 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 aggravated 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 

wrapping the ends of the specimens, in emery paper which mitigated the 

severity of the localised clamping pressure. 	An efficient solution to the 

problem was not, however, found and whenever a specimen broke in the clamps, 

the test had to be repeated. 

Dumbell 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 different grades of HIPS 

at different temperatures. 	A low cross-head speed was selected for the 

fracture toughness measurement to allow sufficient time for craze formation 

and crack initiation to be carefully 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 85.55 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 brittle materials below the yield point 

which was due to the presence of intrinsic crackst. 	It is therefore 

essential to appreciate that, whereas in the case of metals one carefully 

conducted test provides reasonable meaningful values of tensile 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 dumbell 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 	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 

materials at low temperatures, whereby the fracture takes place below 

yielding. 
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Figure 9.3: Typical force-deflection curves for brittle (A) and 

ductile (B) failure in a tensile test 
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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 to be appreciable, since the 

formation of necking was not observed before the maximum load 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/m2  at +60°C for material U B with 5.55% rubber content) to sensibly 

higher values (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 (3-transition of the crystal polystyrene. 

The (3-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 strong temperature dependence of the fracture 

properties is believed to be 	the molecular reorientation and 

structural change which gives rise to a relative 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 fuT1 yielding and craze formation (depending on 

the temperature and the amount of rubber used in the material) 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
o
C) is manifested by the 

formation of a large sequence of narrow craze bands which appear as 

internal cracks. 	As a general rule, the formation of crazes and plastic 

zones in HIPS materials becomes less conspicuous and is confined to thinner 

layers 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 

temperature for two types of unmodified crystal polystyrene (grades 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 fracture toughness values were obtained for both 

types of CPS. 	All specimens exhibited brittle fracture independent of the 

test temperature. 	Consequently, only a very 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-80 and U-CO, respectively. 

The behaviour illustrated by these curves shows that the toughness 

increases with decreasing temperature within the temperature range +60
o
C 

ccni!7wAt o 	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. 
respectively. 	Note the typical partial craze 
formation in a brittle fracture 

3 & 4 : HIPS0(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 

5 & 6 : HIPS0(2.22% rubber content) tested at +60°C and 

-120 C, respectively 

7 & 8 : HIPS0(3.33% rubber content) tested at +60°C and 
-120 C, respectively 
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The fact that the experimental curves tend to become independent of the 

rubber content at lower temperatures indicates that the effect of the 

rubber (and hence its capacity for craze initiation) reduces and becomes 

almost negligible beyond the rubber glass 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 performances of type U B and U C 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 

grades of U B tended more rapidly towards a constant value independent of 

their rubber content, whereas the U C materials showed perceivable 

differences, 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. 

7.3441•L Co,,t.111,4(1: 	tr ovi 1)6.4 r. 	3 ,y if 
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to -40°C and thereafter decreases smoothly with decrease in temperature. 

The transitional temperature at which the maximum fracture toughness is 

obtained coincides for both types of CPS. 	The result reported by Parvin 

(1975) for a commercial grade of these materials also shows a peak at 

about -20°C for the computed fracture toughness values. 	It is interesting 

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 low 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 combination of the following 

phenomena: 

1. 	The presence of 1.35% mineral oil: The mineral oil which 

is usually added for processing purposes acts as a 

plasticising agent and thence enhances the fracture 

toughness of the material. 	Roldt's (1973) experimental 

results on some CPS and HIPS are in support of this idea 

in which a large 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 oil (assumed to be around -40°C), the optimum 

oil-toughening process will occur, giving rise to a 

significant increase in the fracture toughness 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 s-transition of 

CPS. 	Martin et al (1956) found evidence of a similar 

peak at -30°C for thermal expansion. 	Chang & Bestul 

(1968) reported a change in the slope of the specific 

heat temperature plot at -23°C. 	Illers (1961) showed a 

secondary 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 s-transition 

temperature is a strong function of the testing speed and 

could drop as low as -30°C while the a-transition still 

remains a a constant temperature. 	He suggested that the 

P-transition is caused by a molecular crankshaft motion 

(i.e. a 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 specially prepared HIPS were tested at 

0.01 cm/min Instron cross-head speed within the temperature range -140°C to 

+60°C. 	Fracture toughness values at crack initiation and at maximum 

applied load were computed for specimens containing cracks of various 

lengths (normally in the range of 10 mm< a <40 mm) at temperature 

intervals of about 20°C. 	The initiation values obtained for all materials 

* Although the (3-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 

K criterion. 	This was mainly because of the use of comparatively wide 

specimens (that is, the craze length « specimen width) which caused 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 linear fracture theory of about 5% to 10% was 

obtainedt. 	The average instability values computed at temperatures above 

20°C 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 that the K values increase with increasing temperature in the region 

T < -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°C which 

approximately coincides with the peak obtained for the previously mentioned 

results. 	The peak observed for CPS at about -40°C due to the (3-transition 

did not appear to influence the fracture toughness of their rubber-modified 

* See Chapter 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. 

t The derivation from the fracture mechanics theory is defined by 

equation (6.17) of Chapter 6. 
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derivatives. 	Below the rubber glass transition temperature, specimens 

made from various types of HIPS all broke in a semi-brittle manner 

manifesting limited craze growth and stable cracking. 	The extent of this 

slow crack growth is demonstrated by the differences obtained between the 

initiation and instability Kc  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 comparatively long slow cracking at about 

these temperatures. 	At temperatures below -120°C to -140°C, 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 light micrographs of fractured surfaces at different 

temperatures for typical grades'of HIPS. 	Generally, the amount of crazing 

manifested by opacity of the materials increases with increasing 

temperature 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 long initial cracks is approximately 

defined by: 

(9.1) 

where ay  and Kc  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, 

rc, will decrease, since the fracture stress, a , increases more rapidly 

K 2  c 
re 	7 3 a  2 
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Figure 9.18: Fracture surfaces of some specially prepared samples of 

HIPS at various temperatures 
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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 03.33 (containing 3.33% rubber) { 

at -60°C, r = 0.09 cm 

at +60°C, r = 0.15 cm 
Material U C1.11 (containing 1.11% rubber) { 

at -60
o
C, r = 0.10 cm 

The results described above are in close agreement with the experimental 

data obtained for HIPS materials. 

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 surfaces showed a much greater craze formation at higher 

temperatures. 	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 lower temperatures. 	The proof of this can be given as follows: 

The fracture toughness, Kc, and the initiation impact strength, 

Gi, are correlated by: 

* The impact strengths reported by Plati (1975) are G = 16 kJ/m2  (at +20°C) 

and G = 4 kJ/m2  (at -80°C). 
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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 < 4.60°C)*. 	If the fracture toughness increases 

substantially with decreasing temperature (as shown in this work), the 

right hand side ratio in equation (9.2) increases with the second power 

of K '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, generally depends on the rubber content of the polymer composite 

which, in turn, gives rise to 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. 	Similarly, 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°C 

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 (T = -80°C). 	However, these variations do not occur within 

the temperature range quoted above. 

t See Chapter 5, section 5.8, and also Chapter 7, section 7.8. 
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with a lowering 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 toughness 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 

dissipation is itself influenced by the activation energy of the material 

which varies with temperature due to some change occurring in the molecular 

structure of the polymer. 

* Direct experimental analysis 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 light 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. 	Plots 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 Kc  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 < T < -50°C. 	The rubber toughening effect is negligible 

at around -30°C which is near to the f3-transition temperature of CPS 

(Ta  = -40°C). 	The reason for this behaviour is due to the fact that the 

f3-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 

13-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 increases 

significantly 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 the 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-modified 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, Kic, and the plane stress fracture 

toughness, K2c, are related to the apparent measured fracture toughness, 

Kc, by the following equation: 

K
2c
2  

Kc = K
1c

B 2  4 

- Klc
) 

TT 	 -- 
• Y 

(9.3) 

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 K1c can be equated to the fracture toughness of the parent 

CPS, assuming no improvement in plane strain values of a rubber-modified 

PS. 	Having established this hypothesis, the plane stress fracture 

toughnesses can be deduced from equation (9.3), replacing Kic  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
o
C' 

K
/c 
 = .1.05 MN/m 3/2  , K

2c 
= 2.2 MN/m3/2  

at 	0°C , K1, = 1.7 MN/m3/2
' K2c 

 = 3.1 MN/m3/2  

at -40°C , K
/c 	

, = 2.75 MN/m3/2 	K
2c 
 = 3.3 MN/m3/2  

at -80°C , K
/c 	

, = 2.55 MN/m3/2 	K
2c 
 = 4.4 MN/m3/2  

at -120°C , K
/c 	, 

= 1.9 MN/m3/2 	K
2c 
 = 4.5 MN/m3/2  

In general, the plane stress fracture toughness is smaller than the 

apparent fracture toughness obtained and.therefore its computation will be 

of no practical interest. 	On 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 application of 

constraining materials does not cause a weaker fracture toughness. 	In 

designing 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 Kc  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. 	FromCa 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. 



- 410 - 

10.1 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 rubber 

particulate-filled composites. 	The subsequent chapters of this thesis 

have been directed to aiding the development 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 

specially prepared HIPS, having'different nominal rubber fractional 

volumes, have been measured experimentally. 	It was shown that the yield 

and modulus 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 pm, depending on the grade examined. 	These particles consisted of 

occluded PS sub-particles (80%) separated by thin layers (about 0.07 pm 

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 been 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 material. 

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 low strain properties, such as modulus of elasticity and bulk 

modulus of particulate-filled composites, can be evaluated if an 

appropriate model is chosen. 	In particular, when studying the elastic 

behaviour of HIPS, one must allow for the phase 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 on the Lewis & Neilsen theory for the suspension of relatively hard 

particles in a soft medium and the Hill theory for suspension of relatively 

soft elastic particles in a solid matrix. 	The computed moduli for various 

types of HIPS containing different rubber contents employing the two-stage 

calculation method proposed, have been shown to be satisfactory, as they 

were clearly 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 simple 

theoretical model. 	When employing this model on certain specially 

prepared HIPS materials, the results indicated 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 configuration and notching technique 

are employed. 	Consequently, 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 the glued and exposed specimens, although the 

cracking speed was significantly increased when Araldite covered the 

specimens. 	In discussing the fracture behaviour of these polymers, 	it 

was stated that the apparent brittle fracture should be associated with 

predomlnant
ty  
plane 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 attributed 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 various 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 limited 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 linear fracture. theory for a situation 

where limited plastic flow, crazing and stable crack growth take place, 

have been shown to render an approximate solution but only for a narrow 

range of low impact grades of HIPS. 	Faced with these. difficulties, a 

universal impact theory has been developed which provides a unique method 

of analysis, whereby the impact data obtained for a wide spectrum of 

brittle to ductile composite polymers can accurately be assessed. 

According to this theory, the 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 composite matrix 

properties and does not vary effectively with the level of rubber grafting. 

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 analysis of the dynamic mechanical results, described in Chapter 8, 

has provided an informative understanding of the molecular motions and 

possible transitional temperatures 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 - 0°C, 

was found to increase monotonically with additional rubber content. 

Although it can be concluded that the presence of a low temperature 

dampening peak in a 	91',H, 	polymer is, 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 identical -transitional regions corresponding to the dynamic peaks 

observed in a tan c-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 behaviour of these materials, as quantified by the 

amount of 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 (3-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 (T > 20°C) but was almost 

insignificant in the vicinity of the PS (3-transitional temperature 

(T = -40°C) and beyond the rubber glass transitional temperature 

(T < -80°C). 
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10.2 RECOMMENDATIONS FOR FUTURE RESEARCH  

The analytical procedures developed in this thesis provide information 

which will be of considerable use in future research on rubber-modified 

polymers. 	Firstly, the methods developed 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 interesting 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 loading 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  

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, a, 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-

spherical) particles perfectly bounded to the matrix. 

Let ur' u and u be the displacements along the radius, r, and at 

right angles to it in the meridian and orbital planes of the sphere, 

respectively. 	The specimen is'under a tensile stress, a, along the.  

X3-axis. 	The u component would naturally vanish since the problem is 

symmetrical. 	Hence, the displacement of any arbitrary point, like 

A(r,IP,O), outside the inclusion will always lie on the meridian planes of 

the spherical inclusion, and the other components, ur  and ue, do not 

involve the Ip-coordinate. 	The following equations, given by Goodier, 

define the displacement of a specimen in a region outside the inclusion: 

H
1 
03  H

2 
05 	H

3 
03  H

4 
05  

u 	= [( )( 	) cos 28 6  + u* (A.1) r 
r2 r4 	r2  r4 	

p r 
 

5 
03  H

6 
05  

u = a 
e 	 (A.2) sin 20 - + u* 

r2 	
17 	e  

where 0 is the radius of the inclusion, and H1, 2 	3 	4 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, p, and the inclusion, P'. 	2.0 and u* are uniform displacements of 
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a complete elastic solid subjected to a uniform tensile stress, that is: 

ur 
	

4 [1 + 
1 - v + cos 20) p  

(A.3) 

a u* = 	41.1 sin 20 

The constants H1, H2'  113'  114' H5 and H6  of equations (A.1) and (A.2) are 

given by: 

no - 1 2 (1 - 2v')(6 - 5v) no  + 3 4- 19 v' - 20 v v' 

  

H 2 

113 

H5  

114 = 

8 	((7 - 5v) no + (8 - 10v))(2 	- 2v') no + (1 + v')) 

1 no (1- 2v')(1 + v) - 1 + 2 v v' + v 
4 (1 + v) 	(2 

3 (no - 1) 

(1 - 2v') no + (1 + 

1 

y in 

= 

8 	(7 - 

5 -3 (5 - 4v) H2 

2 (1 - 2v) 113 

5v) no + (8 

= 	2112 

- 10v) 

no 

(5 - 4v) 

3112 	116 

The displacement variance due to the presence of a single spherical 

inclusion along the x.-axis is given by: 

AX P  = (ur - u*) cos 0 - (u0  - u*) sin 0 

= (ur - u*) sin 0 cos 11) + (u0 	0 	i - u*) cos 0 cos 

AXP  = (ur - u*) sin sin — 	— u 0*) cos 0 sin 

(A.4) 
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The stresses imposed by the presence of the particles for a region 

outside the particle boundary are defined by: 

H'03 	fir; 05 	H4 03 	Hi 
	) cos 201 
', 0 5  

3 	 5 	 3 

 a
r 

= 2a 	 ▪ 2 	( 	 (A.5) 

(A.6) 

03  fq 	
( 11 	▪ 1 

5 H' 03  H' 5 
a = 2a  	 ) cos 20 

r3 	r5 	r3 	r5  

a 	= 	2a 	
o3 	11_;4  05]  
	 sin 28 re r3 	r5 

a . aOTP = 0 

(A.7)  

(A.8)  

where coefficients IP. (i = 1, 2, ..., 14) are functions of v, v' and no. 

Goodier'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 localised nature of the stress field. 	In special cases, 

a uniform tensile stress at a distance from a spherical cavity produces a 

tensile loop stress, ao, around the equator of the cavity in the direction 

of applied stress, and of a concentration magnitude of about 2.05 (assuming 

v = 0.33). 	On the other hand, a rigid spherical inclusion (II' = co), 

representing the worst possible case of an inclusion more rigid than the 

matrix, induces tensile stress concentrations at the planes of the sphere 

of a magnitude of about 1.95 a. 

q.03 	H'05 	11,', 03 	11,',05  
a 	= 2a 	 ▪ u 	( 	 

r3 , 	r5 	r3 	r5 
	) cos 201 
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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): 

K = a
(no n1 rcii) n2 q"  n3 q"  n41") = 

a Y v 	(B.1) 

where a = crack length 

a = gross applied stress 

D = specimen width along the crack 

= geometrical factor introduced to account for finite width effect 

The coefficients of the above polynomial depend on the span to depth ratio 

(S /D) of the specimen and have been computed by Gross & Srawley (1966) 

for; various specimen configurations. 	Table B.1 collates the numerical 

values of the coefficients of this fourth degree polynomical against S /D. 

The elastic strain energy stored in a Charpy specimen is given by 

(Timoshenko (1951)): 

U = z (BD20)2 C  
6Sp  

(B.2) 

where C = specimen compliance 

B = specimen thickness 

Equation (4.19) derived in section 4.4 of Chapter 4 describes the compliance 

1.1.1 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*  

Coefficients 
S /D 
P 

4 5 6 7 8 9 10 11 12 

n0  
1.93 1.937 1.945 1.952 1.96 1.967 1.975 1.982 1.990 

n/  - 3.07 - 2.99 - 	2.91 - 2.83 - 2.75 - 2.67 - 2.59 - 2.51 - 2.43 

n2 14.53 14.312 14.095 13.877 13.66 13.442 13.225 13.007 12.790 

n3 
-25.11 -24.827 -24.545 -24.262 -23.98 -23.697 -23.415 -23.132 -22.850 

n4 25.80 25.655 25.51 25.365 25.220 25.075 24.930 24.785 24.640 

* Brown & Srawley (1966) 
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U = B D 7
K2  

(I) (S /D,a/D) 
-red 	P 

(B.3)  

where E
red is the reduced modulus of elasticity, and the function (1) is 

defined by: 

(S /D) 
- I 	

(a/D) 
 f Y2(a/D) d(a/D) f  P  )/Y2  

9 (a/D) 
(B.4)  

The geometry function, (1), 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 plane as 

follows: 

I  = *1 X  *2 X2 4-  *3 13 *4 X4 	*5 X5 4- *6 X6 + 
2 x 10 8  

where Y = log (I), and x = - log (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 

CHARPY CALIBRATION FUNCTION 

A / 
: : 	fil= 	4 P 

.:7.: 	/II= 	A 
P 

.2 	..,D= 	8 
P 

s: 	./D=10 
P 

. 
::: 	./I1=12 
_P 

11.04 1.681 2.456 3.197 :: . 904 4. 5:7-: CI 
0. 05 1.183 1.715 2.220 2.700 3. 155 
0.08 0.933 1.:740 1.725 2.089  2.432 
0'10 0.781 1.112 1.423 1. 716 1.990 
0,12 0.680 0.957 1.217 1.461 1. A R8  
0.14 0.605 0.844 1.067 1.274 1.467 
0.16 0.550 0.757 0. 950 1.130 1.297 
0.18 0.505 0.688 0.858 1.015 1.161 
0.20 0.468 0.631 0. 7R1 0. 921 1.050 
0.22 0.438 0.584 0.718 0.842 0.956 
0.24 0.413 0.543 0.775 'CI. :=:77 
0.26 0.391 0.508 

... 	1 	IL.I.,. i:5. . i:!.  11::::1 
0.716 0.808 

0.28 0.371 0.477 0. A A5 
0.30   
0.32 

 CI . :354 
0.339 

O. 45 C1 
0.425 

0. 5 :7: ..; 
0.505 

0,619 
0. 5717-1 ... 111:):11  g.i.7":  i 18  

0.34  n. 324 0.403 0.475 0.542 0.603 
0.36 0.311 0.382 0. 447 0. 5 OR CI. 5 A4 
0.38 0.299 0. 	A ::: 0.422 0.477 0.527 
0.40 0.287 0.345 0.398 0.448 0. 494 
0.42 0.276 0. 3 28 0.376 0.421 0.462 
0.44 CI. 265 0. 311 0.355 0.395 0.433  
0. 46 0.254 CI. 29 A CI .. 7-: ..7.: 5 0.371 0.405 
0.48 0.244 0.287 0.316 0.349 0.379 
0.50 O. a'• :33 0.267 0.298 0.327 0.355 
0.52 O. '2 2 4 0.c.....J...) 0.281 0.307 0.332 
0.54 0. 214 CI . 2 40 CI . 2 A5 0.288 0.310 
0.56 0.205 0. 22 R 0.249 0.270 0.290 
0.58 0'196 0.216 0. 27 5 0. 257   0. 271 
0.60 O. 1:37 0. 209 0. 222 0.238 0.253 
1. 00 O. 000 0.000 0. 000 0.. 000 0. 000 

* After Plati & Williams (1975) 
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TABLE B.3 

The coefficients of the (I) polynomial  

P
S /D 4 6 8 10 12 

11,1  0.472745 0.459418 0.448416 0.438677 0.437392 

42  -0.822365 -0.571559 -0.332259 -0.100584 0.068089 

1p3  1.018265 0.690945 0.317650 -0.093797 -0.382703 

q)4  -0.566424 -0.321486 0.013065 0.417717 0.688010 

4,5  0.166343 0.075176 -0.091181 -0.299732 -0.433270 

4,6  -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 configuration*. 	The 

program also provides some comments on the fracture behaviour and 

limitations 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 mechanics 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, stress0Y-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 followst. 

* A simplified 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 subroutines ELLICE and E02ACF, the listings 

of which are not given here. 	These are, however, available at the 

Computer Centre of Imperial College and may be directly called from the 

CERNUP and NAG4F softwares. 
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C: 

Program. 1 (SEN Specimens)  

PROGRAM P..AMYAR(INPUT5OUTPUT5TAPE5=INPUT.TARE;D=OUTPUT5TAPE62) 
C 

	

	 TE3T 19 
REAL MEAN5M95MIH5K .MATER 
D / MEWL: I EIN AB (51) MATER (10) GLUE (.12) L ORD (.12)5K (50) Di..5 	5D k:5 r_1 ) 

+50),FIRc.":2)5A(.2)5X1(F.n).*X2(50) 
+0.12(:50).H3“50)5N4f:50) 
COMMON/C1/IGMAY 
COMMON/C2/-="I5MA 
CDMMON/C1::/DMAX.D1.MAX 
COMMON/C4'W.TIMEAN.  

CUMMON/C6/GLUE5LOAD5MATER 
COMMON ..17. 	p 07 
COMMUN,C9/:A6MAR 
DATA/AD(1)=10H MACHINED 510HSINGLE ED5510HE-NOTCHED 510HSPECIMENS 

DATA . BE , 	. 	DB /100. , 	/ 

DATA(MATER(II)5II=1563/10HMATERIAL -110HHIGH IMRAC510HT POLYSTYR5 
+10HEME5 5RADE510HBP'S.5 	510H 

PRELIMINHRY TERM:- 
M2=1 
M3=1 
M4=1 
N20121=0 

M.11=1.1 
hIN-leer.000.00000 

DE1A=u.n 
C 	IMPUT THE IMITIAL IIRTA OF THE TE:1 

PF-AD.5.2. Tod,=IGMAY,C:,CH,:JGMAP , GLUE.LOAD 
2 F 	T 	j:5. 1:5F 5. Ii5F 	C: F 	25 	0,  4 	61:11 n 

1F.T.La.. 0, 	TOP 
J .FM.GLUEFF 

FOI-Mt,11 , 12 , 2F5.2. 
TIILE 

RB 
rn;HAT.1H1 ,, 	 IHTEM:ITY 17-!:-.LrHP EVALUATIDH.,505.+ 
+1.- 
ItPUT CrH[K DIMEN:ION: 

.D.I. , I=1 , J. 
7:0 1-0;;MI-11.1-',.D. 

OUTPUT 11- 11Z INITIAL NTH 

1? Ec;JIAT.': :.4:FEFIOEM NU, IINAL TH]Cl 	 7PECIMEN Yl 
NOTCH CUTTING PADIU_. 

.I1ELD 	 _IG lh , =+-F5.H.4G. En.FM.. 	CRO:: HEAD :FEED, C 
klN. 51.HhRT :PEED` CH=+5115.?%N.M. 

MI 11E , -.' , 4 ,  
'4 	 , 	 HU 	-PEI . THP; 	 CFF.CfE 

4 D CI- Lt-, 	Ltml, 	 . 1 . : _ 	 FACTOR FLh: 
;FICIIY 	 ru 	 ..1 1-..4,-1,11H..7-'.«.PEP CrH 

m... 

(HL.:11L,11n! 
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DO 641=1‘..1  
CHEC1 HUICH DIMEN=ION: FFGAPDING TO THE INEOPETICAL 

READ THF AcCUPATE THICI HE:: OF THE FPACTUPED IP, AROUND THE CRAC1-  
RFAD , 5 , 1 07 ,  TT 

107 FORMAT.F4.1 
T=TT 
YYY=DcN.,0.  
IFeYYY.LE..4 , GO TO 10 
112(112)=N 
M2=M2+I 
INPUT LOAD AHD FRACTURE MANNER 

10 PERD.5.11. F , FRAC1.FRAC2 
11 FORMAT , ::.P.-:.0,2A6. 

GLUE EFFECT ON TOTAL LOAD EHAPEING 
F=F/GLUEFF 
cHar LOADING 
EIGMA=F/0'T 
R=(EIGMAIGHR./EIGMAY 
IF AB: • 	o . 25 4  GO TO 12 
143.113'.=N 
MD=M1:+1 
CALCUTION OF 

12 E=D , H...m 
Y=1.99-0.41vE+19.76E2-38.43+53.254E4t4 
1 .:M=Y.0ECIRT , D , H..0:IGMA4.0.0092n7 
RRY(H)=I 	:IGMAP-* 02, 2.-?.14159-.009::::07)**2 
CHECK THE VALIDITY OF THE RLANE-E:TRAIN CONDITION 
RZZ=-1 qi.-n.00n07/:IGMAY.002 
PV=T-P:2.5 
IF (PV.GE.O.) GO TO 112 
N40.14)=N 
M4=M4+1 

112 CONTINUE 
C 	crAcv AFEA. NET ETREEE. 

AREA=T4D.N ,  
RERCENT=100.t.AREA/(fl4) 
:1GMAH=F/.04T-AREW,  
OUTPUT INITIcIL nIMEN:IOH.LORD,kC , AND FRACTURE MANNER 

H.T.D.A..PEPCENT.F , EIGNA, =IGNAH,1-N) , RRYeN' , FR8C1yFRAC 
+2 

14 rOPMAT(:' , I2.G::.F4.3.9.F5.3,10:-:,F4.1.9 , F-1.11, 9X.F4.0, 9';.:.F4.0+10.F 

C 	E:TRA TERM 
0.H)==IGMA 
:TATI:TILAL 
EVALUATION OF MEAH.MIN.MA.OF 1-C. AHD D) 
EUM=',UM+1..A ,  

IF , 1 .A..LE.HIN. MIH=r , H ,  
6 CONTINUE 

MERA=EUM ,FLOAT(J) 
DMA::=D.J. 
Di=D.1. 
VARIANCE.!- TANDARD ERROP.AND ETANDAPD DEVIATION 
DO 9 H=1.! 
VAPIANC=wAPIANC+ , 0 (ti , -NERN-4-02) , (FLOATe:_N-1.) 

9 LONTINUE 
:TADI:V==ff-T.VARIW:)  
:TAERP==TADEV-.:ORT,FLOAT , J , ) 

C 	LtE0HE:: AND 1 UPTO:IE 
DO 17 H=1.! 

17 Gommi7;,1:4-v,m1-1+'4K'}1`_AFArot,A-.S. , FLUAT , J ,  
DO 1? H=1...! 

18 DETA-EZTAf, .,  
GAHMA=r.,ANNA "TAIIEV-? 
DETHt--LF1A "TFDEY-4•+4 

c 	CAI CU! A1F DPqr-icIO0 FROM PiE 	FrOCTUF MECHANICE-, 
DO 15 H=I`] 
::1.10=D.11 ,  

15 :2 , 10 -F , A. 
• CALL ECNA!- ,.:%1...,::, JA":.Cri-0;-- ; 
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C 

DFLEHT=H.2. 
PEr-CLH1A6L OF DPITTLE OP DUCTILE FAILURE 

10n FOPMAT.".,1.4-4).,,  
MRIFE(6.28. 
FopmAT, 1 1y:..AmoN5.I2.4:PECIMPN:4-,F5.1,4FEP CENT HAVE FAILED IN PP 
+ITTLE MAHHEP4...F-5.j.4..PFF CENT IN :EMI—PPITTLE MANNEP.4..F5.1.t.PEP CE 
+HT..--.10".0IN :EMI-DUCTILE MAHHEP 	AHDc-.F5.1.4PERCENT IN PUFELe D 
+UCTILE 
OUTPUT CAUTION: AHD COMMEAr: 

131 IF.M2.LT.2. FO TO 13A 
112-112-1 

16 FOPMATIlu::—t,NOTCH GEOMETFY OuT:TFIF: THE THEOPEl1CAL LIMIT: FLP :P 
+DAMEN: 

1'30 IF, m3.LE.2. GO TO 132 
1.13=M-1 
WRITE.6413. .H.M..M=1.M?. 

13 FUFMAT, 10::.4.L0-7T EXCEED: 3'4 OF THE PELEVRNT YIELD :TREE:: FOP :PEC 
4MEH: NO. =4.. 

132 IF,M4.LT.21 GO TO 139 
M4=M4-1 

11:9 IdPITE,E-74..N4m..M=1014. 
74 FUPM(IT.10:'..pL8NE—:TFAIN CONDITION CUUD HOT BE MAINTAINED FOP :FEC 

+IMEN: 
OUTPUT :TATI:lIC: 
wPITE.6.20. MA::.MIH.MEAN.VAPIAHC.:TADEV.:TAERP46AMMA,BETARDFLEMT 

20 FORMAl.::./ 
:TPF:: INTEN:ITY FACTOP 
:TRE:: INTEN:ITY FACTOR =..F4.2./ 

+10X.4-MERN 	INTEH:ITY FACTOR =4..F4.2.- 
+11C.4,VARIAHCE OF THE :TPE:: IHTEH:ITY FAITOR RE:ULT'S 
+11-C.*:TANDAPD DEVIATION OF THE PEEULT: =4,F5.31,  
+10::.:TANDAPD EPFOP OF THE PE:ULT: =4.F5.3./ 
+10::..4-1[EWNE:7 OF THE PE:ULT: =4..F5.3./ 
410::.4UPTO:I: OF THE PE:ULl: =0.116.3- 
+10::.*DEVIAlION FFOO THE LIHEAP FRACTURE MECHANIC: THLOPY=4..F6.3. 
PLOT- TIN& :UPPOUllNE: 
CALL DFAWO 
CALL DPAW 
CALL DPAm1 
CALL ENPLUI 
GO TO 155 
END 
EUDFUHTINE DPAMO 
COHMON C1,:IFMAY 
PEAL HA :.NFAH 
COMHOH 	PMF:sril,mi:0: 
LOmmOWC4 W.T.MEAN 
COMMON C5 U.V.ww.VV.UU.VU 
CPACI. DEPTH,UNIT ON THE 
U=AIHT.DMAAAA.0 9.41.. 100. 
:flE::.UHIT OH THE 

pEpCENTAGO OF THE NOTCHED AREA.UNIT OH THE 

PEFCM=luil.l.CAFEAm'T.N 
NN-PEPcm 
IHTEN:ITY FACTOt...UNIT ON THE 

I I ii 	'/.-IT,  +2. 	1V, 
11W. :A. PT. UP THE Cr -1C! 'DEPTH,  UNIT ON THE 
:ICDM=1. 
Um=AINT.:ILDN 	inH.4 1.,  Inn. 

.1)Nr, Or, Ti,[ 
H- mr-qm 	1 , 11i 1AA.. 

k;. 1-11 /.' 
PETN:7•N 
LHD 
:11 1-,POmIIME D.Pc.m 
IHTritr 
DININ jNA 	 F 
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commrili 	GLUE,LOAD.HHTEP 
COMMON 	U.V.1.11.1.VV.UU.VU 

C 	FORDEPc_ AFOUHD ERCH FrOME 
CALL :1ALT,2,  
CALL FRClUP..82. 
'CALL 	0-1. I 	0. Li, -3, 
CALL PLOTru.0-13.0,2. 
CALL PLOT.21.413.0.2. 
CALL PLU1 , 21.0.0.0.21 
CALL rull,0.0.0.0.2. 
CALL PLOT, O.u.6.5.3) 
CALL PLO1 , 21.0.6.5.2. 
CALL PLOT '10.5.0.0.3. 
CALL PLIII , 10.5. 13. 0,2 I 

C 	DRAHING OF THE Fr.-:E: IN EACH FRAME 
CALL PEN.4,  

C A- FPRHE HO.1 
CALL 
CALL FCI:.0.0,0.0.17HCRACJ.  DEPTH 	,HH).-17,9.0.0.0,0.0.1J) 
CALL FCIE10.0,0.0.25HAPPLIED =TPE:: 	.MN 
CALL F:I:.0.0.4.5.30HPERCENTAGE OF THE NOTCHED APEA,30-9..0...0.mm 

+. 
C 	FRAME 00.2 

CALL PL01.10.5,0.,-3) 
CALL FCI:, 0..0.,17HCPACI DEPTH 	.11H..-17.9.0..0..0,U,  
CALL A::I:,.0,.0.29H1H1EN:ITY FACTOR 	.MN,W-+3 2..29.4.5,90..0..VV) 

C C- FRAME NO.3 
CALL FCI:, 0.0.4.5.30HPEPCENTAGE OF THE NOTCHED AREA,30.9.,0.,.0.WM 

+. 
CALL PLOT-10.51-6.5.-3. 
CALL FCI:..0..0.51HI1vEREED :01JAPE ROOT OF THE CRACK DEPTH MM..— 

41 '2. —51. 	O.. O. O. um . 
CALL A:: II . O.. 0.28H:TPE: 	Y-FACIOR 	,1111/M44.2 28,5.0.90.0.0.0000 

+. VW 
C D- FRAME NO.4 

CALL FLOT.lo. 5,  O. 0.-3. 
CALL PLOT .9.0,  O. O. +2) 
R .1 .=1.0 
P.2.=2.n 

=3.0 
P .4 , 	n 
P 1 5 , =5.0 
P .1:3 ,  =6.0 
P.71=C.0 
P 	, =ln. 
P 9'. =15. 
P.10,  =20.0 
R(1 	n 
PI 1::2.1=3H. 

P.14.=50.n 
P , 15 . =60. u 
R , 16.=80.0 
P(17 =1 uu. 0 
DO 1 1=1.17 
::=AL0610■P,  .1 *4.5. 

1 1- ALL :YHTOL.':.-0.03. 0. 070.13.0.0.-1. 
DO 2 1=1,  
::=HLO51n.P.I.)t4.5 -u.n4 

2 CALL NUMLEF...X.-. 20.0.11,P. 
DO 3 I-=-q1;-  

3 cnn 	P. 11= P I , h. n.- 1 . 
CALL -,111H1 	 UF IP. PcW1H6 A VHLUE E0 
+UHL UP 	1 1 -1,44 
CALL 11.:1 .0.u.n.u,=:=HINTFH- JTY FA11;1:7  

TITLE 
CALL 	11'11.1. 
LALL 
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PEAD ,.5,':'999 , KT 

9i:.??''.' FORMAT ,-J'Aln.. 
[nn ':.YMMIL(1.0,15.0,.1.7:.,97HFP0CTURE TOO6HHFS:S IM MAIIHIMED .]:IMGLE 
+EDGE-MUICHED SPECIMORRODUCED EY A FLY CUITER, R=60.0 MM:l..0,97) 
CALL SYMDML.,1.0,14.4..107,MAIEP,O..100) 
CALL SYMDOLc71.0,14.0.107,KT.0.,70 
CALL SYMDOL(1.0, 13.6,.107,GLOE,0..1E4) 
CALL SYMIDL(1.0913.2..107,LOAD,0.,120) 

C 	FRAME Mn.1 
CALL PLOT(7.5,12.0,-3) 
CALL :SYMPOL(.05-.605.10.25HMEAM KC-VALUE'S CFMEOPY) 	,.0.25) 
CALL SYMPPL(.0,-.2,.10,25HGROS STRESS (EM71RICAL) F.0,25) 
CALL SYMEOL(0.0,-.40..10,25HYIELDIMG LIME (THEORY) 	.0.,25) 
CALL SYnOL'.2.5,-.15,.1,11.0.0,-1) 
CALL REH(4) 
CALL PLOT(2.5,-.35,3) 
CALL PLOT(2.8,-.35!2) 
CALL RLOT(2.5,-.35,2) 
CALL REM(3) 
CALL PLOV.2.5,-.55,3) 
CALL PLOT(2.8,-.55,2) 
CALL PLOT(2.51-.55,2) 
CALL PEM(1) 

C 	FRAME M0.2 
CALL PLOT(10.5,-4.1,-3) 
CALL SYMDOL(0.010.0!.1123HEXPERIMEMTAL RESOLS 	,.0,23) 
CALL SYM2UL(0.0.-.2,.1,23HAVERA5E KC-VALUE',EXP.) +.0'23? 
CALL SYMEOL(2.31.051.10r2,0.0,-1) 
CALL PEM(4.1 
CALL RLOT(2.31-.2,3) 
CALL PLOT(2.67-.2,2) 
CALL PEM(1) 	. 
CALL PLOT(0.,0.4,-3) 

C 	FRAME M0.4 
CALL PLOT(:-4.0,-5.3,-3) 
CALL SYMEOL(+0.0,-1.0r0.14,26HSTATISTICAL IMVESTIGATIONS,.0,26) 
CALL RLOT(-14.0,-3.0,-3) 
CALL REM(J2) 
CALL PLOT(-1.0,-1.0,3) 
CALL PLOT(20.,-1.0.2) 
CALL REI“.1) 
RETURM 
EMD 
SUEROOTIME DRAM1 
REAL mEnri.r 
DIMERS.I0H D'50).0(50),10 
COMMOM/C1/IMAY 
COMMON/C7sJ,D,Oa 
COMMOH/C5/U5V,WM.VV,OU,VO 
COMMOM/C4/M.T-MEAH 
COMMOM/C/SIGNAR 

C 	DRAM SIRE= VERSOS CRACK DEPTH 
001N=17J 
M=D(M)/O<10. 
Y=000'9.S1/V 

I CALL .SYMDOLG1+1.0,Y+7.5,0.070,11 , 0.0,-1) 
C 	DRAM YIELD AHD RUPTURE STRESS LIME: $ FRACTURE TFIUGHNESS FOR KC*C-MEAM 

11=3. 
CALL RFM'.4.' 
A=(D(J, -D , 1 1 )/31-.1, 
DO J.: M=1 , 3.1 
px=r1(1)4FLOAT(N-1)4.A 

'="1"1.0./H 
COREAD?.:1J 
FFR=CRIT/M 
Y=':- I17,MAP.1,-PFP./t/V 
CALL PL01 ,.41.,Y,7.57P) 

2 11=2 
II=:II4-1 
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CALL 
DO 5 H=1.:7:1 

U 
E=D:: 
D=1.99-0.-11 4-E4 18.74.F=-0-2-3:3.484 53.85^E.-i4 

IIGHA=HEHN A1,4.11.1. 
Y=:IGMA V 

5 11=2 
DPAm FC—VALUE: VEP:UL THE CPAC1 DFrTH 
CALL PEH.1. 
DO 3 H=1 ,J 

Y=I (U)/VV 
3 CALL :YHE:OL.::+11.5,Y+7.5,0.07,2,0.,-1. 

Y=MEAH'VV 
CALL ALL11-,::+11.5,1+7.5,+3, 
CALL PEH(4. 
CALL PLOI.::+20.5,Y+7.5.2) .  
CALL PEH.1 ,  
DPAm 1-.:O.POOT OF THF CRACK DEPTHIA,Y—FACTOP AGAIH:T THE CRACK DEPTH 
DO 4 H=1 ,J 
X=1. 	. D. HI #1 O. 

.:OPTIDPH)e100.1 
Y=i 	VU 

4 CALL :YHPPL.::+1.,Y+1.,0.07,14.0.,-1. 
DPAm 
:OPT PC 

15 11=0 
DO 21 1=1,J-1 
IF.1 , I..LE.F'.I+1).150111 21 
BA=1 (I. 
F 	.1+ 1 . 
.I+1.=PA 

11=1i +1 
21 COHT1HHE 

IF , II.HE.O.C.0 TO 15 
DO 6 1=1 ,J 
H=1 
==100..FLOAT.D,FLOATIJI 

JJ=J-14+1 
Y=K(JJ`/;Y 

	

6 ,IFIL L :Y111 UL 	Y+1.0.0.0700, 	0.0,  —1 . 
PETUFH 
END 
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Program 2 (SF Specimens)  

00100 PROGRAM KKK(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
00101 EXTERNAL Fl 
00110 11 READ(5Y3)A,C,D7P 
00120 ? FORMAT(F5.2,2F4.2,F3.0) 
00130 IF(A.LE.0) 3TOP 
00150 B=48.50/1000. 
00151 c=cfloon. 
001E0 A=A/1000. 
00170 D=11/1000. 
001:30.  P=P*9::D1 
nolai R., (0*-02+A4.1.2s4.)/(2.4,c) 
00132 TANALF=As(.2.*(R-C):,  
00183 ALFA=2.*ATAN(TANALF) 
00184 S:1=ALFA4R44.2/2. 
00185 ::::2=-(R-C)*=1/2. 
0018E AREA=1-2 
00190 ::::5=P/(B ,D)/1.E.-1-6 
00200 -.S:N=Rf(D.B-AREA)/1.E.+6 
00201 Xr.1=1.4-.12*(1.-C/A) 
00202 H=3.14159.17/2./11 
00203 W2=:7AN(H)/CITS:(H) 
00204 Xr3=30RT(XK2sH) 
00205 XK4.=D5+.7,ORIC3.14159-00) 
00206 XK=XK14XK3*XK4/FI(A,C) 
00240 WRITE6y1)A1CmDIBF3N'SG'XK 
00250 1 FORMAT(8F10.23) 
00251 GO TO 11 
11115 END 
20001 FUNCTION FI(XFY) 
20002 71=(.;*-4.2—Y*4.2)/X**2 
20004 7,27:=OPT(Z1) 
20005 FI=ELLICE(Z) 
20006 RETURN 
201107 END 
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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 linear 

and yielding fracture mechanics assumptions, as described in Chapter 7. 

As a result, a line fit and a second degree fit on the energy-BN and 

energy-ligament area plots are produced, displaying the validity of the 

brittle and ductile impact theories applied. 	The pertinent ductile and 

brittle 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 

plastic 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 brittle, ductile and composite impact theories. 

The program listed here* is followed by a sample of input and output 

print out. 

* The program calls the standard library subroutine NAG4F, the listing of 

which is not given here (see the footnote of Appendix C). 
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PROGRAM IMP/11.-1 ( IN1---'1 _11- • OUTPUT. TAPE5= I HPUT. TAFFG=OLITFLIT • TAPEE.2) 
EXTERNAL E11,1 • E02 • E12:17: • El...4 • E17.1 5 • EXTPFiP 
D I 1.1 E1.1•3 I OH 	.:., ( E. 0:,  • P. (E.0) . II .. 60 :, , R (60) . ::-:: (61 ) •1_1,  54 ) 1 1,1 (GE.) , p c...-0 , :....II5 (-;.:, , 

+L I G (E.'S:,  • 1: -':1C, ,••::)7R1-•.' (a) .. til_Th 1) . LTIT ( -,:. 5  1_1:,:: ();•:3"1 
+ • %,.' .:.6,S! 2) .....,.; (665 1 ...' 9 Z (2, 1) •1,1C1P14: (700) • IC (ISE) • II22 (66) • CON:3TA (66) !I F (E.E..r. 
+.F.(66) 
LOGICAL LLI•LI_LL•EPP. 
REAL LIG 
LLL=LLLL=.TRUE, 
CALL STAPT(2) 
CALL FACTOR (0. 7) 
CALL I riTEN::•E ...a:r. 
CALL HEIIIPAGE 
CALL POPDOFF . 	. 
PEA11 ,.5,  _-.) 	( L 1- 1T (1) • 1=1. a:. 3 G 

5 FO:=1.1FiT (*31.-i10,  F4.1) 	. 
READ (59 ,14.32) Hs :31.1•11:• A0 

41432 FORMAT (IL. FL . 0! 2F5. :3) 
C7,C.o I. 0, 

• DO 44332 1=101 
44:1:32 .1.: (I.) =-31,1 

Ff.A11(5.1) 	(F: (I) • II (I) • A (I) •1_1(I) • 1=1•ti) 
1 FORMAI ( (•3F4. 2, F5.1)) 

WRITE (6, .:-.,, 	(LT :1' T ( I :) 9 1=1, 3 :' 
9 FORMAT (1H .• 1E.::-:: • :DA 1 0,.."/.-"• E.:,-,: • 4-A= ORIGINAL. DATFi*...' . EX, 1E. (4>=4..) .• ./....., 

+.-.."-.:.<1-0..3PAN4-16.:-;• 1 HD, ,-::.-::, 11-1E• :3X • 1HFi • E.:..1.5HP4-11<-0,  :3'..::171-41::.4 , D-A) • 3X14.EllERGY4.• 
4 ../ 7 ...; 7 41, f.'5X • d (.11 M .. •:, .., .! .3:',. • 7H i.  mm . 4-2 ) • 2X • 7H it'lt'l +.4-2) • 4X !, l' 1. 11 -I) 01 / 9 6X 5 65 f:A."-.*... •:' 
CALL 3YHDOL(0.05•14.46.0.63•LTIT.0.0130) 
w (I; + 1 ) =1000 , • 
1.:=:-.-2 
I P=1 
I VI t*L:.6 
10=2 
Do 2 I =1 • 0 
A (I)=A (I) <-0. C. !DE. 
CALL FI (.3 ,:•I) .E: (I) .D(I) . FI(I) • :.:(I)) 
;!! ( I ) = 1 . 
L I 17,  (I..) =II , I) e:. (E: e' I ) -A (1) ) 
1.1P I T E (E. • 3) 	3. ,:. I .) • 1.-.: (1) • II c I ) • R ,. I .) • ::.; ,:. I) • LIG (I ... •1_I ( I ) 

:3 FORMAT (X, F9.1 • :3F9.2 • 2E9.2. F9.0) 
A i. I ) =A (I) +10-C 
',,.' (.1. I ) =L. 115 (I) 
V (1.  • 2) =>: (1 ) 
VV(I•1..=u1A)-G 
CUNTINUE 
tai::, -11 r i (:. . :::: fl ) 

:E: 1:1  FORtIPT.' '...,: • / • 1::.>'. • E.5 (4,-4') • ././ • EX • i'l- BDO-PLDT4'.• t'.14') 
DITi:01C=1 • N 
E . IC') = 0.1,  ICI) -G.,  ..-. :,..:('IO.,  

:30 ■- (10.) =L I G , 10',  /11,  10! 
1-11:11+1 
V (1.1.1) =0, 
',.,' ,:rl• 2.) =0 
',....) 44,1) =1. E-50 
CALL L ',OOP 0..',. Z 9 ..1"VI 1 ti.1.1. I P . 11.1. I r•I • EPP •i..inplo 
ERPCIR=0 
i.11.1.1'.7: 	I n- 1. i: 
17:::: -..r.. , 1 • 1) <•'...' .. I • 1 -,  -.Z (2.1)  4'..,  (1 • 2) 
112 I.  1 .1 ,-A,, ..2. 1.. l'i -......: 
F.;.•ni-P----DT . I ', •, e•F.14b14..1.3.̀:* 
1;7 :7, 1 , ,-.- '.. ' . I . ,-.• . , -; '...' , 1 • 1.) L'. :.'. (1 • 1> ... .7.7 ,' 2,1 ... 

cl .:4  ... run i;;L::. 
El.:'1.11.1',.'-:: ..!17' !IL:I-P[7,-,  ....FI, On [ .:1.1-- j ) ., 
!1-41-1 
LI , r. i ! 1.) 7:1-.-, 
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X(-1)=1). 
LI5(N-1-1)0. 
D2Z(N+1!=n. 
X(H+2)=0.0 
LI5M+2)=0.0 
U(H+2>=0.0. 
D77(N+2=0.0 
CALL 6PAF ,'X'U'NUN■1!-1'13HP‘sD$0 ,,A/D) NN.13510HENEP6Y NJ '10,9.6.6 

CALL GPAF(LI50J,HUM51,-1,10HD4.(D-A) NN,10.10HENERGY MJ 410Y9.66.) 
CALL GPAFf..D2.7,U,NUN,1!-1,12H(EP+K4-DU) MNI12,10HENEPGY NJ '10,9.6. 

+6;) 
N=H+1 
CALL EIVArF (N.X.U00 , 3■NO'''AG!P?LLL) 
:::.E10=I5(10/..S.ORT (.FLOAT01-2)) 
1F(P(1).GE.G) R(1)=G 
3LOPE1=Pf,2)-2.4'.S0PT(ABP(3)0-(.G-P(1)))) 
MPITE(6'7) LLLrNO.P(I)I=1,2)yE11.1.SLOPEI 
CALL E02A-7,N,LIG,LkId.NH0.SI5IPP , LLLLJ 
SE20=1G1. 3)/OPT(FLOAT(H-2.0 
IF(PFY3.LE.0. 	GO TO 13. 
IF(PP(1).LE.G.) P.P1)=5 
Z:LOPE2=FP(2)+2.4.SOPTI:PP3)*(PR(1)-G)) 
GO TO 14 

13 IF(PP(1).5E.6) PP(1)=5 
• SLOPE2=PR.:2)-2.4..:0PT(RP (.3).0-'PR ,:1)-GY) 

23451 FUPNAT (6.*LIGANENT APEA PLOT:*-) 
14 IIPITE(.6r23-151) 

WRITE(6 , 7)LLLL!NHO“RP(Dy1=193)!E205SLOPE2 
CALL E021:11;F(N.X,U1W.2,NO!.:AG5PYLLL) 

• :::E30=52.IG ,:2)/:72.OPT(FLOAT(N-2)) 
WRITE(.6.432) 

432 FOPNATCX./*6X , <-1- EDO-PLOT:s) • 
WRITE(6 , 10.' LLL'Hfly(P(1),7=1,2)E3r1 
CALL E02ADFM , LI60J11■1925NHO , M55PP.LLLL) 
::_:E40=S -.1. I6(2)/::.OPT(.FLORT(H-2)) 
WRITE(6!2794) 

2794 FOPNAT/.6./.50LI6ANENT AREA PLOT0) 
NRITE(6 , 10)LLLL,NNO,(RP(I),I=1Y2)5E40 
NRITE<6 , 43569) 

43569 POPNAT(6:6651.4-40F//N6X,4NODIFICATATION PPOCEDUPE-c.'/F6X'24(+=+) 
+/s) 

H=M-1 

CALL 1.02nFf:NO,...U.N'37NO , TGIPFLLL) 
IF.:Rr.3).GE.0.) GO 10 44929 

22118 DO 4 J=1.150 	• 
:TEP=C-“:LOAT.:J-1) 
.1:1EPP=.:jEP4-A0 
JF("1::TEPP.GT.4.) GO TO 44899 
DU 6 I=1,N 
Ag)=A(I)-1-C 

.CALL FI(S. (I) , E(1),Ilk1) , A(I)!X(J)) 
6 cumrIkuE 

[FALL E02APFM , XtU,W.3.N0 ,-.7;JG,P.LLL) 
:[7.!..50AG , 3'' , CRT (FLOAT''N-1)) 
'!!PITE.- 6,12):-.1EPP..=E70) , LLL.NOr.PM.I.-1F3. 

12 FOPMAT.61A1,LE CRWIK 	 (NM). STANDARD EPPOR=4,  
1F7.4.c. 4. , 4H.HJ)./ , 6X,LI , I1,*1).:.:ECOOD DEGREE CWVE FIT=0.31.10.4) 

7 FORMA“6.:. 0._1,11,c:.]EljIND DEGREE CURVE FIT=,+ , F5.1,4-40.. 
EPPOP=cy 

INI11!--,L :LOPE :-.- -(- , F6.3 , 10H 
Jr FLIPMHTLI•11,-;-:LIME 
441ifNJ). 	 EPROR -=-4,171 	(MJ)) 

17_7_1 TEl 8 

4 crmrimiF 
17,5 TO 
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A0='STEFR—C 
DO 818 1=1.N 

818 A, J)=Ar.1)—C—C/10. 
C=C/1 0. 
GO TO 88118 

28888 WRITEf.6.ti.03)  
602 FORHAT//.E.+P=COPRECTED PAIA01/6X.16(0=*)) 

WRITEf6.72) 
72 FOPHAT(:<.//.6X.RAN4.6X.1HP.2X,1HP.SX.1H8.6X.5NB01140.8X. 

+7HP*f:II-0'.8X.0EHERGY*./.X.415:.:. * (HO', 	F 3X. ","1-1(1N04.2) 
.+2X.7HkHNt.1.2).4X.0MP4./.4X.65(0-0)) 
DO 1324 I=1.N 
LIG(I)=II.P.0(B(I)—A(I)) 

C 
WITE(6.8)(I).B.(I).11(1).AI)0“1).LIE).1.“1) 

13246 CONTINUE 
CALL 5RAF(X.U.NUM.1.-1.13HB*D+0(A+C) HM.18.10HENER6Y MJ .10.9.6,6. 

+) 
GO TO 44879 

44889 YRITE(6.20) 
20 FORMAT.1Hs//.10X.0PLKTIC CORRECTION DOES HOT CONVERGE*) 

44879 PO 12457 1=10.4+1 
12457 CONSTA(j)=G 

	

WR I TE (6, 	1) V (1 ! 2) CONSTA I ) VV (1.1) . ICJ. I ) I =1. H+1) 
189 RORMAT(//0.',X50C= COMRDI:ITE THEORY4../.6X.19*=0)./s.6X.7HBI“D—A). 
• +4X.51-1D01-10U.4X.OgNETIC**4X.*EHERGY0.4X.011 IFFER0./. 

+6X.7H(NN0=2).8X.7H(MN4.!.2).4X.+(1 1)*55X.0(.N J)0.6X.*(NJ)4-. 
+/.(2X15F10.2)) 
WRITE66.188) ERR.2 

188 FORNAT(6 ,65(0-0)./.6X++++++++++0.L2.*+++++++++++1/.6X./. 
+6X.0PROPA6. PESIS.=0.F6.4.10H (KJ/M+02), 
+0 JNITIAT. RESIS.=*.F.8.10H (KJ/N*02)) 
YRITE(6.187) ERROR 

187 FOPNAT(//.6X.0STAHDAPD ERPOR=4.F5.3.5H (NJ)./) 
CALL HEWAGE • 
CALL BORPOFF 
CALL ":-:YNIOLI"..0.05.14.46.0.68.LTIT.0.0.30) 
N=H+1 
E(H)=0 
F(H)=0 
CALL.  GRAF(F.E.N.1.-1.15H(1—A/D)/0f,A1P)).15.23HOJ—K)/(B0D0O(.A/D:) 

+KJ/H.28.9.6.6.0 
CALL ENPLOT 
STOP 
END 
SUBROUTINE F(SS.PP.PD.AA.XAXIS) 
ETERNAL E.01.E.02rE08.E17)4.E05.EXTR8P 
S=SS/BD 
A=AA/BP 
1F('S.GE.4..AND.S.LE.12.) GO TO 1 
CALL EXTPAPCS.A.ANS) 
GO TO 2 

1 IF(S.GT..> GO TO 3 
AHS=E01(A)+kE02(A)—E01 1:A))*(:.-4.)/2, 
GO TO . 2 

8 1F(S.GT.8.) GO TO 4 
AW=E02.A‘4.:E03fA)—E02kW)*(S-6.)/2. 

	

GO ro 2 	• 
4 IFf..GT.10.) GO TO 5 

AHS.=E0--HA)+(E04.W—E08f8))*+:S-8.)-'2. 
GO TO 2 

5 AN7.=F0J.0..+.T05.ff.—E01.A 4)0.:1-,- 10.)/2. 
XA>:I.1- ANIDD 
RETU;;Al 
EHD 

EXTERNq E01.E-n2.E08.P..'4.F(03 
LOG/(.A! iLIL 

DA ! A 	1 	2) 	'8 	1 ) W2) .1.1 	.1.1c4) .1,1( 
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Y(1)=F01fA 
Y(2)=E02, A,  
y 

'1" If 5) =E 
CALL E02RI:F ,5!,'I'''C- 14,4.NO.:'.1:11-0,P'LLLL) 
AIT.7=P ( 1) -4-P, 2'. -0P4P(3)#P*t-2+Pk4"4.P4,4'3 
RETURN 
'END 
FUNCTION [01(X) 
DATA All.:'CIDIEFF 

/ 472745?80635 — . :D22355025414 . 	0182650042E4. —O. 5f:-.,6424147 
O. 156342:21229.%:','`O. 01770562.412.47/ 

T=—ALOG10 1.X) 
Y=F -T4.0.4.2+C4,  T+-(. +1.1GT44.41-E+T.e.4.5+F-4.T0.4..6 
E91=-11-1.o*(y)-1. 

RETURN 
END 
FUNCTION E02(X) 
DATA A.PFC.D'E,F 

4t19417::--:?56.19 • 	571552563303,  0 69 09452 09795 4— 0 3214:2511 

	

+9265! 	0705175259250.-0. 003:C1 223537'9661/ 
T=—ALOG10(X) 
Y=A 4'1 4-E0-1 4.P-1- C-0. T^4.3+D4T4-6.4+E0T+Fc.T4.1.6 
E02=10.4.+(Y)-1, 
RETUPH 
END 
FUNCTION ED'3(X) . 
DATA A5D,C5D.EF 

.z 4.13415:7:;81284 —0. 332259 I 09a32. O. 317550071357. 0. 013065251 

	

+24:1;0. 	—0. 0911-212352025. C. 0287424522767/ 

Y=Ars.T+Ft-T.c' 02-4-C4T-osq-7.14- D.T.044+E.e.T40.5+F.0T4.4.6 

	

E 03: = I 	**. (.Y) —1.. • 
RETURN 
END 
FUNCTION E04(X) 
DATA A.P.C.D.E.F 

/0.438577134948.-0.100552329194.-0.093797277010.0.41771559 

	

+35921 	—0.299732350222.0.0716255742853/ 
T=—AL0210 1:X) 
Y=A.e-Ti:ETGA2+C‹...T.0.03+DroTs4-4+P.Tt,.e.54.Ft-T -0--(.5 
E04=10.4#C0-1. 
RETURN 
END 
FUNC.:TION E05(X) 
DATA A.B.17_,D■E.F 

/0.4—.::7392903379^ 	'.564243 — O. 3:3 7 0 354746.4 0. 6:28010t7:.2 

	

+2224. 	— 4332597431E1 42 0. 0922.170191004i 
T=—ALO510(X) 
Y=A<J4-1:4'1 -!..4.2+CT, 34.- D-1.1- 4,1-E<3.0,,5+Fe.-14- 45 
E05=10.4*C0-1., 
RETUPN 
END 
MOTRACF 
S:UBROUTJHE LDDOP (A,Z.B.M.N.IP.IN.IN.EPPOODPV) 
DINEW:AOH 
LCPYIC.:AI. EPP 
DATA EIRE/1.0E-14/ 
IMP1=HcH.1-64N4M+1 

IMP2--,5,!.H+N+1 

IMP4=.14A 4 1 
JO=INP3-1 
JO1=2.'H 
CALL RPOL1 , A.1,1 1JR1', INP2).N.H.10)  

CALL DE:C- ONP.H.H.10N!TkIMP2.1 .61 1 1 1‘t(1:.. 1,1EF$H1NP1).ERP.I.dOi.'KH4.1). 
10OR -N1- 1 )  

NM. 	PE.11.M-11 

DN 
DO 10 T=I.M 
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10 	110 
CALL :LV .H.N.NOPV , IMPE..NOR1NORI- .1MR1).M0Pf.,IMP3). 

MOP1.24.N+1).NOPfr ,IMP4,,  
DO 15 I=1.M 
JU=J0+I 

	

15 	NOPPIJU.=-PPOD2,R.HDPV(24,N41.IM.1.N.I.-B.I.V)) 
CALL :LV. (M.N.MOPF (IMP2),NORP ( 1).110P .1MP1).NORF (MR13). 

NOPP(N+1).11OPPIIMP4',) 
YNOPM0=0 
ENOPM1=0 
DO 20 I=1.N 
JU=J01+I 
YNORM0=YNDPMu+NDPK(JU)0.2 
JU=H+I 

	

20 	ENOPM1=ENORM1-4NDPI` JUle,t 
1F,ENORM1.LE, 0.06254YNOFM0,  GO TO 25 
EPP=.FAL:E. 
RETURN 
DO 30 I=11N 
JU=J01+I 
JU1=N+I 
NOPr.JU.=W0P1(JU , +Noprvju1) 
IF,ENORM1 .LT. ETA*INORMOI GO TO 45 
DO 35 I=1.M 
JU=J0+I 

	

35 	MORK,AN=-PROD2,A.NOPV(2*.N+1),IM.1.N.I.-D(I.K)) 
CALL :LV NI.N.NOPP.1MR2...NOPrk1.1 .NOPIMP1).WEIRP.(IMP3), 

NOPK0.1+1).NORK ,IMR4) 
ENOPM 0=ENOPM1 
ENOPM1=0 
DO 40 I =1 N 
ji_17.--N+ I 

40 ENOPM1=ENOPM1+110PU .tts2 
1F(ENOPM1 .LE. 0.06254,ENOPM0) GO TO 25 

	

45 	DO 50 I=1,N 
JU=J01+I 

	

50 	.=11DPI,(JU) 
55 CONTINUE 

RETURN 
END 
.7,UPPOUTINE DECOMP(M.N.OP.ALPHA.IRIVOT.EPP.YA.UM) 
DIMEN:ION CIP, M.N,.ALRHA,N),IRIVOT.r0.YA.N).SUM(N) 
LOGICAL ERP 
DO 5 J=1,N 

J TH. COLUMN SUM 4.4...* 	• 

S1.1 MI1J1 = P D1 	R f. 1 	P 	1 .1'1 ) 

	

5 	IPIVOT(1:, =J 

DO 40 K=).N 
4.4.-+ 1. TH. HOUE-HOLDER TPANSFORMATION sr* 
:SIGMA=:AiMi,K) 
JDAT-.!=K 
L=K+1 
IF(L.GT.H) Gn TO 11 
DO 10 J=L.N 
IFCAGMA .GE. SIUM(J)) 1;0 TO 10 

JPAP=J 
10 CONTINUE 

	

11 	CONTINUE 
1Ff..JDAP .E0. r) GO 10 20 
.-u-6 	'AM NTEPOIFINISE 
I=IP1VmT , /i) 
IRIVOT , fl,:IP1V01 (JAR) 

DU 15 I=1.M 
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SI6MA=OR(I4) 
OR(1.1e.)=Ui.',I,JBAR) 

15 	OR(I,JDNRIGMA 
20 	CONTINUE 

SIGMA=PROD1,.0R(1,10'GRI,100.KIM) 
IF <siGmn .HE. 0.0).  GO TO 22 
ERR=.FALSE. 
RETURN 

22 ORKK=0R(<O0 
ALPNA(K)=ORT(.SIGMA) 
IF(ORKK .GE. 0.0) ALPHA(K)=-ALPHAW) 
ALPNAK=ALRHAfK) 
BETA=1.0/ 1.SI6MA-ORKK.ALPHHK) 
OR,:KIK)=OPKK-ALPHAK 
IF (L.GT.N) GO TO 40 
DO 25 J=L'N 

25 	YA(1)=BE7A4-PROD1(0R(14:),OR(1,J),KyM) 
DO 35 J=L,N 
DO 30 I=1,7M 

30 	OP(I,J)=0R(I!..J)-0P<I,K). 
35 	SUMW:ft=SUM(J)-0R(K,J)**2 
40 CONTINUE 

RETURN 
END 
SUBROUTINE SLV (M'N.OR,ALPHA,IPIVOT,R.Yy2) 
DIMENSION ORifi'N)9ALPHH(N),POIWe(N)IIPIVOT(N),201) 
DO 10 J=101 
GAMMA=PROD10-JR(1'1),RFI9M)/(ALPHA(J).00R(J'I)) 
DO 5 I=I'M 

5 	R(I)=R(I)+GRNMA.OR(I!J) 
10 CONTINUE 

Z(N)=RM)/ALRHAf:N) 
NIT=N-1 
DO 15 I=11NIT.  
L=M-I 
LA=L+1 

15 :(1.)=-FRUD2016,7'MFLA'N'L'-R(L))/ALPHA(.0 
DO 20 I=1,N 
JU=IPIVOT(I) 

20 	Y(JV)=Z(I) 
RETURN 
END 
FUNCTION PPOD1(A!B,M,N) 
DIMENSION 1-,1)9Bk.1) 
DOUDLE PRECISION SUM 

C: 
SUM=0, 
DO 5 I=M,N 

5 	SUMUM4-DBLEe,A(I))i'DBLE(8(I)) 
PROD1=SUM 
RETURN 
END 
FUNCTION PROD20=1,B,MD,MFN,I,VAL) 
DIMENSION A, MD*1),B".1) 
DOUBLE PRECISION SUM 
SUM=VAL 
DO 5 J=M,N 

5 	-SUI1='7 UM4DBLECAt1'J))+DBLE(B(J)) 
PPOD2=UM 
RETUPN 
END 
alBROUTINE RPNCI(No:T., M,N,1M) 
DIMLITAUN 8fIM.W.(,p(11.H) 

DO 5 
DO 5 J=1,|| 
ORiI,J'=HI.J) 
RE1UPN 
END 
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Uk_ 

 

1_ No. 

2_ Span 

3_ Initial Correction 

4_ Incremental Step 

I HPF;C:-1 (HlPS ,UC!  

. 1 
5.383.150.47108.4 
E. 	14111.57105 
6.333.270.64105.1 
6.27:3.150.'74 97.4 
6.393.180,85 95.2 
5.333.191.16 95.2 
6.373.151.21 89.7 
6.373.151.36 87.5 
6,352.151.3S 88-6 
5.353.171.50 85.4 
5.353.271.59 83.1 
6.243.151.70 80.8 
5.373.191.87 77.5 
5.413. I.E.3.1•J2 74.2 
6.353.202.16 75.3 
5.373,152.18 73.1 
6.303.152.36 58.5 
5.323.212.44 58.6 
5.323.182.51 65.3 
5.353.172.77 50.8 
5.393.1E2.83 63.1 
6.363.162.84 51.9 
6.353.142.92 58.5 
6.353.142.9f'; 58.5 
6. 333.113.0', 53.0 

1 ;." 7; . 1 

DiBlal 	I 
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IMPACT STRENGTH (HIPSFUSSE) 

H= ORIGINAL DATA 

SPAN 	D 
(MM) 

B 
m 

A 
(MM) 

D*D*0 
Mr1**2 

B+/D-H) 
rittl**2 

ENERGY 

41.0 6.38 3.15 .42 34.04 18.79 108. 
41.0 5.31; 3.14 .51 28.67 18.38 105. 
41.0 6.7::: , 	, :..c.-  .57 26.94 18.84 105. 
41.0 6.27 3.15 .66 22.76 17.65 97. 
41.0 6.39 3.18 .76 20.65 17.90 95. 
41.0 6.33 3.19 1.03 16.01 16.91 95. 
41.0 5.37 3.16 1.07 15.42 16.74 50. 
41.0 6.37 3.15 1.20 13.55 16.27 ::.--::.": . 
41.0 6.3 3.15 1.22 13.74 16.15 89. 
41.0 6.36 3.17 1.33 12.92 15.95 :RI---.. 
41.0 6.=:5 3.27 1.41 12.67 16.16 oz. ,, . 
41.0 6.24 3.16 1.51 11.34 14.96 81. 
41.0 6.37 3.19 1.65 10.81 15.04 78. 
41.0 5.41 3.16 1.88 9.67 14.32 74.  
41.0 6.35 3..0 1.91 5.52 14.20 75.  
41.0 6.37 3.15 1.93 5.36 14.03 73. 
41.0 6.31 1  3.15 2.09 8.54 13.26 69. 
41.0 6.32 3.24 2.16 8.55 13.47 69. 
41.0 6.32 3.18 2.22 8.17 13.0=: r:.=-,. 
41.0 6.35 3.17 2.45 7.44 12.35 61. 
41.0 6.39 3.16 2.51 7.32 12.27 63. 
41.0 6.36 ::.15 2.52 7.24 12.15 62. 
41.0 6. 715 3.14 2.59 6.99 11.85 59.  
41.0 6.36 3.14 2.62 6.89 11.74 =...--I. 
41.0 6.33 3.14 2.70 6.51 11.39 57::. 
41.0 6.=:9 3.17 2.83 6.43 11.27 60.  

1- BDO-PLOT: 
T2::ECOND DEGREE CURVE FIT= 11.0+7.623*X -.151*X**2 (NJ,  
1-TANDARD ERROR= 4.131 'TIP 	INITIAL SLOPE = 7.683 q.J,P14.+2) 

LIGAMENT AREA PLOT: 
T2:SECOND DEGREE CURVE FIT= 11.0+2.412*X+ .141*X**2 (MJ) 
STANDARD ERROR= .859 (MI) INITIAL SLOPE = 2.412 (KJsM**2) 

1- BDO-PLOT: 
Tl:LINE FIT= .1125E+02+ .4363E+01*X .MJ,  
:TANDARD ERROR=51.583 .MJ. 

LIGAMENT AREA PLOT: 
T1:LIHE FIT= .1098E+02+ .4611E+01*X (1J) 
'=TANDARD ERROR= 5.953 (MJ) 
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MODIFICATATLOM PROCEDURE 

STABLE CRACK 6ROWTH=2.7000 (MN)? STANDARD ERROR= .75:7:9 (NI) 
T2:SECOND DEGREE CURVE FIT= 	39.9823 .12.4408 	-.1093 
STABLE CRACK GROWTH=2.8V00 (MN), STANDARD ERROR= .7515 (NJ) 
T2:SECOND DEGREE CURVE FIT= 	41.8198 	12.4545 	-.0866  
STABLE CRACK 5ROWTH=2.9000 (MN), STANDARD ERROR= .7544 (MJ) 
T2:SECOND DEGREE CURVE TIT= 	43.5512 	12.4817 	-.0646 
STABLE CRACK GROWTH=3.0000 (MN), STANDARD ERROR= .7675: (NJ) 
T2:SECOND DEGREE CURVE FIT= 	45.4813 	12.5221 
STABLE CRACK GROWTH=3.1000 (NN), STANDARD ERROR= .7702 (4.1J) 
TO:SECOND DEGREE CURVE FIT= 	47.3111 	12.5755 	-.0227 
STABLE CRACK GROWTH=3.2000 MN),  STANDARD ERROR= .7733 (NJ) 
T2:5zECOND DEGREE CURVE FIT= 	49.1442 	12.6412 	-.0029 
STABLE CRACK GROWTH=3.3000 (NM), STANDARD ERROR= .7755 (MJ) 
T2:SECOND DEGREE CURVE FIT= 	50.9835 	12.7186 	.0159 
STABLE CRACK GROWTH=3.2000 (MN), STANDARD ERROR= .775:3 (NJ) 
T2:SECOND DEGREE CURVE FIT= 	49.1442 	12.5412 	-.0029 
STABLE CRACK 5RaITH=3.2100 (NN), STANDARD ERROR= .7735 (NJ) 
T2:SECOND DEGREE CURVE FIT= 	49.3278 	12.5484 	-.0010 
STABLE CRACK GROWTH=3.2200 (NN). STANDARD ERROR= 	frmj) 
T2:SECOND DEGREE CURVE FIT= 	49.5115 	12.5557 	.0009 
STABLE CRACK GROWTH=3.2100 (NN), STANDARD ERROR= .7736 (NJ) 
T2:SECOND DEGREE CURVE FIT= 	49.3278 	12.5484 	-.0010 
STABLE CRACK GPOWTH=3,2110 (MM), STANDARD ERROR= .7737 (MJ) 
T2:SECOND DEGREE CURVE FIT= 	49.3452 	12.6491 	-:0008 
STABLE CRACK GROWTH=3.2120 (NN), STANDARD ERROR= .775:7 (NJ) 
T2:CECOMD DEGREE CURVE FIT= 	49.3545 	 12.5498 	-.0006 
:TABLE CRACK GROWTH=3.2130 (NN), STAND

.
ARD ERROR= .7737 (NJ) 

12:SECOND DEGREE CURVE FIT= - 49.3829 	12.5505 	-.0004 
STABLE CRACK GROWTH=3.2140 (MN), STANDARD ERROR= .773:7: (NJ) 
T2:SECOND DEGREE CURVE FIT= 	49.4013 	12.5513 	-.0003 
STABLE CRACK GROWTH=3.2150 (NN), STANDARD ERROR= .7738 (41J) 
T2:3ECOND DEGREE CURVE FIT= 	49.4196 	12.5520 	-.0001 
STABLE CRACK 59OWTH=3.2150 (MM). STANDARD ERROR= .775::7: (NJ) 
T2:SECOND DEGREE CURVE FIT= 	49.4380 	12.5528 	.0001 
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E=CORRECTED DATA 

SPAN E: A D*114.0 • 8.(D-A) ENERGY 
(11.) 	(NM) (MM) • '(V) (NM#4.2) (NN*4.2) (NJ) 

41.0 	6.38 3.15 3.6 4.56 8 '65 10:3. 
41.0 	6.36 3.14 3.72 4.33 8. 29 105. 
41. 3.27 3.7:E: 4.33 8.33 105. 
41. 0 	6.27 3.15 3.87 3.90 7.5". 97. 
41.0 	5.39 3.18 3.94 7.67 95. 
41.0 	5.33 3.19 4.24 3.35 6.66 95. 
41.0 	6.37 3.15 4.29 3.31 
41.0 	6.37 3.15 4.42 3.06 6.14 88.  
41.0 	6.35 3.15 4.44 3. 00 6.02 89.  
41.0 	6.36 3.17 4.54 2.85 5.75 86. 
41.0 	5.3" 4.62 2.78 5 . 54 83. 
41.0 	6.24 3.15 4.72 2.35 4.80 81. 
41.0 	6.37 3.19 4.87 2.33 4.78 78. 
41.0 	6.41 3.16 5 . 	9 00 4.16 74.  
41.0 	1;.35 3.20 5.13 1.88 3.90 75.  
41.0 	6.37 3.16 5.15 1.85 3.86 73. 
41.0 	6.30 3.15 5.31 1.49 3.13 69, 
41. V 	6.32 3.24 5.38 1.45 3.0" 69. 
41.0 	1;.32 3.18 5.44 1.33 2.80 65. 
41.0 	5.35 3.17 5.67 1.01 2.15 61. 
41.0 	6.39 3.15 5.72 2.11 63. 
41.0 	6 '36  3.16 5.77: .93 1.98 62. 
41.0 	6'36  3.14 5.80 .82 1.75 59. 
41.0 	A 3.14 5.84 .75 1.64 59.  
41.0 	6' 33 3.14 5.92 .60 1.29  ="i 
41.0 	6.38 3.17 6.04 .50 1 . 	7 60.  
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C= COMPOSITE THEORY 

B./D-H. 	PA.D+0 
. rirl+4.2 . 	. rim•-•,?. 

KINETIC 
, I1 	_I ,  

EMEPGY 
.M 	J. 

DIFFER 
.MJ. 

18.79 34.114 11.00 97.40 -2.89 
18.38 28.17.7 11.00 94.10 -.19 
13.84 25.94 11.0u 94.10 -.51 
17.69 22.76 11.00 85.40 -.27 
17.90 20.55 11.00 84.20 -1.53 
15.91 16.01 11.00 84.20 6.10 
16.74 15.42 11.00 78.70 1.76 
16.27 13.95 11.00 76.0 2.58 
16.15 13.74 11.00 77.60 4.32 
15.95 12.92 11.00 75.40 3.58 
16.16 12.67 11.00 72.10 -.32 
14.95 11.34 11.00 69.80 2.08 
15.04 10 . 21 11.00 66.50 -.07 
14.32 9.67 11.00 63.20 • ,,_ ,, 
14.20 9.52 11.00 54.30 2.02 
14.03 9.36 11.00 62. 10 .61 
13.26 8.54 11.00 57.60 -.28 
13.47 8.55 11 . 00 57.60 -1.10 
13.03 8.17 11.00 54.30 -2.37 
12.35 7.44 11.00 49.80 -3.57 
12.27 7.32 11.00 52.10 -.97 
12.15 7.24 11.00 50 . 90 -1.63 
11.85 6.99 11.00 47.50 -3.58 
11.74 6.::::9 11.00 47.60 -3.07 
11.39 6.61 11.00 42. n n _-7.12 
11.27 6'43 11.00 4:::.70 .22  

u 0 11.00 . 0 ii . I) 0 

++++++++++ T++++++++++ 

PROPAG. 	(KJ/M-4+2) INiTIAT. RES'S.= .834 (KJ/M+4.2) 

TANDAPD ERROR= .545 (1j) 
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ABSTRACT  

The classification of impact failures is discussed and four types are 

defined; namely, brittle, semi-brittle, semi-ductile and ductile. 	The 

failures observed in rubber modified polystyrenes are shown to be semi-ductile 

in which the absorbed energy is essentially 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, G. 

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. 



- 1 - 

INTRODUCTION 

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 with 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 which 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. 
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FRACTURE CLASSIFICATION AND ANALYSIS  

It is normal practice to classify the impact failures of polymers in either 

the Izod or Charpy tests according to the degree of deformation encountered 

(e.g. 6). 	One extreme is the brittle fracture in which there is a flat, smooth 

surface with little or no distortion. 	This is illustrated in 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 load-deflection diagram,- as shown in Figure 1(d). 

In conventional testing, the impact strength is described in terms of the energy 

absorbed, U1, per unit of ligament area, A. 
	i.e. 

Impact strength = U1  /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 is a very 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: 

dU1  
= - G

c 
da 

This analysis has now,been very thoroughly investigated for the impact test 

(e.g. 5) and a true measure of Gc  is given by: 

U1  
Gc 

B D 
(1) 
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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 0). 

Between these two extremes, it is useful to identify intermediate cases and 

these are also illustrated in Figure 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 initiation or by slow stable crack growth prior 

to crack instability. 	Providing the zone size or crack growthare small, a 

satisfactory solution for Gc  may be obtained by correcting by using a crack 

length to which a length correction is added. 	The U1 versus uncorrected 0 in 

this case is almost linear but with a slight downward curvature, as illustrated 

in Figure 2. 	The length correction is chosen to achieve a straight line with 

minimum deviation. 	Also shown in Figure 2 is a positive intercept on the energy 

axis, Uk, which is the kinetic energy which may be determined separately. 	The 

addition of either a plastic zone or crack growth term generally produces 

substantial Gc 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 Gc  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 UI  versus BD4' 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. 	U1  is now 



-4- 

predominantly governed by ligament area, as in the ductile, case, but there is 

now some upward curvature on this graph, particularly at the smaller crack 

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: 

1 = Gc B D 0 Gd  A 

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 amounts 

of energy may be absorbed in these systems without the geometry changes induced 

in the ductile deformation of most homogeneous materials. 

(2) 
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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 5.55% rubber. 	In a second series, 

a 3.33% 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. 
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RESULTS  

Only one material, Si (the polystyrene used in the first series), showed 

brittle failure and Figure 4 shows U1  plotted versus BDO. 	The considerable 

scatter due to kinetic energy is apparent but there is a well-defined lower 

bound (8) which gives Gc  = 0.41 kJ/m2. 

All the other materials gave pronounced non-linearity when plotted on the 

basis of BDO 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): 

B D 0 -- A/2 

so that equation (2) becomes: 

U
1 

= (G
d 
+ G

c
/2) A 

Thus, a line drawn, as shown in Figure 5, will give an average Gd  value given by: 

G
d 
 = Gd + Gc/2 
av 

 

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: 

U1 = Gc (B D + k A) 

and k was adjusted using a computer program to give a minimum deviation from a 

straight line. 	G
c 

is given by the slope of this line and G
d 

= k Gc. 	Figure 6 

shows the data plotted as U1  versus BDO kA after this analysis has been 
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performed indicating good linearity. 	The alternative is to rearrange the 

equation as: 
U1 - Uk A  - G + G 

c 	aB p B D 

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 all the materials tested. 
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DISCUSSION  

Table I indicates quite close agreement between Gd  and Gd  Gc/2, in 
av 

accordance with the theoretical 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, 

G remains essentially constant at the resin value for the various rubber 

contents. 	This supports the concept that the energy described in G
d 

is 

dissipated prior to fracture and a crack then propagates through the matrix 

material which is initiated at G . 

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-ductile data. 	A comparison 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 presence of mineral 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 content of the commercial grades is not known but they may be 

estimated from the Gd values and Figure 9. 	The Super grades (C1,2) appear to 

have up to 6.5% rubber, the Standard (C3-8) 5.2%, 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. 



9 

ACKNOWLEDGEMENT  

The authors wish to express their appreciation to US Steel Chemicals, who 

provided the materials used here and also financial support. 



- 10- 

REFERENCES 

1. Marshall, G.P., Coutts, L.H., and Williams; J.G. 

J. Mater. Sci., 9, 1974, 1409. 

2. Parvin, M., and Williams, J.G. 

J. Mater. Sci., 11, 1976, 2045. 

3. Williams, J.G. 

Polym. Engng & Sci., 17, 1977, 144. 

4. Plati, E., and Williams, J.G. 

Polym. Engng & Sci., 15, 1975, 470. 

5. Williams, J.G., and Birch, M.W. 

Proc. 4th Int. Conf. on Fracture (ICF4), 1, Part IV, 1977, 501, 

University of Waterloo, Canada, 19-24 June. 

6. Vincent, P.I. 

"Impact Tests and Service Performance of Thermoplastics", 

Plastics Inst. Monograph, 1971. 

7. Birch, M.W., and Williams, J.G. 

Int. J. Fracture, to be published. 

8. Newmann, L.V., and Williams, J.G. 

"The Impact Behaviour of ABS Over a Range of Temperatures", in preparation. 

9. Plati, E., and Williams, J.G. 

Polymer, 16, 1975, 915. 



TABLE I 

Grade 
Rubber 
Content 
(% vol.) 

Gd av 
(kJ/m2) 

Gd  

(kJ/m2) 

G
c 

(kJ/m2) 

Gd  + Gc/2 

(kJ/m2) 

S1 
S2 
S3 
S4 
S5 

0 
1.11 
2.22 
3.33 
5.55 

- 
1.2 
2.7 
4.1 
6.1 

- 
1.0 
2.5 
3.9 
5.6 

0.4 
0.4 
0.3 
0.3 
0.4 

- 
1.2 
2.65 
4.05 
5.8 

SS1 
SS2 
SS3 
SS4 

0 
1.11 
2.22 
3.33 

1.1 
1.5 
3.6 
4.8 

0.8 
1.6 
3.6 
4.4 

0.5 
0.5 
0.2 
0.4 

1.05 
1.85 
3.7 
4.6 

t "Super" C2 } 
- 
- 

Cl 

	

" 6.7 
4.7 

6.3 
4.8 

1.1 
0.9 

6.85 
5.25 

C3 
C4 
C5 	1 	" 
C6 } 	Standard" 
C7 
C8 

- 
- 
- 
- 
.- 
- 

4.3 
4.4 
4.4 
4.0 
4.0 
3.5 

4.0 
4.0 
3.9 
3.8 
3.6- 
3.2 0

0
0

0
0

0
 

• 

•  
•
  
•
  
•
  
•
  

....
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C
O

 CO
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4.4 
4.4 
4.25 
4.2 
4.0 
3.55 

C9 	} "Medium" C10 
- 
- 

3.1 
2.5 

2.9 
2.4 

0.4 
0.3 

3.1 
2.55 
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Figure : Modes of failure 
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Figure 2: Brittle and semi-brittle behaviour 
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Figure 3: Ductile and semi-ductile behaviour 
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Figure 4: Grade S1 (0% rubber content) - Plotted on the basis of brittle theory 
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Figure 5: Grade S3 (2.22% rubber content) - Energy versus ligament area 
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