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Abstract

Better understating of predicting failure in tough ductile polymers is desirable because of

their increasing usc in load bearing applications. In this treatise. the use of several
methodologies. all of which assume the material to behave elastically. were used to predict
failure loads for various injection moulded articles that contained cracks. The motivation for
this is to produce a simple means of predicting failure in normally thin walled injection

moulded articles.

It was found that a new simple model could predict safe failure loads for thin walled polymer
articles with short crack lengths. The model could be applied to articles which are also
complex in geometry. This model supposes that sharp flaws in thin walled injection inoulded
articles blunt themselves to a radius of curvature p and this parameter p is a charucteristic of
each material. Brittle polymeric materials such as polystyrene were found to have low values
of p. whilst tough polymers such as poly-vinyl chloride had high p values (up to fifty times
the value of polystyrene). Once the parameter p is found from simple fracture tests. it is able
to be used in predicting failure loads for cracked articles (as in this thesis) or it may also be
utilised as a design tool. In design. the simple failure model informs the engineer of the size
of the flaw which a component is able to withstand (under service loads) before failing. This
allows for better control over the amount of material used and correct allocation of material to

regions of probable failure in the manufacture of load bearing components.

Nine types of polymers were studied and four loading situations were investigated. Even
under severe loading conditions. such as a crack running along the base of the rib in a ribbed
specimen, where a plane strain situation exists, the simple model reliably predicted safe
working loads. The cracks are in the order of 15% or less of the article’s width., The work
coverad in this thesis is therefore concerned primarily with cases where the crack is small in
comparison 1o the size of the object. The author feels that consumers will tend to discard
components which have large cracks in them thereby making analysis for those cases

inconsequential,

1t may be worthwhile to state categorically at this point that the parameter p is not equal to
Irwin’s plastic zone size. It is simply a fitting parameter to model the failure behaviour of

ductile polymers. As well as this, the simple model proposed is intended for use in
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conjunction with hnear elastic mechanics and net section yielding. Together, the three
procedures predict safe working loads for the crack lengths studied in this thesis. In
comparison. the work has shown that if only linear elastic fracture mechanics and net section
yielding were relied upon to provide predictions. then premature failure can occur for some

materials at crack lengths less than 3% of the specimen’s width.

A novel technique of impregnating the crack tip with a thermoset proved effective in
providing micrographs having good contrast and detail of the deformation mechanisms
involved in failure of thin walled injection moulded articles. The impregnation was
performed with the crack under load therefore capturing the event of failure a short time
before it happens. Microscopy of the crack tips of eight of the polyniers considered, at ninety
percent of their failure loads. showed large scale yielding. crazing, microcracking, voiding
and stress whitening at the crack tip. This implies that the work done at the end of the flaw

allows the polymer to behave as if the crack has blunted itself to a radius of curvature p.
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h
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Half crack length

S2mi - minor axis of an ellipse
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Elastic tensile modulus
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J-Integral mode | energy release rate
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Elastic mode [ stress intensity factor

Elastic mode [ critical stress intensity factor
Ligament length
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Nomenclature

Xi
W, Specific essential work of fracture
v, Essential work of fracture
W, Specific non-essential work of fracture
v, Non-essential work of fracture
wy Specific energy to fracture
iy Energy to fracture
| Geometric constant
& Strain
0 Radius of curvature at the end of an ellipse or blunting effect parameter
o Average stress
I Applied stress
v Yon-Mises stress
O Yield stress as measured by a untaxial tensile test
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Chapter 1

Introductory Remarks

1.1 Introduction to the Investigation

This work was camed out as a continuation to the round robin symposium held by
Newman and Loss (1985).  The symposium compared numerous fracture mechanics
methodologies in predicting failure loads for sheets with various crack lengths made from
different metal alloys. Some of the specimens were also complex in stress state. The

geometries studied are shown by Figure 1.1.
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{b) Middle-crock (c} Three-hole-crack

Figure 1.1: Dimensions of specimens as used by Newman and Loss.

In this particular investigation, injection moulded polymer articles of the same geometries as
Newman and Loss were used. Injection moulded articles were chosen because they are
predominantly thin walled and can be complex in geometry. Apart from specimens shown by
Figure 1.1, ribbed specimens were also fractured using pin loading. Under uniform loading,
sheets with a centrally drilled hole and cracks emanating from it were also tested as well as

sheets with a notch made into the long side of the specimen.

Ribbing in polymeric articles is common because they help to stiffen members, therefore

overcoming the problem of low modulus of most polymers. At the junction of the rib and the
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Chapter 1

flange, a case of plane strain can also exist, in contrast to the plane stress conditions of the
other configurations. In fact, because of the constraint on the crack tip, it may cause brittle

fracture. That is the primary reason for its inclusion in the experiments.

Nine different types of polymers were used in this study ranging from brittle polystyrene to a
tough ABS/PET blend. The wide variety of polymers used, as well as the varied types of
loading situations, was intended to validate the simple predictive blunting model described in

this thesis.

Simple fracture methodologies such as net section yielding and hinear elastic fracture
mechanics (LEFM) were used to predict failure for the various articles. The other constraint
was that the crack lengths involved were less than fifteen percent of the specimen’s width.
This thesis is concerned mainly with articles containing short crack lengths because
consumers will tend to discard polymer articles with large crack lengths even though they

may stil] be structurally stable for the purpose.

In literature, simple theories for predicting fracture "are directed, in the majority, towards
metals. The premise 1s that metals fail before their theoretical strength because they contain
sharp imperfections or flaws. Applying this assumption in the analysis of polymeric articies,
LEFM and net section yielding predictions were higher than experimental data in some cases,

and in practice would be deemed unsafe.

A new simple model was proposed to overcome the mability of LEFM and net section
yielding to predict failure. This new model was directed specifically towards tough ductile
polymers. The proposal is that sharp imperfections or flaws in polymers blunt themselves to
a radius of curvature p. This idea has been previously touched upon by Dubey (1998) and
Parton (1992). Each material will have a distinctive value of p and cracks will behave as if
the end has blunted to this effective curvature, but it is not equivalent to the plastic zone
described by Irwin. Once the material has been characterised for the parameter p and the
stress state within the object is well defined, failure loads can be predicted for the article
containing the crack. Failure is assumed to occur when the remote applied loads cause the
magnified stress at the blunted flaw to reach the vield stress of the material. From
observations, the ductile polymeric specimens, when loaded under a constant velocity, go
through a maximum load (defined as the point of failure)} and continue to neck at lower loads

for fairly large extensions (Refer te curve C in Figure 8.2).
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Chapter 1

Defining he stresses within a component may be done analytically or with the aid of finite
element analysis. In this thesis, two specimens with complex geometries required the use of

FEA to determine the magnitude of stresses in the regions of interest.

In addition to modelling the failure of ductile polymers with complex stress states, this
investigation contains microscopy work on the crack tips of deforming polymer articles. The
micrographs were intended to highlight the deformation mechanisms at the crack tips.
Previously Bhowmick and De (1991) used fractography, utilising both optical and scanning
electron microscopy, on failed rubber components. In 1994, Majumdar et al. (1994) used a
double-notch four-point bend specimen in order to capture the moment when the crack was
about to propagate under load. In this thesis, the two previous ideas were combined and

applied to eight of the materials studied.

The technique can be summarised as feilows. Instead of using double-notch four-point bend
specimens, cracked polymeric tensile specimens were loaded and their cracks were kept open
with the use of wedges. Low viscosity epoxy was poured into the crack mouth and forced
into the crack tip using high pressures until the epoxy cured. Optical and scanning
microscopy work was then carried out on the crack tip. For metals, the procedure is to use

molten rubber instead of epoxy.

Other authors bave looked at crack tips {[Wu and Mat 1993; Beahan et al. 1975] and fracture
surfaces [Horiuchi et al. 1994; Dijkstra and Gaymans 1994] but the idea of forcing epoxy into
the crack tip is relatively novel. The other advantage of polymers over metals, especially for
polymer blends, is the contrast between phases in the micrographs once an etchant is
employed. In Chapter 7, both optical and scanning electron micrographs show large amounts
of deformation at the front of the crack tip when it is loaded to ninety percent of its failure
load. These images give further evidence to the simple model that to accommodate sharp
cracks, ductile polymers effectively blunt the tip to a certain radius of curvature, which is

material dependent.

1.2 Layout of the Dissertation

The dissertation is broken up into eight chapters. Before Chapter 1, pages 1 to xi, could be

described as preface. It includes the Table of Contents to List of Abbreviations.
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Chapter 1 gives a general overview of the project and some histonical reasoning which lead to
the current topic of this thesis. It also provides a layout of the dissertation describing the

logical structure of the work.

Chapter 2 is a literature survey of previous work done on the subject matter covered by this
thesis. The material described in Chapter 2 should be current up to the time of submission

and highlights the need for a simple and novel way of predicting fracture in tough ductile

polymer articles.

Chapter 3 compares the traditional methodologies used to predict failure in cracked structures
with that of the proposed blunting model. The chapter provides a simple example of a crack
emanating from a hole in a plate that is loaded uniformly. It then proceeds to apply the
theories from that simple case to complex and more engineering relevant structures. It also

contains finite element analysis of the stress state within these complex structures.

Chapter 4 gives a description of apparatus and procedures used in attaining the experimental
results. It is written in an instructional manner for others who may wish to repeat the

experiments.

Simple characterisation tests were performed on the materials used in this thests. The tests
involved observing the change in yield stress or maximum load and elastic modulus as a

function of test speed. Impact energy to break and notched Izod energy to break were also

noted. The data are reported in Chapter 5.

Results of experimental failure loads of the various specimens used were plotted against the
predictive equations {defined in Chapter 3} and are shown in Chapter 6. Micrographs of the
crack tips of the deformed articles are printed in Chapter 7. Discussion and analysis of the

results are also included within the two chapters.

A summary of the salient findings i1s given in Chapter 8 as well as ideas for future work. It
highlights the incompleteness of this area and the need to explore other aspects of this topic.

References are given after Chapter 8.

Sy i ki e S




Chapter 2

Literature Review

i
A

i; 2.1 Polymer Blends
;3 Polymer blends are produced by the mixing of two or more polymers together to give an alloy

L2
i

with a specific portfolio of physical properties. This is achieved without having a need to

S

synthesise specialised polymer systems. Polymer blends have the advantage of ~

1. Higher or equal performance at an equal or lower price compared to current material.

~J

Quick modification of performance,

fad

Extending the performance of expensive resins.
4. Reuse of plastic scrap; and

Formation of unique materials.

wh

Synergishic

Michoarcdl Propeily

incompotible

A Composilion 8

Figure 2.1: Possible variations in mechanical properties lor a

polymer blend [Paul and Barlow 1980].
The manner in which polymer blends (“blends™ are compounded together is of vital
importance in controlling the mechanical properties of blends. The mechanical properties of
blends are not an average mean of the two or more components, rather they may pass through
a minimum somewhere in the composition range. Less likely, synergism may occur whereby
the two components produce a blend with enhanced properties relative to each individual

component (refer to Figure 2.1}
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Chapter 2 Literature Review 6

The textbooks by Utracki (1990} and Paul and Newman (1978) provide an excellent general -
overview on the topic of polymer blends. These texts give a list of common commercial

blends and their uses. More current reviews can be found by reading Lipatov (1992) and
Kulshrestha (1993). ‘

A blend is usually toughened by having a brittle matrix with dispersed rubbery inclusions.
Another morphology which can produce high toughness materials is the interpenetrating

network type of structure (refer to Figure 2.2). Both phases are co-continuous and

2
E
=3
3
i
5

commingled. thereby physically locking together.

= T
i

ALY

i

AT
g

Figure 2.2: Interpenetrating morphology [Edward 1990; Utracki 1990].

in this study. a number of polymers have been experimented upon. They were a range of
materials giving a variety of toughness vatues. Three homo polymers were experimented
upon. They were poly(ethylene terephthalate) (PET), polycatbonate (PC) and polystyrene
(PS). Information on their chemical structure, general mechanical behaviour and applications

can be found in Cook and Guise (1989). Billmeycr Jr. (1984) and MacDonald (1993).

Five polviner blends were considered. There were three grades of acrylonitrile butadiene
styrene (ABS) - named Astalac DMT. Astalac M120 and CB625, an ABS/PC blend and an
ABS/PET blend. ABS is a blend of three monomeric units. 1t is a styrene/acrylonitrile
copolymer (SAN) matrix containing discrele butadiene based elastomeric particles for
toughening.  General information on ABS can be [lound by reading Savenije and

Op Zoom (1993) and Chen et al. (1990). Information regarding the exact engineering use of
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the ABS/PC blend. Astalac MI120 and Astalac DMT can be found in
Plast. News Inter. (1997).

The ABS/PET system is a novel material made from the combination of CB625 and PET. It
was designed to be a substitute for the ABS/PC blend. The PET phase was chosen because it
was cheaper. was a recycled material and performed the same function as the PC.
Cook et al. (1996a, 1996b) have characterised this polymer and studied its two phase

morphology.

Another variable which can profoundly affect the toughness of the blends is the adhesion
between phases. The phases can also be joined at their interfaces using a compatibiliser 10
produce a tough material. A compatibiliser is often a graft co-polymer of the form A-B.
They are designed so that the "A" portion of the graft co-polymer has a physical affinity for
one component in the blend and the "B" portion has an affinity for the other to provide a
cohesive interface between the two. The compatibiliser itself can be structured in a
conventional or tapered manner 1o connect the two homo polymers (refer to Figure 2.3).
Compatibilisers can be used on the dispersed phase structurc or the interpenetrating structure.
Current research on polystyrene - polyolefin blends [Moad ¢t al. 1994] show the tapered

compatibiliser to increase the impact strength of these blends relative to the conventional

compatibilisers.
canventional AAAALAAAAAAAAAAAEBBBBEEBBESEBBOBBBBE
tapered AAAAAAAABABBABABBARBBBADBEBORBBBBAB

Figure 2.3: Conventional and tapered compatibilisers |Moad et al. 1994)

2.2 Fracture of Ductile Polymers

A survey of the literature on fracture of ductile polymers has yielded a large number of
articles which examine the fracture toughness of particular polymer systems. and relating this

material property to their microsiructures.

Before proceeding further. it may be worthwhile to investigate in greater detail the various

parameters used to characterise toughness, with an emphasis on polymers. Knott (1973),

_— i A

il T3
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Broek (1986), Hearns (19935) and Anderson (1993) provide background reading to fracture
mechanics. Bucknall (1977) and Williams (1984) apply the theories to toughened polymers.

2.1.1 Linear Elastic Fracture Mechanics (LEFM)

Materials possess fow fracture strengths compared to their theoretical capacity because most
materials deform plastically at much lower stress levels and fail by the accumulation of this
irreversible damage. In addition components and structures are not perfect. They contain a

myriad of material flaws and design flaws.

By analysing a plate (i.e. plane stress conditions) containing an elliptical hole. Inglis (1913)

was able to show that the applied stress g, was magnified at the ends of the major axis of the
ellipse (refer to Figure 2.4) so that

I b

1]

Toa o 1 4 =€ 2.1

where o, is the maximum iensile stress. @, is the applied stress normai to the major axis. ¢

max

is the semi major axis, and b is the semi minor axis.

Figure 2.4: Elliptical hole in a large panel
[Hertzberg 1983]
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Since the radius of curvature p at the end of the semi major axis of the ellipse is given by

Egs. 2.1 and 2.2 may be combined so that

O-I'I'lllx = O-a|i1 + 2 _C;]'
P

In most cases ¢ >> p. therefore

Jmnx = (2\ %Jad = (2.4)

The term 2./c / p is defined as the stress concentration factor &, and describes the effect of

crack geometry on the local crack tip stress level. Many textbooks and standard handbooks
describe  stress concentration in components with a  wide range of crack
conligurations [Peterson 1953, 1974: Rooke and Cartwright 1976]. Although the exact

formulations vary from one case to another. they all reflect the fact that 4, increases with
increasing crack length and decreasing crack tip radius. Therefore, to ensure a low &,,,. the

crack length must be small or radius of curvature large. That 1s the reasoning behind drilling
holes at the 1ip of a natural occurring erack. thereby changing the radius of curvature of 1he
sharp crack tip to the radius of the hole. Tough polymers exhibit this property by deformation
around a sharp crack. effectively blunting the crack and enlarging its radius of curvature.

Results in Chapter 6 tend to support this idea.

After the carly development based on stress analysis, Griffith (1920) provided an energy
criterion for failure. Griffith noted that a balance must be struck between the decrease in
polential energy (related to the release of stored elastic energy and weork done by movement
of the external loads) and the increase in surface energy resulling from the presence of the
crack introduced 1o a stressed plate of elastic materntal.  Relerring to Figure 2.5, Griffith
estimated the surface energy term 1o be the product of the total crack surface area, Zar and the

specific surface energy. ¥,
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Using the stress analysis of Inglis for an infinitely large plate containing an elliptical crack, he
- . 3
proposed the decrease in potential energy of the cracked plate 10 be 7o, a1 /E . Therefore

the change in the potential energy of the system (i.c. the infinitely large plate) with the

introduction of the crack may be expressed by

109
. a0, att
U-U =_(_0_._

[¢]

+dary,.
\

where

{/ = potential energy of body with crack.

U, = potential of the body without crack.

= applied stress.

e

£ = modulus of elasticity.

Figure 2.5: Crack in a large panel [Inglis 1913]

Eq. 2.5 can be rewriten in the form

a9
no, at!t
U=daty, -———+U,,.
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Differentiating the potential energy with respect to crack length and setting 307 / da 1o zero

(note: (U, [/d = 0 because U, accounts for the potential energy of the body without a crack

and hence does not vary with crack length)gives the condition of instability:

X/ dno 2ar
au ; L
which reduces to:
2 = m’a'a. (2.8)
¢ E

The nature of the instability condition of Eq. 2.8 can be found by differentiating equation 2.7

again. Since

U 2ro,71 (2.9)
- 2 .
a” E

is negative, the crack is unstable and will always grow.

Gniffith rewrote Eq. 2.8 to state that fracture will occur when

2Ly, (2.10)
¥t )

S
o = L-L;'.\-’ ‘ 2.1
‘ m(l-v7)

{or the case of plane strain where v is Poisson’s ratio.

ag =

i

for the case of plane stress, and

It is important to recognise that the Griffith relationship was derived for an elastic material
containing a very sharp crack. Although Egs. 2.10 and 2.11 do not explicitly involve the
crack tip radius p, as was the case for the siress concentration in Eq. 2.4, the radius of the
crack tip is assumed to be very sharp. As such, the Griffith relationship as written should be
considered as a necessary but not sufficieni condition for failure. The crack tip radius also
would have to be atomically sharp to raise the local stress above the cohesive strength of the

material.
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To verify his equations for fracture. Griffith performed several experiments. Thin round
tubes and spherical bulbs of soda-lime glass were cracked to various crack lengths with a

sharp instrument, then annealed to eliminate any residual stresses associated with the
cracking process and fractured by internal pressure. Griffith then computed values of oa
and compared them to J2Ey /7 (refer to Eq. 2.10). y, was determined from experimental

surface tension values of glass fibres. No significant difference was found between computed
and experimental values. Plastic deformation processes in amorphous glasses are very
limited and the difference in surface energy and fracture energy values do not differ greatly.
This is not true for metals and polymers. Orowan (1950) recognised this fact and suggested

that Eq. 2.10 be modified to include the energy of plastic deformation in the fracture process

L PR /ZEn Lt 2.12)
“ na V ve )

where y, is the energy consumed in the region surrounding the crack.

s0 that

[T %, 1s much greater than y,.

(2.13)

The applicability of EEgs. 2.10 or 2.12 or 2.13 in describing the fracture of real materials will
depend on the sharpness of the crack and the relative amount of plastic deformation. The

theoretical amount of energy to form two new fracture surfaces 2. in a solid is

(2.14)

where ¢, is the critical [tacture stress.
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Combining Eq. 2.4 and Eq. 2.14. and letting o,,,, equal o.. the applied stress for fracture will

be

A

T e Lyt 2

(2.15)

T g
oo B M,

The similarity between Eqgs. 2.13 and 2.15 suggests a correlation between y, /y, and zp/8a,,.

Plastic deformation can be related to a blunting process at the crack tip. with p increasing
with y,. Comparing Egs. 2.10 and 2.15 indicates that the Griffith relation is valid for cracks
with a radius of curvature at the tip which is in the vicinity of 8«, /7. Eq. 2.10 is also
believed to be applicable also where o < (Sa, /7). since it would be unreasonable to assume

that fracture will occur at zero stress as the crack root radius became intinitely small. When

p> (Sa, /7). Egs. 2.14 and 2.15 would control the failure condition.

For the case of matenials capable of plastic deformation. Irwin (1948) chose to use the cnergy
source term OU/da (i.e. the elastic energy per unmit crack length increment), rather than
develop an explicit relationship in terms of the energy sink terms. y, or 7 + 7, Denoting

O/ o as G. Irwin showed that

4 EG 7
o, = ,—. (2.16)
f‘ which is one of the most important relationships in the literature of fracture mechanics. By

RSN

comparison of Egs. 2.12 and 2.16. it is seen that

AR

G=2y, +7,) 217

i el R D e S e

At the point of instability, the elastic energy release rate G (also referred te as the crack

driving force) reaches a critical value G, whereupon fracture occurs. This critical elastic

energy rate may be interpreted as a material parameter and can be measured in the laboratory

with sharply notched test specimens.
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Measurement of G, requires further development of a number of equations. Theory suggests

that if the crack extends by an amount da. the necessary additional surface energy is obtained
from the work done by the external load. For a plate of unit thickness the condition for crack
growth becomes
d / diV 2.18
S U -F+W)=0o0r —(F-U) =", (2.18)
da du da
where U is the elastic energy contained in the plate. £ is the work performed by the external

force and ¥ is the energy for crack formation.

For an elastically loaded body containing a crack of length a (refer to Figure 2.6a). the

amount of stored elastic strain energy is given by

r (2.19)
k.

o —

where U is the stored strain energy of the body, P is the applied load. u is the load

displacement, and & = P/u is the body stiffness for crack length a.

Load p
T ‘ U.{gisplocement)
. A E O
o o oo o m A uy E y Be ﬂl Ee el I
] |
I
43
I |
o b
e
.
0 !&u I
] ]
pamemct
1 |
t |
L
0 < F — o
Figure 2.6a: Stored elastic strain energy Figure 2.6b: Load and displacement for

[Broek 1986] a cracked plate [Broek 1986]




- A N

Chapter 2 Literature Review 15

Alternatively. consider a cracked plate of thickness B under a load P, as shown by
Figure 2.6b. Under the action of the load. the load-application points undergo a relative
displacement 1. When the crack increases in size by an amount du the displacement will
increase by an amount du. Hence. the work done by the external force is Pdu. As a result, it

follows that:

G:i’lﬁ:.‘.]_(]r_y)=_]_(p_‘i’i_.i{(_’r_)‘ (2.20a)
da da B\ da da

where B is the thickness of the plate.

Assuming all the deformations are elastic and there is no crack growth. the displacement u is
proportional 1o load. Therefore # = CP where ( is the compliance of the plate. For an

uncracked plate of length L, width ¥ and thickness B. the compliance is given by
C = LAIVBE), (2.20b)
where £ 1s the Young's modulus of the plate material.

By using Eq. 2.20b an evaluation can be made of Eq. 2.20a which yiclds

G=—I- P2£+C‘Pd—1)-elpzic__cp£]=£5C‘ (2.21)
B a da 2 da 2B A

The terms with dP/da cancel which means that G is independent of whether the load is

constant or not. Therefore

G- DL L) L)
! v

~ (2.22)
2B cu B\ da B\ du

(7 is always proportional to the derivative of the ¢lastic energy (apart {rom the difference in

sign: al constant load U increases or at fixed displacement U decreases).

The fracture of flawed components may also be analysed by a siress analysis based on
concepts of elastic theory. Irwin (1957, 1938), modifying the results by Westergaard (1939),
published solutions for crack lip siress distributions associated with three major modes of
Joading (refer to Figure 2.7). Mode | loading is encountered in the overwhelming majority of

actual engineering situations involving the fracture process.
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Consider a plane stressed solid (refer to Figure 2.8) with the co-ordinate system X and Y.

The equlibrium conditions are

(?O—.\‘ ("‘!Z"n =0
cx y
N
Oy o g - (2.23)
3 I
3 ki
e 8
—+— 0, +0,)=0

Mode | Mode |] Mode IH

Figure 2.7: Three major modes of loading [Hertzberg 1983].

-
!‘rﬁry’{
(G
A £
(‘:gyJi'
J £x vt F -
(., " *y (el
l’:xy);
S

Figure 2.8: Plane stress element
[Timoshenko and Goodier 1970].
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if the displacements in v and y direction are # and v respectively. the expressions {or the

strains are

it
£, = —.
- (3-
o (2.24)
£, =—.
i d,
&
Voo = 4+t
5 6:" A,

o = (?’{i/
i
o, = ("g/ - -
T A (2.25)
_ Sy
X (:.\‘(/3) *
a4 a4 a4 ol
oy +2 2'4 +(/ v =00rV"(V“[//): 0,

L P
& .07 G O
where yis Airy's stress function.

Westergaard proposed stress functions for the crack tip in mode I cracking

v = Reﬁ + rim 7(:_)

where

.dz =76,
d}'(_zs ry

oz /)
A _

A
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The complex function f{z). to be analvtical. must satisfy

[Krevszig 1988] conditions of

Re ~~=2

éRe f(z) _2lIm f() _
ex 3
élm f(z) _ _ 2Re f(z) ' (2)

= Im+—,

& A >

z

Figure 2.9: Stresses near the crack tip [ Broek 1986].

the Cauchy-Riemann
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It follows that by applying the Cauchy-Riemann equations to the Westergaard function. the
following is obtained

V*Re f(z) = V?Im f(2) = 0. (2.28)

which satisfies the Airy's stress equilibrium condition. Therefore, using Eq. 2.26, the stresses

will be

o, =Re f(z)~ yIm f (=)
o, =Ref(2)+vim f (o) (2.29)

1

Ty =—YRe f(z)

x

A function f{z) which satisfies the boundary conditions under consideration will hence give a
complete description of the stresses in that solid. For a general crack tip (refer to Figure 2.9),

the function f{z) is assumed to be

. A A
f(z) = N (2.30)
where A is real constant.
Taking the limiting case
j‘(:)-__,;ﬂ = —A( - (2.31)
- 2z
and substituting z = re®Y, the stresses around the crack tip are:
1’\,! 8 . 9 . 0
g, = cos—| 1 -sin—sin—|~-o.
) 2nr 2 3 3
(2.32

Q
!

K, cos 0 (l +sin o sin 30]
Y 2 3 2 )
K, .6 0 30

S — CO0S = cOos —.

w 2 2 3 2

The parameter K, in the equations is known as the stress intensity factor for mode | cracking
and is a measure of the stress singularity at the crack tip. In order to give proper dimension (0

the stresses, K; must have dimensions of & by the square root of length. For the case of the
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crack loaded in uniaxial tension and elastic. o must be the remote applied stress ¢,. and the

characteristic length is the crack length a. Hence K, must 1ake the form of:

K, = YO‘\/E.

-
I~
Lad
(V3]

ey

where } 1s a geometric constant. Eq. 2.33 can thus be related back to Eq. 2.160.

2.2.2 Elastic/Plastic Fracture Mechanics (J-Integral)
When materials fail at stresses appreciably iower than their yield stress under plane strain

conditions and the plastic size ahead of the crack tip is small compared to the crack size.

LEFM can be applied. Either K. or G, are therefore capable of characterising the fracture

process.

For sitwations where the structure is thin-walled such as those commonly found in injection
moulded articles. the plastic zone will be larger than those of plane strain situations.
However if fracture takes place at loads lower than the yield stress, LEFM stiill applies. Once

the plastic zone is large compared to the remaining uncracked area, LEFM no longer applies.

A polymer blend may exhibit high toughness and low yield strength making characterisation

Figure 2.10: Definition of the J integral.
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of its fracture parameters is difficult. The J-integral seems capable of characterising such
matenals. in light of its recent successes at being applied to metals [ASTM E813-89 1990;
Ansafari and Andrews 1993] and polymers [Crist et al. 1991: Kim et al. 1990a; Frontint et al.
1992] and some polymer blends {Herpels and Mascia 1990: Huang 1991].

Advancement of fracture mechanics to cater for materials which are tough occurred in the
1960°s. The J-integral provided a means of determining an energy release rate for cases
where plasticity effects were not negligible. Eshelby (1974} had defined a number of contour
integrals which were path independent by virtue of the theorem of energy conservation
[Knowles and Sternberg 1972]. The two-dimensional form of these integrals can be wrilten

as

- 2.34
J = I(H”d}' -~ Té—{- ds |, (2.59)
L i A

where IV = W(x.y) = W(e) = J: o,de, . (2.35)

Consider a situation where T is a closed contour followed counter clockwise, as shown by
Figure 2.10. in a stressed solid. 7 is the tension vector (traction) perpendicular to I™ in the

outside direction. where 7T, = o, n, is the unit vector perpendicular to o, u is the

i L D
displacement in the x-direction and ds is an c¢lement of I It can be shown that /=0 along

any closed contour.

Rice (1968) applied this integral to crack problems. Consider the closed contour ABCDEF
around the crack tip in Figure 2.11a. The integral is zero around this contour. Since 7= 0
and dy = 0 along the parts CD and AF, the contribution of these parts to the integral is zero.
Therefore the contribution of ABC must be equal, but opposite in sign, to the contribution of

DEF. This means that the integral. if taken only along I'; or I', will have the same value. i.e.

Jrl =J~. in Figure 2.11b. Hence the integral is path-independent.
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The J-integral is an energy related quantity since the two terms in the integrand, namely ¥V
and Tdw/dx. both have dimensions of o&. which is strain energy. Previously Rice (1967) and
Drucker (1962) showed that the J-integral as defined along the contour around the crack tip in
Figure 2.11b is the change in potential energy for a virtual crack extension da:

&

J=-=. (2.36)

where }"is the potential energy.
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Figure 2:11b: Change in potential

Figure 2.11a: Application of eneray [Broek 1986].

closed contours to crack problems
[Broek 1986].
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Figure 2.11¢: Graphical interpretation of the
J-integral [Broek 1986].
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For a linear elastic material -8 7d¢ = G which means that
J=aG. (2.37a)

for the linear elastic case. By analogy with the elastic case

;\ P
_;=(-‘51_J z_((’i’] , (237b)
@/, i,

so that, agam. the same results are obtained regardless of the end conditions (i.e. fixed

displacement. # or constant load. P). However. in the linear elastic case, one can immediately
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ar), 2
and
&Y 1 &
: (2 } L2 O @Q39)
E anj, 2
whereas in the non-linear elastic case, these equations become:

o) - () ar 20
ca fp P \cuj,

and

’ (A
J - _(”f ] - f{‘;‘f’_) du. @41)
au j, "\,

The graphical interpretation to Eqs. 2.40 and 2.41 is shown by Figure 2.11c. Figure 2.11¢

shows that the material unloads along the same curve as that along which it was loaded.

showing non-linear but elastic stress strain behaviour. It also shows there is negligible

[5 ot
LML

o

difference between the energy release rate for the constant load and constant displacement

Fns)

i R
Gt

G

case. As a result, determination of the crack tip strain energy using the J-integral is valid as

&

tong as no unloading occurs because permanent deformation ts not accounted for. This

implies the J-integral can be used as a fracture criterion for cases where crack tip plasticity is

ot negligible because many problems in plasticity can be solved by treating the material as
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non-linear elastic through the deformation theory of plasticity or by the incremental theory of

plasticity.

In the linear elastic case J is equal to G and therefore alse J is equal to K/E. One can

postulate that crack growth or fracture occurs if J exceeds a critical value J,. which is

analogous to G,.. and equal to G, if the material is essentially linear elastic.

There 1s obviously a strong analogy between the 1wo parameters G and J. Since G in essence
is also a measure for the crack tip stress field through K2 = EG. it must be expected that ./ is
also a stress field parameter. This 1s clearly the case for a linear elastic materiat where J = G,

but it remains true {or a non-linear elastic material as well.

Consider a non-linear elastic material for which the stress-strain curve can be represented by

the Ramberg-Osgood equation

M
L2, a{f’—} . (2.42)
o

&)

where &, is the strain at {low. o, is the stress at flow. # is the strain hardening exponent and

is a constant,

For small strains exceeding the elastic limit, the equation above can be rewritten as

& E_ H
g, o, ) (2.43)
The J-integral is defined as

J = I_(l'i"d)f ~T i?: d.‘.f] ,
X

where I' is an arbitrary contour around the crack tip (beginning and ending at the opposite

crack face). Taking a circular contour of radius r from the crack tip. the J-integral will be
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s J = Weos@ - T ———] rdg. 2.44
‘ where #1s the polar angle. and W, 7, and /& depend upon - and 8.

The expression for ¥ is

W= [ o,de,.

so that W has the dimensions of &;&;. The traction 7" has dimensions of stress and du/dx is

dimensionless. Therefore T also has dimensions of g,¢,. The terms in parenthesis from

Eq. 2.44 after integration is proportional 10 gy,

R A e AL

J = f (J--s.-)r .

n-n

(2.45)
Making use of the stress-strain relation of Eq. 2.43. it follows that
C C,
8(]‘) = ’_nr‘(flun and J(’) = rl!(r:+l} ' (2'46)
For the case of a linear elastic material (i.e. = 1). the above equations become
C; C,
e(r)=—=and o(r) = ==, (2.47)
Vr Jr

which are in accordance with equations found previously.

The constants C; and C, can be expanded and Hutchinson (1968) derived the crack lip stress

and strain fields to be

] 1/ (n+11
g, = 0-”[__._.'_..._...._.] f”(G)

a'Jllgl] lnr
(2.48)
: } EICESE
". gd_',l' = ao-u g.-__: (0)
& Qo.e, ! nt
where /, is a constant depending on the stress-strain relationship.
2
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These equations highlight that .JJ can be a stress field parameter likened to K even though
Egs. 2.48 are related 1o the material behaviour more closely by the exponent » in the

equations.

2.2.3 Essential Work of Fracture
Broberg (1968, 1975) suggested that the non-elastic region at the crack tip should be divided

into two parts. There should be an end region, where the fracture process takes place. and an

outer region where screening plastic deformation takes place in order to accommodate the

large strains in the end region.

Eng region {necked zone)

Quter region (plostic zone)

Figure 2.12: Broberg’s interpretation of the {racture process in
polymers [Hashemi and O’Brien 1993].




Chapter 2 Literature Review

The essential work method divides the inpul energy into two parts, namely the essential work

and the non-essential work:

W+ W 2.49
W=, + W, (2.49)

where I, is the energy to fracture. ¥, is the essential work of fracture and IV, is the

non-essential work of fracture.

IV, accounts for the necking and fracture of the material in the fracture process zone. 17,
accounts for the plastic deformation in the outer plastic zone, which for metals will involve
shear and for polymers can involve micro voiding. crazing. cavitation. crack bridging, and

shear yielding.

When the plastic zone reaches the edge of the material, it can be assumed the plastic zone
area is proportional to the ligament length (width minus crack length) squared (Cotterell and
Reddel 1977: Chan and Williams 1994). The essential work of {racture is only proportional

to the ligament length. Therefore Eq. 2.49 can be rewritten as.

W, =w LB + uxpﬁLzB, (2.50)

R
where
B is thickness of the specimen,

L is the ligament length,
i, is the specific essential work of fracture,

w, is the specific non-essential work of fracture and
[ is the shape factor.

Eq. 2.50 can be rewritten as
wp =, +w, AL (2.51)
where w, = /LB and is the specific work to fracture.

If a set of specimens with varying ligament lengths is tested and W, found, then divided by

LB and plotied against L, a linear relationship should result. 1f £ is extrapolated back to zero,

then w, can be found which is assumed 1o be a material constant. as shown by Eq. 2.51.
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Two restrictions are applicable to the essential work of fracture. Firstly the maximum
ligament Iength used for extrapolation must be less than one third of the specimen width or
the plastic zone size. whichever is the jower:

. (I
L < mm[——,?.r ],

3 r

where 11 is the specimen width and 2r,, is the plastic zone size.

This condition ensures complete yielding of the ligament before crack propagation and the
plastic deformation is restricted to the ligament area, away from the lateral boundary of the
specimen. The second restriction is that the ligament length should be three to five times the
specimen thickness. to ensure it is not in the plane stress-plane strain transition region where

the theory breaks down.

The disadvantage with the essential work of fracture method to date is its lack of application
to predicting failure in engineering structures. It remamns at present (to the author's
knowledge) a characterisation tool for measuring and comparing the fracture toughness of

materials, bul is most used to predict failure loads for given geometries or designs.

Although the J-integral and the essential work (w,) method approach the elastic-plastic

fracture problem differently, it has been shown that the two resulting critical fracture
parameters are compatible, Since the J-integral is an established method for testing the
fraclure toughness of ductile materials, the w, method can also be used to characterise the

{racture toughness of ductile materials. The w, method has been successfully applied to thin

sheets of metals [Mai and Cotterell 1985; Knuk and Read 1986] and polymers [Mai and
Cotterell 1986; Hashemi 1993; Wu et al. 1993].

It may be worthwhile at this stage to compare some fracture toughness values, previously

found by other workers, as measured by LEFM, J-Integral and w, method (shown in

Table 2.1). The values are for materials used in this thesis and by no means comprehensive.

They should simply be viewed as being a guide to the loughness of each material.

Ashby and Jones (1986) guve a range of G, values between 0.1 and {0 kl/m® for general

engineering polymers. The toughness values found by other workers fall into this expected

range except for the ABS/PC blend which did not fall between 0.1 and 10 ki/m®. Materials
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will tend to have a spread of toughness values due to the method of testing, geometry of

specimens and variations in the same grade of material (due 10 processing conditions. amount

of rubber in the matrix eic.). ABS shows this variability in Table 2.1 and PET and PC show

this in fracture experiments in Chapter 6.1.

PS seems to be the most brittle material and ABS/PC the toughest, given the G,. values in

Table 2.1. The essential work of fracture approach gave toughness values which were higher

than the range given by Ashby and Jones and in the case of PC, higher than LEFM or the

J-Integral methodology.

Table 2.1: Fracture toughness values as measured by different methods.

Material G, w,
(kJ/m?) (kJim?)
PS 1.2" 1.1%
[Ashby and Jones 1986] [Yee 1990] {Mai and Cotterell 1986]
PC 2.5 19-28
[Kim et al. 1990b] [Kim et al. 1990b] [Hashemi 1997}
ABS 1.6-4.1% 12.5-13
[Paul et al. 1991] [Bernal and Frontini [Ching et al. 2000]
PET 5.9% 36-68
[Hashemi 1997)
ABS/PET 6.7° _
ABS/PC 18.9 3.7
{Herpels and Mascia [Herpels and Mascia [Santana et al. 1997)]
1990]

*Assuming E is equal 1800 MPa
ﬂAssuming E is equal to 3165 MPa
?"Measured on High Impact Polystyrene
*As measured in this thesis
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2.2.4 Observations of Deformation in Ductile Polymers
Toughness of polvmers can also be explained by the energy absorbing mechanisms which

impede crack advancement - particle deformation/cavitation, shear yielding and crazing.
Figures 2.13 10 2.15 [Kinloch and Young 1983: Argon and Cohen 1994] show these
mechanisms schematically. Takemori (1990), and Bucknall (1977) provide overviews on

these toughening mechanisms.

Figure 2.13: Particle Figure 2.14: Shear yielding.  Figure 2.15: Crazing.
cavitation.

Microscopy of deformed regions in tough polymers provides a qualitative approach 1o tou
understanding of fracture in polymers. The enhanced toughness of rubber modified materials
such as high impact polystyrene (HIPS) and acrylonitrile butadiene styrene (ABS) is due to
their ability to provide a much greater volume of polymer to be involved in the energy
absorbing process. Incorporating a second phase of rubbery particles initiates localised
energy absorbing mechanisms from many sources rather than a few isolated ones around the

crack tip. ABS utilises the three methods of toughening described in Figures 2.13 to 2.15.

The first method is particle deformation/cavitation. [Essentially, the rubber particles are
considered to bridge the crack as it propagates through the material or cavitate due to the
triaxial stresses set up in front of a notch (shown by Figure 2.16). The increase in toughness
of the multiphase polymer may be identified with the amount of elastic energy stored in the
rubber particles during stretching which is then dissipated irreversibly when the particles
rupture. This model was developed by Kunz-Douglass (1980) and Kunz (1981). but the

model could not explain the stress whitening observed in most rubber-toughened plastics.
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Figure 2.16: Internal voiding of a rubber particle
in ABS - stained with Os Oy [Donald and
Kramer 1992].

Thus whilst ligaments of rubber spanning a crack must reduce the stress concentration at the
crack tip and iheir fracture involves only some energy dissipation. it appears that this
mechanism is usually only of secondary importance in increasing the toughness of such
multiphase polymers. It is principally the deformation of the matrix, enhanced by the

presence of the second phase, which improves the toughness.

The second method of toughening is by shear yielding of the matrix. Extensive shear yielding
accompanying the fracture process is a major mechanism in many tough single phase
polymers and this mechanism may be greatly enhanced in many otherwise brittle polymers by
the second rubbery particulate phase. Optical microscopy studies on ABS materials revealed
that the material. in a uniaxial tensile test, had undergone localised plasiic deformation

around virtually every rubber particle (shown by Figure 2.17).
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Figure 1.17: SEM scan showing shear bands in the free
surface of a drawn ABS sample [Chen and Sauer 1990].

The third method of toughening is by crazing. The function of the rubbery particles is to
witiate multiple craze growth in the material mawix. Bucknall and co-workers (1976)
suggested that under an applied tensile siress. crazes are initiated at points of maximum
triaxial stress concentrations, which are usually near the equators of the rubber particles. The
rubber particles are also craze terminators (refer to Figure 2.18), preventing the growth of
very large crazes which could act as sites for premature crack initiation and growth.
Therefore the rubber particles induce a large number of small crazes 1o be generated instead

of the formation of large crazes in a matrix without the rubber particles.
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Figure 2.18: Crazing in ABS [Donald and Kramer 1982].

Kintoch and Young have shown (Figure 2.19) that all three modes of toughening can occur
during loading. In many toughened polymers such as ABS and rubber-toughened PVC, the
mechanisnis of cavitation, shear yielding and crazing may be observed. As a general rule the
mechanism which is dominant in the toughened polymer will simply reflect the main
mechanism which is operative in the matrix when it is modified. Thus. in HIPS, crazing is
usually the dominant mechanism whist shear yielding is generally the major mechanism in
rubber-toughened PVC and epoxy resins. However, microstructural features of the toughened
polymer, such as particie size, will affect which mechanism will be preferred, as will the

strain rate and temperature of the test.
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a

Figure 2.19: TEM of a replica of a 50/50 blend of HIPS and poly(2. 6-di
methyl-1, 4-phenylene oxide ). Arrow indicates direction of applied stress
[Kinloch and Young 1983].

The simultaneous initiation of shear bands and crazes is shown in Figure 2.19. The shear
bands are formed approximately along planes of maximum resolved shear stress and therefore
intersect  crazes at  an angle of about 45 degrees. These observations led
Bucknall and co-workers (1976) to suggest that in addition to increasing the energy
absorption, shear bands act as effective craze terminators for growing crazes. Hence, in those
polymers where shear banding occurs in addition to crazing, the necessity for relatively large

rubber particles to function as craze terminators is removed.

The nature of crack propagation in other engineering polymers has also been investigated.

Beahan et al. (1975) studied the fracture process of an amorphous single phase glassy
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polymer - polystyrene. They showed that the material precrazes before the crack advances.
The crack path can be broken up into regions (Figure 2.20). In the initiation and intermediate

region . fracture progresses through the precrazed matter in one of several ways. Initially. the

crack grows by the nucleation and growth of conically shaped voids along the mid-plane of
the craze (refer to Figure 2.21). As the crack velocity increases. the crack iends to grow
alternately along one craze-matrix boundary mterface and then the other. Consequently, the
fracture surface contains islands or patches of craze matter attached to one-half of the fracture

surface (Figure 2.22 and 2.23) which mate with detachment zones on the mating surface.
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Figure 2.20: Schematic of fast fracture [Beahan et al. 1975].
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] Figure 2.21: Optical micrograph of the nucleation
R and mackerel regions [Beahan et al. 1975].
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Figure 2.22: SEM image revealing conical voids along
mid-plane of the craze [Beahan et al. 1975].
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Figure 2.23: Mackerel pattern [Beahan et al. 1975].

During the terminal stage of fast fracture, the crack front outpaces the craze tip, with
continued crack extension taking place through bundles of secondary crazes that form at the
crack tip. The banded nature of this surface ( referred to as "hackle” bands ) suggests that the
crack propagates through one bundle of crazes. at which point a new craze bundle is formed
and the process repeated. A close examination of the hackle zone reveals the patch
morphology described above. This part of the fracture surface takes on a "misty" appearance

because of the rougher surface and the fact there contains bundles of crazes (refer to

Figure 2.24).
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Figure 2.24: Scanning eleciron micrograph taken from the hackle region showing
two craze levels [Beahan et al. 1975).

Curtin and Xiao (1995) have modelled this fracture process. They used a spring network to
approximate the itbrils holding the crazed material together. However this model was not

iried on more ductile matenals.

For the tough single phase polymers used in this study (PC and PET) stress whitening and
shear yielding was observed in front of the crack tip at the time of failure. Severe blunting of
the crack tip in tough polymer blends has been observed by Wu and Mai (1993) as shown in

o Figure 2.25.




|

o pnee s
oL D L et

—

B b T

L - SR TUPIEr B YA PP Y S S PRTR PRSP SIS L AP

o

AL e T i e s

S TE R

s - e s
o TR e R st b Sl e

- —
" - R T e

i D i e

k2

Frbmed i

g Tt
EFTEAT o -

Trme—
EsEl

ki
i

Chapter 2 Literature Review 39

Figure 2.25: Crack tip blunted by deformation of the surrounding material
[Wu and Mai 1993).

2.3 Summary

The fundamentals of fracture mechanics has been described in Chapters 2.2.1 to 2.2.2. It
shows why materials fail at lower loads when compared to the bond strength as given by
alomic theory. The reason i1s that matenals are imperfect and contains flaws. Flaws in brittle

materials are sharp and expertments by Griffith on soda glass has proven this.

However, for metals, these imperfections are not as sharp when compared to glass. In fact,
for metallic materials, there is a yielded zone that develops in front of the crack tip. This
gave rise 10 lrwin’s idea of a plastic zone size which in turn led to corrections to Griffith’s
equations. Elastic-plastic fracture mechanics was researched in the 1960°s in order to also
mode! the fracture behaviour of metals and tough metal alloys. Some of the fundamental

work (such as the J-Integral) has proved effective in explaining the tough nature of metals.

A new class of materials has now emerged which are tough and have low yield stresses when
compared to metals. This new class of matenals is polymers and polymer blends. In Chapter
2.2.4, workers have studied the behaviour of a flaw in these ductile materials. They noted a

large number of toughening mechanisms at work to severely blunt any existing sharp flaw. In
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the case of metals, yielding of the crack tip is the primary means of blunting whereas in

polymers, cavitation. crack bridging, shear yielding and many other methods are possible.

Workers [Huang 1991; Bucknall et al. 1993; Raab 1993] have proposed models which link
the microfeatures observed in crack tip deformation of some polymers {o its toughness but
only the essential work of fracture (EWF) idea is general enough to take into account all the
possible toughening mechanisms. To achieve this. EWF essentially lumps all the
mechanisms into a process zone ahead of the crack tip. The exact nature of the theory is
described in Chapters 2.2.3 and will not be repeated here. Suffice to say. it has proven to be

an important tool {or the characterisation of toughness for polymers.

Chapter 2 has described the fundamentals of fracture for britile 10 extremely tough materials.
Unfortunately, the application of theory to engineering situations has not been discussed.
Chapter 3 will seek to correct this and it will also develop a simple model which may be used
to predict failure for polymeric materials. The premise of this new model is that polymeric
materials blunt sharp imperfections or cracks to a radius of curvature p, and each material has
its own characteristic value. Brittle materials have low values whist tough polymers have

high values.

This simple mode! assume that polymers will use all available means available to it, in order
to blunt the sharp flaws which exists within it. The model only describes the behaviour of
polymers with cracks and the value of g obtained is not equal to the plastic zone size. In this
regard, it is dissimilar to Broberg and Mai’s EWT idea, and Irwin’s plastic zone size idea for
metals. Both these theories assume that the process area ahead of the crack encapsulates all
the energy absorbing phenomenon to blunt the crack whereas the effective crack tip
pararneter is only a modelling tool and has no physical interpretation uniike the previous two

parameters. As we shall see later though. the new model is an effective means of predicting

failure for tough and ductile polymers.
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Chapter 3

Methodologies in Predicting Failure

3.1 Elastic Analysis of Polymer Articles with Cracks

Background theory in analysing polymer sheets with cracks has been given in Chapter 2.2.
Observations have also been made on the propagation of cracks in sheets of tough
engineering polymers.  However. the application of theory and observations. to
configurations commonly found in engineering practice is most important 10 a failure analyst

or designer.
Deutschman et al. (1975) stated that:

s very necessary 1o undersiand that the mathematical model
chosen and the subsequent calculations thar are made merely
approximate reality.  One must, therefore, be fully aware of the
various assumptions and limitations (for example, of linearity,
homogeneity, and so on) that were made in deriving the equations

used in the study of the engineering sciences... ...

Therefore, it is very important to keep in mind that good design is
based upon good theory while emphasising that the numbers that
result from applying the theory are merely ball park figures. which
give the design engineer a rational basis for substantiating her/his

work... ... "

Therefore from the quotation above. it would be sensible to acknowledge that the
methodology offered to an engineer or designer should be simple and one which will provide

“ball park™ working loads which are safe for all configurations.
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Consider a simple engineering configuration. that of a crack emanating from a hole (refer to

Figure 3.1} in a umformly loaded plate and also treat the material to be linear elastic.
Therefore what tools are available to predict the remote applied load required to cause failure
for such an article made from a tough ductile polymer?

0

Figure 3.1: Crack emanating from a hole.
[Hertzberg 1983]
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3.1.1 Yielding Methodology

The simplest method of prediction is to assume the article fails when the stress across the
ligament length (i.e. the width of the specimen minus the diameter of the hole and crack) is
equal to the yield stress obtained from a uniaxial tensile test. In this thesis, the term net
section yielding is used to describe this mode of failure. The equation for failure would be

when

P
BV —(L+2R)]
P —

TR =0
pif1-2t=
w

o

i

_— =0,
|_L+2R)
i

L+2R
o,=0,1- .
‘ - I

(3.1)

where g, is the remote applied stress, o). 1s the yield siress of the material as obtained from a
uniaxial tensile test, B is the thickness and ¥ is the width of the specimen. It is worth noting
that for more complex configurations and stress states, the definition of failure by net section
yielding is when the average Von-Mises stress across a section of material reaches the yield
stress as defined by the Von-Mises criterion. The Von—Miges criterion was chosen over the
Tresca criterion because it 1s a better description of the yielding phenomenon in ductile
materials [Bacoffen 1972; Calladine 1969].

3.1.2 LEFM Methodology

A second methodology which one may use to predict failure for an article shown by

Figure 3.1 1s LEFM. Eq. 2.33 stales that failure will occur when
K, =Yoo vm.

where K. is the fracture toughness of the material (also equal to v £G). « is the crack length
and Y is a geometric factor which describes the stress state of the structure. For the case of a
crack emanating from a round hole, the crack length is equal to L and Y is equal

to 3 {Howland 1930] multiplied by 1.12 because there exists stress concentration effects from
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the hole and edge effects from the finite size of the plate. 1f the plale was very wide. }" would
be equal to 3 (which is the stress concentration around a hole) as no edge effects would be

present.

Therefore substituting the appropriate terms into Eq. 2.33. one obtains
K, =0.12)3)0, VL.

Transposing the equation. the applied stress required for failure is

— K )

o, A .
(1.12)3WAL (3.2)

K,

— k
1.12)3)F l\jn i;i

g

I

An alternative approach is to suppose that the hole is part of the crack. This is particuiarly

P _ L+2R
meaningful if L is much greater than R, when the crack length is assumed to be —
Failure occurs when

, L+ 2R
K, = (L.12)o, (V7 /—?—
’d
o K,
(3.3)

o L+ 2R
(127 (V7)) /Tznf

For small cracks, Eq. 3.2 is more appropriate to use. as it assumes the stress concentration has
an effect upon the crack. This form of analysis is followed where the crack lengths are short
relative 1o the dimensions of the structure. Short crack length is also the condition that is

imposed on fracture specimens used in this thesis.
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A plastic correction factor may be made 1o Eq. 3.2. Irwin proposed that the material in front
of the crack tip yields to a circular shape with a radius r,,. Therefore the total crack length is

L+r, and LEFM predicts failure 1o occur when

_ K.
. = T (3.4)
UJibKﬁFMx IV”

(K,) (3.4a)

G

where r, =

In LEFM, the geometric factor } is an important term. In the situations considered in this
thesis. where the cracks are small, ¥ can be thought of as a stress concentratton factor. It
describes the magnified stresses which the crack cexperiences when it is near a stress
concentrator. Y is well defined for simple geometries but for more complex configurations,

finite element analysis is employed to find the highly stressed regions in a component.

3.1.3 Effective Crack Tip Blunting Methodology

A third approach to predicting failure in ductile polymers with cracks has been hinted at by

Dubey (1998) and Parton (1992) and from observations of crack tip deformation in polymers.

This methodology assumes that the crack effectively blunts itself to an effective radius of
curvature p (refer to Figure 3.2) which is different for each material. This eifective radius of
curvature, assumed (0 be a material constant, is not necessarily related to the plastic zone
size. or to the observed shape of the yielded/crazed/cavitated region at the crack tip. It is
simply a material parameter that describes its  behaviour, and could accommodate
combinations of plastic yielding, crazirg, cavitation, fibre pullowt, crack bridging and other

polymeric¢ toughening mechanisins.



Chapter 3 Methodologies in Predicting Failure 46

Geometrically. an ellipse with semi-minor axis 5 and semi-major axis ¢ will have a radius of
curvature p equai 19 b%c [Jennings 1994: Roe 1993]. Any ellipse may be formed to
approximate the end of a crack but every material is assumed to have a distinctive p.

Therefore the tensile stress state at the end of the crack. in the y direction will be

O = [cru [1 + 2 \/%H()’). .5)

where 1 is a geometric constant as defined in Chapter 3.1.2.

2b

Figure 3.2: Effective crack tip blunting model.
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The key supposition is that failure will occur when the stress at the tip causes the material to

further yield (i.e. when g, = 6;). For the example of a crack emanating from a hole (shown

by Figure 3.1). failure occurs when

o {1 + zli{\/z][\/}:ﬂ}(s)(l.]z). "

If one includes the plastic zone correction, Eq. 3.6 becomes

a (MJT] (3)01.12) G-

3.2 Application of Elastic Analysis to Complex Geometries

The principles of predicting fracture have been looked at in Section 3.1. The example of
predicting failure for a simple article such as a crack emanating [rom a hole showed the
logical steps required in three different. simple methodologies. The question which now
arises is. how does one apply the principles of the three methodologies 1o the five

configurations tested in this thesis.
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' 3.2.1 FEA and Yielding Methodology

Figure 3.3 shows a single edge notched tensile (SENT) specimen. The component is loaded
8 uniformly and along the mould filling direction with the gate being at the 75mm end. The
specimen is also experiencing a plane stress condition as it is a thin sheet with no constraint
in the thickness direction.
r
2 . B =3mm
"

e

-

N

Figure 3.3: Dimensions of SENT
specimen.
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The first methodology used to predict failure is net section yielding. Yielding would occur
across the ligament length when the net section stress equals the yield stress of the material.

Therefore failure occurs when

(3.8)

where « is the crack length. The variables in Eq. 3.8 are all defined. hence failure loads can

be found for varying values of crack lengih.

It is also worth mentioning at this stage that the SENT specimen was used to characterise the

parameters K. and p. However this will be explained in more detail in Chapter 6.

The second specimen to be considered in this thesis is a middle hole specimen (MHT)
specimen. The dimensions of the article is shown by Figure 3.4. Compared to a SENT
specimen. the MHT article is complicated by the addition of a stress concentrator which is
the hole. However the problem is still one of plane stress. Furthermore. stress concentration

effecis from holes is well analysed and finite element analysis is not required.
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To predict failure by yielding. one can follow the same arguments as in Chapter 3.1.1. The

remote stress for failure is

P —
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Figure 3.4: Dimensions of MHT
specimen,
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AL |

Figure 3.5: Dumensions for THT
specimen.

The third specimen was a three-hole tension (THT) specimen shown by Figure 3.5. The

dimensions were proportional to those used by Newman et al. (shown in Figure 1.1).

The three-hole tension specimen is an example of a more complex injection moulded article
and as a result, finite element analysis (FEA) is required to solve the problem. A simple
methodology for analysing the problem is by considering whether the crack emanating from
the smaller hole is influenced by the stress concentration of the small hole. 1f it is not. then

the crack and small hole is {reated as one unified crack.
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Figure 3.6: IFE mode! for unified hole and
crack.

Two finite element analyses were performed. The first considered the small hole and crack
to be a single large crack. Therefore a plate with only the two larger holes was modelled
(as shown by Figure 3.6). The only region of interest is the midplane, AA’. The stress
distribution is plotted on Figure 3.7. The drop in stress concentration between the two large

holes shows the shielding effect of the holes against the applied stress.
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Figure 3.7; Stress distribution across AA' for unified crack ina THT specimen.

In terms of net section vielding, the above result is not as relevant as for the case when the
small hole influences the flaw. As discussed in Chapter 1. this thesis deals mainly with small
crack sizes which means the hole should have an effect on the crack. The second finite
element mode! considered the crack to be independent of the small hole. Therefore the
analysis included the small hole as well as the two large holes (as shown by Figure 3.8).
However in this situation, there are several regions where the structure could fail and the

stress distribution needs to be well described.

The edge of the specimen to that of the small hole. identifted as CC' in Figure 3.8, is an area
of possible failure by yielding while the material joining the small hole and larger hole,

identified as DD'. may also deform plastically.
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Figure 3.8: THT specimen used in finite
clement analysis.

The stress distribution for CC' and BB' are plotted on Figure 3.9. The stress distribution
across DD 1s plotied in Figure 3.10. Figure 3.9 is a plot of 6y / o, versus x/W. where x is
position along the midplane. Figure 3.9 shows the highly stressed region in front of the small

hole decreasing rapidly once it reaches the shielded area provided by the two larger holes.

The area of interest between the small hole and larger hole is considered to be the plane of
material joining the centre of the small hole to the centre of the larger hole. This may not
necessarily be where the maximum stresses lie but it contains the least amount of material.
Figure 3.10 shows the Von-Mises stress distribution across plane DD'. High stresses exist at

the edge of the small hole and drop to unity only at the circumfierence of the larger hole.
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Figure 3.9: Finite element analysis of stress along the midplane of the THT
speeimen.
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Figure 3.10: Finite element results for the plane DD'.




e |

R,

T
e ey, B

Chapter 3 Methodologies in Predicting Failure 56

Failure by net section yielding 15 predicted to occur if the average stresses across ligament
CC' or DD' reaches the yield stress as defined by the Von-Mises yield criterion. Table 3.1

cives the average stress across CC' and DD' - two areas where cross section yielding may be

possible.

Table 3.1: Average stresses across regions of possible failure

Region Average Stress Concentration
(g/o'ﬂ )
cC 1.147
DD 1.664

The Von-Mises criterion (in terms of principal stresses) can be expressed [Hosford and
Caddell 1993] as
(3.92)

(Gl '02)2 "‘(‘71 '_0'.‘-)2 "'(U?- -, )2 =q°,

where ¢ 1s a function of the yield stress as obtained from a uniaxial tensile test. Substituting

Q
il

T, .
o, = Oand

o, = 0.
into Eq. 3.9a results in ¢- being equal to 25;°.

The evaluated yield stress can now be used in place of ¢ in the Von-Mises criterion and
dividing both sides by 3. the equation becomes
2 : 2
(0'1 "Uz) +{o, —a,) + (o “Jt) 20,

3 3

Taking the square root of both sides, the equation becomes

\/(0] - 0'2)2 + (O': - 0'3)2 +(O'3 - Cl"|)2 - \jgo.r. (3.9b)

3
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Failure occurs when the function of the stress state on the left hand side of Eq. 3.9b reaches
the Von-Mises defined yield stress on the right hand side. The left hand side of Eq. 3.9b is

also the function used to calculate stresses in the finite element analysis.

From the values given by Table 3.1, the lizgament DD' experiences the largest average stress.
In fact, for every 1 unit of remote applied stress. the average Von-Mises stress is 1.664 times

higher. Therefore using Eq 3.9b and Table 3.1. yield failure occurs when

o,
o, = 3
‘T 1.664 (3.10)

YN

As the CT specimen is pin loaded (shown in Figure 3.11), the approach needed to predict
failure by yielding will vary slightly when compared to the previous three specimens which
were uniformly loaded. In this case, the pin loads act as leveraging {orces trying to pull apart
two beams with the crack separating the beams. The point of failure will therefore be at the

end of the crack, which can be regarded as the end of the beam.

An analytical solution exists for describing the stress distribution at the crack tip of a CT
specimen. It is given in the book b Atkins and Mai (1985). To predict failure for pin loaded
cases, they considered the problem to be a summation of two loading situations - shown by
Figure 3.12. One load is tensile whilst the other is considered to be a bending moment. The

stresses at the end of the crack can be evaluated by stating that

P My
O'), = +
BW — a) /

where

M - P - c%
y = (W B (% and

B(w - a)y
12 -

Ty
]
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Substituting and simplifying, the result is

_ 6P [a;’W + {2301 - a/'W))}

CT:.‘ BIV (1 _ a/”}.)l‘

Failure is assumed to occur when oy is equal to the yield stress. The required applied load

(normalised by dividing against thickness and width) is given by

P _o (1 — a/Wy
v - % T o | s (@ —ai) |

Predictions of fatlure loads caused by yielding can therefore be made for all crack lengths.
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Figure 3.11: Dimensions for CT specimens.
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Figure 3.12: Analytical solution to pin loaded cases [Atkins and
Mai 1985].

Analysis for net section yielding of the ribbed specimen (shown by Figure 3.13) was the
same as for the CT specimen. They were essentially both pin-loaded cases. In this thesis. the
plane strain condition which exists when the crack is at the junction of the “T” intersection is

not taken into account in the predictions. This was done for the purpose of simplicity.
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Figure 3.13: Dimensions of ribbed specimens.

3.2.2 FEA and LEFM Methodology

In LEFM, the simplest equation used to forecast the fracture in a cracked specimen is,

Irwin modified this equation 1o

o, = : (3.12)

Y

W

with the addition of the plastic zone to the overall crack length. Eq. 3.12 is used to generate

curves to predict failure by LEFM because it provides lower loads as well as a better
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representation of the ductility present in many materials when compared to Eq. 3.11. In
Eq. 3.12, Kj. is a constant (for a particular material) along with r,. « is the independent
variable. leaving } as the parameter that needs to be defined. Y describes the stress
concentration {or stress state) in the region of interest within the structure in question. It is a

function of position in that body. In the case of a SENT specimen,

-

2 3 4
. o X XY X ap ag| X o
Y =112 0.23(——-W) + 10.3(-W] 21.71(_1_1{] + JO-JS(WJ . (3.13)

where x is the position along the midplane of Figure 3.3.

For any crack length, the stress state is found by substituting the equivalent value for x. It is
interesting to note that for small cracks, Y is equal to 1.12. This value, slightly greater than
unity, indicates that there are stress concentration effects present in SENT specimens from

the edges.

For the MHT specimens,

}_,=l,)+[ r \+3 r 1
2| .\'+rJ x+r) | (3.14)

where x is position as measured from the edge of the hole along the midplane (refer to
Figure 3.4} and r is the radius of the hole. Eq. 3.14 describes the siress concentration of the
hole in a uniformly loaded plate. When x is equal to 0. Y is equal to 3. which is the expected

result. As x increases, the stress concentration drops away rapidly.

The stress state for the uniformly loaded THT specimen has no analytical solution and hence
FEA was utilised to gain an answer. Y for the THT article is plotted in Figure 3.9 and the
region of interest is BB' as shown by Figure3.8. The plane BB' has a high siress
concentration near the hole, and it is the region where a crack was introduced. but it drops to

umity quickly.

No analytical solution was found for an unnotched CT specimen and as a result FEA was
used to define the stress state. The specimens were pin loaded and as a result Hertzian
stresses were encountered (Timoshenko 1970). For the case of the CT specimens, only one

region of siress distribution is important. 1t is at the midplane of the specimens, shown by
EE'in Figure 3,14,
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Figure 3.14: CT specimen used in FEA, showing the
plane of interest EE'.
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Figure 3.15: FEA calculated stress distribution across EE' for the CT specimen.
W = 75mm for ail specimens.
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FFigure 3.15 shows the stress distribution oy, / 64 across EE' for CT specimens with various
gauge lengths. The stresses decrease away from the edge and loading points and become
compressive for X/W greater than approximately 0.78. This is true for all gauge lengths.
Therefore even at reasonably long gauge lengths. the ratio of g, to g, is not unity. indicating

a bending moment effect is present.

For the specimen with a gauge length of 72 mim (which is the gauge length of the
experimental specimens), there is a rise in stresses associated with the loading pins. which are
located at xW =0.2. This is due to the close proximity of the two loading points and the

effect of having a concentrated pin load directed at a surface of the holes.

As stated in Section 3.2.1, Y for the ribbed specimen did not differ from that of the CT
specimen in order to maintain the simplicity of the problem. Therefore the finite element

solution (shown by Figure 3.13) was used in the analysis of CT and ribbed specimens.

3.2.3 FEA and Effective Crack Tip Blunting Methodology

Application of the crack tip blunting methodology does not differ greatly from that of LEFM.

The general equation for predicting failure by this method is

o,
o, = ‘ 3.15
it b (J-]:’)

(1 +2 f’—J)’
£
and including the plastic zone size,

a.

o, = ' . (3.16)

As in the previous section, all relevant parameters are known. pis a material constant, V' is
defined by FEA or analytically and a is the independent variable plotted against. Eq. 3.16
states that for increasing values of p (i.e. tough materials), the stress required to cause failure

nses. This is in accordance with intuition.
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3.3 Application of Elastic/Plastic Analysis to Complex
Geometries

3.3.1 J-Integral Methodology

The energy argument for fracture was shown by Eq. 2.16 to be

2 2
Yo, m

= G,
E

where Y is a geometric constant which describes the stress state of the structure before a
crack 1s introduced. The equation is useful because it permats the use of stresses to be used in

the solution of the equation.

Fracture occurs when the applied stress increases the lefl hand term of the equation to the

value of G,.. This equation can also be rewritten in a form which will contain strain.

Substituting ¢v¢ for E, the equation becomes
Yo ema = G. (3.17)

Furthermore, an elastic-plastic material can be modelled using the Ramsberg-Osgood

equation, which relates stress and strain by

— Ja (‘:’-ra‘)fI - -
£ = 3 + - or e =¢, +¢&,. (3.18)
Substituting Eq. 3.18 into Eq. 3.17, one gets
Yo Ym Vo, )"'m (3.19)
+ = J.
E F

The right hand term of the equation is no longer G but J, 1o denote an elastic-plastic material.
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The first term on the left hand side of the equation,

is the elastic component of the energy release rate. The second term

A
J e,

signifies the plastic component of the energy release rate.

Equation 3.19 is useful in engineering because the lefi hand side of the equation is expressed
in stresses. The equation states that fracture will occur when the applied siress increases the
total on the left hand side of the equation to a value of .J,.. which is the fracture toughness of
the material. The solution to Eq. 3.19 requires iteration and performing a tensile test to
evaluate £ and F. Y is once again found analytically or by using finite element analysis for

more complex geometries.

To obtain an iterative solution is not as simple as in the elastic case. Admittedly, the use of
computers could aid in the solving of the problem but ductile polymers provide another
barrier. The main hurdle is the tensile curve does not match the stress-sirain relation given
by Eq. 3.18. The curve (shown as curve C in Figure 8.1) rises to a maximum load and then
continues to neck at lower loads. TFor increasing strain. the stress does not continue to

increase in an exponential manner as for metals.

3.4 Designing Polymer Articles using Elastic Analysis

Instead of applying the discussed methodologies 1o articles with cracks already present in
them, they may be used upon uncracked objects. The question posed from this alternative
viewpoint is - what size {law can a complex structure withstand before failure? A further

question is - which methodology will provide a consistently safe resull?

Take the simple example of an everyday injection moulded article that is also complex in
geomelry such as a telephone casing. If it is subjected to some external loading condition,

what size flaw could it tolerate without failing?

TR R
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The initial step would be 10 perform an FEA analysis because an analytical solution would
probably be either impossible or too time consuming to attain. The FEA analysis would then
give a stress distribution of the telephone casing under service loads. There would probably
be several regions where high stresses are situated. The desicner would then focus her

attention onto these important areas and use the FEA data to make appropriate calculations.

In order to check for the occurrence of net section yielding. one would transpose Eq. 3.10 to:

5 = 2 (3.20)
vm 3 L

where &, 1s the average Von-Mises stress over a ligament length,

vin

Eq. 3.20 states that if any of the regions had an average Von-Mises stress over the yield stress
(according to the Von-Mises criterion), then the component would fail. A redesign would
then be necessary perhaps simply by increasing the wall thickness to decrease the stresses in

any critical regions.

Similarly one could alter Eq. 3.12 and Eq. 3.16 to have crack length « as the dependent

variable. Eq. 3.12 would become

(R

K,
a = & -1, (3.21)
Oy )7
and Eq. 3.16 will be
s, ' 3.2
a= |2 -r, (3-22)
410,

where oy, is the point of maximum stress and is also equal to g, multiplied by Y.

Equations 3.21 and 3.22 both state that for increasing stress, the allowable crack size

decreases, since K. and p are constants. This is in accordance with intuition.

From results in Chapter 6, it can be argued that the crack lengths solved using Eq. 3.21 will
be larger than those of Eq. 3.22. However ductile polymers are not able to withstand the

large cracks predicted by LEFM.
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Following on from this argument. should an engineer choose to base her/his caleulation upon
LEFM, the amount of material used would be less than necessary {i.e. thin wall thickness
increases the maximum stress) in order to accommodate a small flaw. The object may fail
prematurely. The other option is 1o accept calculations based upon the simple crack biunting
model. The crack lengths as calculated from Eq. 3.22 would be smaller but is a safe design.
Hence wall thickness can be increased to allow for larger cracks, decreased to allow for

smaller cracks or remain tha same if the predicted tolerable crack size is within specification.

3.5 Summary

In this chapter, three simple methodologies were described that could be used to predict
failure in polymeric articles with cracks, It was also shown how these three methodologies
could just as casily be used as design tools to ascertain what crack length an article could

withstand before failure during service.

Th three methodologies used were:
» net section yielding.
e LETMand

¢ cffective crack tip blunting.

The effective crack 1ip blunting methodology is the simple idea proposed in this thesis. The
supposition 1s that a crack in a polymer behaves as if it has blunted to an effective radius of
curvature p. In turn, this curvature p will produce a certain stress concentration and failure is
assumed to occur when the magnified stresses at the crack tip reaches the yield stress of the
material. Each material will have a distinct value of p. It should also be noted that p is not
equal to Irwin’s plastic zone size r,. In fact, to effectively blunt the crack, polymers use a
variety of mechanisms - cavitation, crack bridging, shear yielding, microcracking, crazing
and various other means, whereas the plastic zone size is only based on the yielding of

material in front of the crack.

-

Chapter 3 formulates the logical sequence of steps necessary (o apply the three
methodologies to complicated geometries. The five types of geometries tested ranged from
plane stress to plane strain conditions. Case studies of fractured components [Herrera et al.
1995a; Herrera et al. 1995b] and use of simple methodologies to predict failure in

engineering articles [Shi 1993; Guagliano and Vergani 1994] have been applied to metals but
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discussion is lacking when it comes to injection moulded structures made from tough ductile
polymers. In this thesis. only simple criteria for failure were utilised. In all three methods.
the material was assumed to behave in a linear elastic manner. Elastic-plastic fracture
mechanics was avoided because of its complexily. Also the stress-strain equations invelved
in the analysis assume a work hardening material. As shown by Figure 8.1 (curve C), this is
not the case for polymers. Essential work of fracture (EWF) was not used because to the

author’s knowledge, 1t has only been applied to polymers as a characterisation 1o0l.
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Chapter 4

Materials and Experimental Methods

4.1 Materials and Sample Preparation

4.1.1 Raw Materials

Eight materials were studied. They were PC, PET, PS, three types of ABS and two polymer

blend systems - ABS/PC and ABS/PET. All the polymers are commercially available except

for the ABS/PET system.

Table 4.1 shows the materials used, their corresponding tradenames and place of purchase.

Tradenames will be used to differentiate the three grades of ABS. The three ABS materials
were CB625, Astalac DMT and Astalac M120. CB625 is a general purpose grade ABS.

Astalac DMT is a high flow, injection moulding grade ABS while Astalac M120 is an

extrusion grade with high rubber content [Plast. News Int. 1997].

Table 4.1; Tradenames and manufacturers of materials used.

Material Tradenaine Manufacturer

ABS Astalac DMT Marplex Australia Ltd.

ABS Astalac M120 Marplex Australia Ltd.

ABS CB625 Monsanto

PC Lexan 111 GE Plastics

PET Kodak PET 9921W Eastman Chemical Company
PS PS 103 Huntsman Chemical Company
ABS/PET CRC for Polymers

ABS/PC Astaloy 800 Marplex Australia Ltd.

The PS and PC were general purpose injection moulding grade materials while the PET was a

blow moulding grade. In industry, the blow moulding grade PET is first injection moulded

into a prefom before being expanded into a bottle. This particular grade of material can
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therefore be used for the purpose of injection moulding plaques and tensile specimens for use
in this thesis.

Two polymer blend systems were considered in this study - ABS/PC and ABS/PET. The
ABS/PC is a commercially available injection moulding grade, specifically catered for the
automotive industry. The blend has 50% by weight of each component. The ABS/PET blend
was designed by the CRC for Polymers and it also contains 50% by weight of each

component. The ABS used in the ABS/PET blend was CB625 and the PET component was
Kodak PET 9921W,

The ABS/PET blend was intended to be a chaper alternative to the ABS/PC system and the
combination of CB625 and Kodak PET 9921W showed a synergistic effect at 50/50 blend

ratio. It increased the toughness of the material in notched Izod impact tests above that which

was expected from a linear interpolation [Cook et al. 1996a].

4.1.2 Processing

Table 4.2: Drying temperatures and time for pellets before injection moulding

Material T Drying te;perature and ?ill_ne
PET 177 °C for 4 hours
PC 110 °C for 8 hours
ABS/PET 100 °C for 12 hours
ABS/PC 100 °C for 6 hours
Astalac DMT 80 °C for 12 hours
Astalac M120 80 °C for 12 hours
CB625 80 °C for 12 hours
PS 70 °C for é hours

CB625 and Kodak PET 9921 W were melt blended in an intermeshing, counter-rotating JISW
twin screw extruder at 230°C / 240°C and pelletised [Cook et al. 1996b). Pellets of each
material were pre-dried at the temperatures stated in Table 4.2, under a nitrogen atmosphere.

They were then fed into a Cincinnati Milacron Vista Sentry injection moulder hopper (under




Chapter 4 Materials and Experimental Methods 71

nitrogen atmosphere) and processed into end-gated plaques and tensile bars. The processing
conditions for the materials are shown by Figure 4.1.

ABS/PET

....................
...........
.....

-
------

280 < ABS/PQ

-
eyt ta
o T
e i A T
L ke L
........
.....

-
_______
-
-
k-

200~ PS

160 -

Temperature ( ©C)

------

..........

--------- ABS/PC
80 - —mm—— PC
e ABS/PET

Feed

Nozzle — Mould

Figure 4.1: Injection moulding conditions for all the materials
studied.
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4.2 Experimental Techniques

4.2.1 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to find the glass transition temperatures for

the homopolymers and blends. Samples of 10 to 20mg were guiilotined from the end-gated
injection moulded tensile bars [Zipper 1995].

The samples were tested in aluminium pans on a Perkin Elmer DSC7 at a scan rate of
10°C/min, commencing at 50°C, with a nitrogen gas flow of 20 Ibs/in®>. Indium (transition
point of 156.60°C and transitional energy of 28.45)/g) and zinc (transition point of 419.47°C)
were used to calibrate the temperature and transitional energy scales. A scan over the
temperature range of the experiment using two empty aluminiurn pans provided a baseline
with which the sample trace could be subtracted from. Perkin Elmer PC Series Software

(Version 3.1) was used to analyse the data.

4.2.2 Impact Tests
Impact tests were performed at room temperature on end-gated injection moulded plaques of

dimensions 125mm by 75mm with a thickness of 3mm. An instrumented ICI impact tester
(PCB 223B Model transducer) was used. Three to. five specimens of each polymer were
tested. The Radmana Instrumented Impact Tester Software Version 4.3 calculated the energy

to break for each sample.

4.2.3 Izod Impact Tests
Rectangular strips with dimensions of 80mm by 10mm and 3mm thickness were made by

cutting along the long side of the injection moulded plaques. The strips were notched using a
broach as specified in ASTM D256-97 (1999) and tested at room temperature on a Zwick

Impact Tester. Ten specimens were tested for each material.

4.2.4 Finite Element Modelling
The THT specimen and CT specimen with different gauge lengths were modelled using

Mechanica™Version 16 on a Siticon Graphics R5000.

The size and geometry of the plates were specified and the meshing was automatically

generated. For the THT specimen, the uniformly loaded ends were not allowed to contract

T e, fr A



Chapter 4 Matenials and Experiinental Methods 73

laterally, simulating the grips used in experiments. A |MPa stress was applied to the ends of

the THT specimen.

For the CT specimen, four gauge lengths were modelled - 72mm, 100mm, 150mm and
250mm. A compressive traction equal to 1kN was placed on the upper haif of the hole, and

no constraints were applied to the specimen, simulating a pin loaded case.

For THT and CT specimens, the finite element analysis was solved for the elastic case and

under plane stress conditions.

4.2,5 Notching of Polymers
The dimensioning for SENT, MHT, THT, CT and ribbed specimens are described by

Frgures 3.2, 3.5, 3.11 and 3.15.

SENT and CT specimens were prepared from injection moulded plaques. The gate for the
plaques were at the 75mm end. They were notched along the width direction, perpendicular
to the mould filling direction using a slitting saw on a milling machine. A 2.5mm thick shtter
was used for specimens with a/W ratios less than 0.3, and a 5mm slitter was used for larger
a/W ratios. The notches were milled until it was Imm from the desired crack length. The
crack tip was extended and sharpened with a scalpel blade. Holes were drilled in the CT

specimens to locate the pins.

MHT and THT specimens were also made from plaques by drilling the required holes on a
bench drill. A fine saw was used to extend the crack from the 7.5mm diameter hole for a/W
ratio less than 0.3. Longer cracks were milled using a slotting drill of 3.5mm diameter. A

scalpel blade was used to sharpen the starting notch.

Ribbed specimens were prepared from extruded PVC “T” sections bought from a local
supplier. The PVC was cut to 80mm lengths and cracks were made using a fine hacksaw and
sharpened with a razor blade. A hole was dnlled into the upright of the specimen (as shown

in Figure 3.13) to cater for the pin.

Tensile bars were used to prepare specimens for microscopy of the crack tip. Notches were
made using a 2.8mm thick slitting saw in the middle of the bar. Notches were milled to a

depth of 2.5mm and extended to 3mm by a scalpel blade.
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To relieve the machining stresses, the samples were placed flat in an oven at a temperature of

5°C higher than their glass transition temperature for 10 minutes.

4.2.6 Tensometer Testing
Tensile tests were performed at room temperature according to ASTM 638.98 (1999). The

specimens had widths of 10mm, thickness of 3mm and gauge lengths of 75mm. Yield
stresses of each material were found for a variety of nominal strain rates - 1 x 107 strain/s to
10 strain/s. For nominal strain rates below 0.15 strain/s, an Instron 4505 screw driven
tensometer (SkN load cell) was used. The Instron Series IX software downloaded the raw

datafile for analysis. At higher strain rates, a MTS 810 hydraulic tensometer (10kN load cell)

was used.

Elastic Modulus was also found for a variety of strain rates (up to 0.15 strain/s) using an

50 mm extensometer. The experiments were only performed on the Instron 4505.

SENT, MHT, THT, CT and ribbed specimens were tested at a displacement rate of Smm/min
on the Instron 4505. For the SENT, MHT and THT specimens, this corresponded o a strain
rate of 8.777 x 10™* strainys.

4.2.7 Microscopy
Notched tensile specimens were uniformly loaded to 90% of their failure load on the

Instron 4505. When required, the crack tip opening was maintained by wedging a piece of

polymer into the notch.

An area, 10mm by 10mm, around the crack was removed from the tensile bar. It was placed
in a cylindrical mould and a small piece of metal was then laid on top of the specimen to stop
it from floating in the mixture. "Struers" resin and hardener (which is a mix designed for
polymer microscopy, as it is a low exothermic thermoset) were pre-mixed and poured into the
cylindrical mould. In order to force resin into the crack tip, the mouid and sample was placed

in a plastic bag with the resin and isostatically pressed.

In the case of optical microscopy, the specimens were polished and photographs were taken
on an Olympus PMG 3 microscope. For SEM, the specimens were polished untit a 1 mm
layer of hardened resin was left to protect the surface. The specimen was then reduced to a

Smm by 5mm area around the crack tip. This smaller specimen was then microtomed. The
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microtomed face was etched with an appropriate chemical and scanning electron micrographs
were taken on a Jeol JSM-840A SEM.




Chapter 5

Characterisation of Materials

5.1 Glass Transition Temperature Measurements
The results from the DSC scans on all the materials considered in this thesis are plotted on

Figure 5.1. The midpoint in the change of slope of the trace is considered to be the T, of the
matertal and is represented with a vertical dash on the curve. Numerical values of the glass

transition temperatures are given on Table 5.1,
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Figure 5.1: DSC curves and glass transition temperatures of all |
materials studied.
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Table 5.1: Glass Transition Temperatures for the materials studied.

m_—-_—__alass Transition Tempe:;.t:re C) -
PET 773
Astalac DMT 98.8
PS 103.0
CB625 103.7
Astalac M120 108.5
PC 145.9
ABS/PET 69.2/101.3
ABS/PC 126.6/141.9

In Figure 5.1, a single well defined T, was observed for the homopolymers (curves a to f).
PET had the lowest T, while PC had the highest. PET was also the only semi-crystalline
material investigated in this thesis - a fact shown by the downward peak on the DSC trace.
The ABS/PC blend showed higher Tg's than the ABS/PET blend and the Ty's of all the

polymers and blends were above room temperature.

The ABS and PET blend has been well characterised by Cook at &1, (1996). With the use of
differential scanning calorimetry, they were able to show two distinct Tg's. This suggests an
immiscible blend. For this particular composition, they also noted the T, of the ABS was
masked by the endothy'mic downward peak of the PET (curve g in Figure 5.1). For the
ABS/PC blend, Paul et al. (1994) have reported the dual phase nature of the material.
However, with the resolution of the availabie equipment, there was difficuity in ascertaining
the sharp transitions observed by previous workers. It is interesting to note that the ABS/PET

blend had T,'s lower than its original components of CB625 and Kodak PET 9921 W.
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5.2 Mechanical Properties

5.2.3 Tensile
Figures 5.2 to 5.9 show the yield stress and elastic modulus behaviour of the polymers under

a vaniety of nominal strain rates. Yield is defined as the maximum load attained during a
tensile test. There was an increase in tensile strength and Young’s modulus for increasing
strain rate. This is In accordance with work done by Ward (1986) and highlights the

visco-elastic nature of polymers.

The embrittlement of polymers with increasing strain rate is the result of a lack of time for the
polymer chains to relax. However, the changes in the studied systems are occurring over
many decades, as shown by the flat trend observed in the plots. Therefore, for engineering
components/parts with stress concentrations where the local strain rates are higher than the
average strain rate, the material properties will not differ significantly from the surrounding

material 1n most cases,

Scatter in the results at high strain rates was apparent in all the materials tested. A possible
reason may have been the lack of resolution of the equipment. At such high speed tests, the

amount of data collected may not have been of sufficient accuracy anrd quantity.
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Figure 5.2: Yield stress for PC over a range of strain rates.
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5.2.4 Impact and Izod

The impact energy, as measured using a falling dart test, and Izod values for the materials
considered were plotted in order of increasing impact energy - shown by Figure 5.10. The

brittle polymer PS absorbed the least energy whilst PC absorbed the greatest amount.

Except for CB625 and PC, the other six materials show an increase in notched Izod energy
for increasing impact energy. Referring to Figure 5.10, there is a drop in notched Izod energy
for CB625 and PC. This suggests that both these materials exhibit some degree of notch

sensitivity.

CB625 is an ABS and the phenomenon of notch sensitivity seems not to be reported in the
literature. Cheng (1995) has noted this sensitivity by studying the fracture behaviour of
toughened PC with notches of different radius of curvatures. He found that a sharp notch

could decrease the fracture strength of toughened PC.
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Chapter 6

Comparison of Experimental and Predicted Failure Loads
for Ductile Polymers

6.1 Fracture Toughness Measurement - SENT Specimens
Single edge notched tensile specimens were used to obtain the paramelers K. and p. SENT

specimens were chosen because they are easy to manufacture by the injection moulding
process. The thickness is also comparable to the majority of articles produced by this
manufacturing technique. Plaques were notched to various crack lengths and tested on a
tensometer as described in Chapters 4.2.5 and 4.2.6 and the experimental points were plotied.

Using LEFM. a curve of best fit was plotted to the data with the equation

Fd
}\ I

I ) 5—1—

o)

(6.1)

where Y is defined by eq. 3.13 and the adjustable parameter was X,. The plane strain
fracture toughness, for thick specimens, is normally given the label K. In this thesis, K. is

the nomenclature given to the fracture toughness as measured by the SENT specimens.

For the effective crack tip blunting methodology, the same procedure was followed except

the equation used was

o,

o, = {Hz[ { E}( \/;;:i”}(}) ; (6.2)

where Y is once again defined by eq. 3.13 and the adjustable parameter was p.

In order to ensure that X, and p were parameters that could be used safely in design, the

curve fits were subject to the following restrictions. The “usual™ curve fitting routine is the

. . - - . r
minimisation of the error function &~ where

-
1=} -

£ =3x)-n] . (6.3)

t=]
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and 3(x;) is the value predicted by the function and ( x.. ), ) 1s the experimental point. In this
particular case, the function 3(x;) is given by either eq. 6.1 or 6.2. Each of the equations has

one variable parameter (K|, or p respectively) which can alter the value of y{(x;).

A spreadsheet was constructed that summed the error generated between eq. 6.1 or 6.2 using
various values of X, and p. and experimental data, for a number of crack lengths (i.e. x,). An

additional constraint was also put on the error comparison procedure which states that if

y,)
v T (64)

then the “penalty” error generated would be E* rather than (y(x,) — y,-)“’. In this work T has
been chosen to be 0.9 and £* was 10°. Allowing for this additional constraint, K,. and p were
iterated, the errors were summed for a range of x; and the total was minimised. The

parameters. K, and p. obtained by this manner are safe design values because the curve fits

are forced to be entirely below the experimental failure loads.

This procedure effectively builds a safety factor into the K. and p values obtained, so that for

subsequent fracture/failure predictions a safei; margin is already included.

The curve fitting procedure is also not equivalent to the process of dividing the curve of best
fit by a safety factor. Instead, it chooses a curve from a family of X, or p curves that is
below all the experimental data and alse minimises the error. In practice, the procedure

adopted here is not vastly different to dividing by a safety factor //7, but the method used

ensures that the curve passes below all experimental points by a margin of (7-7).

Figures 6.1 to 6.8 show the results of the curve fitting for each material studied, ranked from
highest K, to lowest K,. The failure load as evaluated by net section yielding was also
plotted as a comparison. Table 6.1 is a summary of the important material parameters and is
also tabulated from highest K, to lowest K,.. The values when compared to Table 2.1 are in

the range as reported by literature.
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Table 6.1: Material parameters, at a nominal sfrain rate of 0.08 strains/s, used in

predicting failure

Material

E

o, Ko p P
(MPa) (MPa) (MPa m!2) (mia) (mm)
ABS/PC 49 3756 4.2 1.2 195.8
PET 54 2858 3.5 0.7 18.9
ABS/PET 34 2400 3.4 1.6 109.1
Astalac DMT 34 1863 2.9 1.2 2112
Astalac M120 35 2009 2.8 1.0 100.2
PC 64 2058 2.7 0.3 3.9
CB625 235 2027 24 1.5 194.3
PS’ 50 3165 2.0 0.3 25

* For cases where the material fails without yielding, the ultimate tensile stress is taken to be the vield stress.

Table 6.1 also includes Irwin’s plastic zone size for each material studied, as defined b
p y

Eq. 5.4a. They are listed in the second last column. The plastic zone size is important in this

comparative study because the crack size is assumed to be longer with the addition of r,.

Therefore the predicted loads are the lowest possible.

The trend represented between the proposed material parameter p and the plastic zone size r,,

is that materials that are able to accommodate sharp cracks by blunting the end of the crack,

tend to exhibit larger values of pand r,, when compared to brittle materials.

Importantly Table 6.1 shows that r, and pare not equal. pis a theoretical radius of curvature

which models the behaviour of cracks formed in ductile polymers due to a variety of i

mechanisms as opposed to the size of the plastically yiclded material in front of the crack as '?i

given by r,.
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Figure 6.1: Determination of elastic failure parameters for ABS/PC.
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Figure 6.2: Determination of elastic failure parameters for PET.
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Importantly for all materials. the curve plotted using the biunting effect methodology
provided a good even fit to the experimental data. LEFM also provided a good fit for PET.
PC and PS (Figures 6.2, 6.6 and 6.8 respectively) but for the other materials. it predicts much
lower loads than the crzck blunting method afier «/I¥ of 0.1. The net section yielding curve

did not follow the experimental data.

Furthermore. PC and PET exhibit brittle failure for some specimens. This is shown by the
square shaped data points in Figures 6.2 and 6.4. These few specimens gave lower fracture
loads as compared to when they failed in a ductile manner. This in turn lowered the curves

ol best fit and decreased the adjustable parameters X 1o and p.

6.2 Failure Analysis for MHT Specimens

Section 6.1 showed the evaluation of parameters to be used in prediction of more complex
injection moulded articles. The values of these parameters are now substituted into the
relevant equalions to plot prediction curves for MHT specimens. The remote stress required
to cause failure by net section yielding is given by Eq. 3.8a used while Eq. 3.12 and 3.16 are
used to determine fracture stresses using LEFM and crack tp blunting respectively. The

geometric function ¥ used in Eq. 3.12 and 3.16 is given t;y Eg. 3.14.

The comparison of predictions by the three methodologies (net section yielding. LEFM and

blunting effect) to experimental data are plotted in Figures 6.9 10 6.16.
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Figure 6.11: Comparison of MHT experimental failure loads and linear elastic
predictions for ABS/PET.
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The MHT results show that for the three grades of ABS. PET and two types of polymer
blends, LEFM provides a safe fit for the matenials for &/ greater than 0.05. Failure loads
predicted by the blunting effect is comparabie to LEFM for PC and PS.

Generally. for small crack lengths. the blunting effect provided lower failure loads as
compared to LEFM. The results show that by taking the lowest loads evaluated by all three
predictive tools. a safe working force can be found for crack lengihs up to 20% of its width.

Net section yielding predicted loads over experimental data for all four materials.

LEFM and the blunting effect provided a good fit to the MHT data for the three grades of
ABS and PS. Once again net section yielding could not be used as a predictive tool because

it provided unsafe results.

6.3 Failure Analysis for THT Specimens

The THT specimen is an example whete the use of FEA is required. The objective of using
finite elements is to analyse the stress distribution within a complicated structure and
examine in detail, regions with high'stresses. Injected moulded articles are capable of being
complex in geometry and an analytical solution may not be possible thus a finite element

approach is required.

Figure 6.17 shows the possible mechanisms of failure in a THT specimen. Observations
were made on the mode of failure during testing and experimental points in Figures 6.18 to

6.25 indicate the type of failure.

Net section yielding is the first mode of failure to be considered and occurs as mechanism 1
and/or mechanism 3. Predicton of failure using this methodology is discussed in
Chapter 3.2.1. In fact, the results from FEA indicates that failure by net section yielding
should occur by mechanism 3. Equation 3.10 was chosen as the criterion for yielding except
for PS. Polystyrene in tensile tests, had shown brittle behaviour and as a consequence,
prediction of failure is calculated by dividing the maximum tensile stress by the maximum

principal stress concentration found by FEA.
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Figure 6.17: Possible process of failure ina THT
specimen. | — Net section yielding. 2 — Crack extending
to larger hole, 3 — Holes linking by yielding and 4 — Crack

propagation.

The methodology of applying LEFM and the blunting cffect model to THT specimens are

described in Chapters 3.2.2 and 3.2.3. Essentially Eqs. 3.12 and 3.16 were used because they

include the plastic zone correction and hence would forecast the safest working loads. The

geometry parameter Y was found by FEA and is plotted in Figure 3.9. Mechanisms 2 and 4

are possible modes of failure predicted by these two methodologies.
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Figure 6.18: THT predicted failure loads versus experimental for ABS/PC.
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Figure 6.19: THT predicted failure loads versus experimental for PET.
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Figure 6.23: THT predicted failure loads versus experimental for PC.
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Figure 6.24: THT predicted failure loads versus experimental for CB625.
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Figure 6,25: THT predicted failure loads versus experimental for PS.
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Figures 6.18 to 6.25 show that for tough polymers and polymer blends, the blunting effect
consistently gave lower working loads at a/W less than 0.05 when compared to LEFM. Like
the MHT specimens, the results show that following the lowest loads as predicted by all three

simple predictive tools will give a safe design.

Observations during testing noted that stress whitening occurred simultaneously via
mechanisms 1 and 3 for small crack lengths, Stress whitening and necking at the notch was
observed even when the crack progressed into the region of lower stresses (i.e. between the
two larger holes). In fact, whilst the crack is shielded from the applied stress, predictions
made by net section yielding provided a fairly close fit. For longer cracks approaching the
edge, stress whitening was found to occur via mechanisms | and 4. As the load increased,

the crack propagated to the edge.

Figures 6.21, 6.22, 6.24 and 6.25 showed results from experiments and predictions for three
grades of ABS and PS respectively. For the ABS materials and at short crack lengths,
mechanisms 1 and 2 were the modes of failure. In the case of Astalac DMT, the crack
propagated to the edge when the initial crack length was no longer in the area of low stresses
whilst fast propagation (mechanism4) was observed for all crack lengths in PS.
Astalac M120 and CB625 showed stress whitening via mechanisms [ and 2, and for large

crack lengths, mechanism 1 was the predominant mode of failure.

Both LEFM and the blunting effect model correlated with experimental data at short crack
lengths in areas not shielded by the two larger holes. Predictions by net section yielding were
effective in the shielded region for the tough materials whilst PS failure loads were evaluated
by dividing the maximum stress found from tensile tests by the maximum principle stress

concentration found by FEA.

6.4 Failure Analysis for CT Specimens

In the pin loaded situations (as opposed to uniform loading of the previous three specimens),
the blunting effect model is required in predicting fatlure for crack lengths up till a/W of 0.15.
If only net section yielding and LEFM were utilised, failure would occur under the lowest
calculated load in PET and ABS/PET (Figures 6.27 and 6.28 respectively.

The predicted curves using LEFM and the effective blunting methodology also show an
increase in failure load after a/W = 0.3. This cannot be the case in actual fact because as the

crack becomes longer, the bending moment effect caused by the load being some distance
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away from the tip increases. Ag a result, the load required for failure should decrease
similarly to the net section Yie]ding Curve. However the methodology for LEFM and the
effective blunting effect was t0 jpjtially perform a stress analysis on an unnotched specimen.
The FE solution (refer to Figure 3 [5)shows a decrease in stress concentration away from the
loading points because no Jeveraging effects are present. As stated previously, the

consequence for this form of aNQ}ysis i5 that it is only valid for short crack lengths
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Figure 6.26: Plot of CT predictions versus experimental for ABS/PC.
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Figure 6.27: Plot of CT predictions versus experimental for PET.
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Figure 6.28: Plot of CT predictions versus experimental for ABS/PET.
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Figure 6.29: Plot of CT predictions versus exnerimental for Astalac DMT.
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Figure 6.31: Plot of CT predictions versus experimental for PC.
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Figure 6.32: Plot of CT predictions versus experimental for CB625.
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Figure 6.33: Plot of CT predictions versus experimental for PS.

Structures made from these tough ductile materials show failure before reaching the loads
predicted by LEFM or net section yielding. The blunting effect provided safe working loads
1 at short crack lengths for even the toughest material, ABS/PC.

Figures 6.29 to 6.33 are plots for materials exhibiting medium toughness to brittle behaviour
(Astalac DMT, Astalac M120, PC and PS). Once agan only small crack lengths were

considered for these three polymers.

The three grades of ABS and PS were materials that reasonably followed the predictions by
LEFM in pin loaded situations. However the predictions made by the blunting effect also

gave a good fit to the data, even for brittle materials such as PS.

6.5 Failure Analysis for Ribbed Specimens

In the case of ribbed PVC specimens (as in Figure 3.13), three types of specimen were
prepared. One had notches placed at the T-intersection whilst another had cracks made 4mm
away from the intersection towards the hole and the last had flaws made 8mm away from the

intersection towards the hole. Since it was also pin loaded, the analysis used was equivalent

to that utilised on CT specimens. Important material properties were found using tensile
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specimens and SENT specimens of the PVC. The relevant data are displayed in Table 6.2.

Likened to the THT and CT specimens where the stress state is quite complex, FEA was used
to solve the problem. A variety of models were investigated but as Figure 6.34 shows, only
the use of a full 3-D solution could predict the stress state at the constraint satisfactorily. The
use of 2-D elements and 3-D elements with a lateral constraint at the base provided low stress
concentration values. The full 3-D model was also used to find the stress field at a distance
4mm from the constraint and 8mm from the constraint, shown in Figure 6.35. As expected,

there 1s a sharp decrease in stress concentration away from the constraint.

Table 6.2: Material parameters used in predicting failure for PVC.

Material o, E K. Yy p
(MPa) (MPa) (MPa m'?) (mm) (mm)
PVC 50.9 3423 3.7 0.8 33

{(extrusion grade)

Various FE models for ribbed geometiy

[ ] L] 1 ¥ l ¥ l L]

-
N

- -~ = 2-D) elements, using Strand
------ 3-D elements, no ribs, constrained
—— 3-D elements and ribbing

—
.
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Stress concentration{ o /o))
hlll
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Figure 6.34: Various FEA used to model the plane strain stress field.
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3-D FE results for ribbed uncracked specimens

12 ” -

—— Ribbed - at constraint
- - = Ribbed - 4mm from constraint
------ Ribbed - 8mm from constraint

(va’ ca)

Stress concentration

Figure 6.35; Stress states at differing distances from the plane strain constraint
using the full 3-D model.

The results of predictions compared to experiments (as shown by Figure 6.36 to 6.38)
indicate that when the crack is at the base, and close to a plane strain situation, the failure
loads are lower than those of cracks made progressively further away from that area. This
effect 1s most predominant at short crack lengths but the blunting effect methodology
predicted safe working loads for cracks experiencing plane strain conditions. At longer crack
lengths, all three methodologies provided unsafe results, although the crack lengths had to be

greater than 20% of the width for this to occur.
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Figure 6.36: Plot of experimental versus predicted for PVC, 8mm from the
plane strain constraint.
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Figure 6.37: Plot of experimental versus predicted for PVC, 4mm from the
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The flaw is at the plane strain constraint.
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Figure 6.38: Plot of experimental versus predicted for PVC, at the plane strain
constraint.

It may be worthwhile to examine the physical meaning of the plane strain effect in order to
understand the lower failure loads obtained when cracks are placed at the “T” intersection.
Consider a notch in a thick piece of material under a tensile load, as in Figure 6.39(a). Note
that in the case of the ribbed specimen (shown in Figure 3.13) the co-ordinate system to be
used should be equivalent to that of Figure 6.39. The onigin is set at the tip of the crack. X
is vertically upwards in the direction of the applied load. X is in the width direction running

ahead of the crack. X; is in the thickness direction, orthogonal to axis X; and X;.

The argument for the existence of a triaxial stress state is as follows. A strain g; in the X,
direction close to the tip (i.e. element @ in Figure 6.39a) is greater than a strain &; which is

farther away from the tip (i.e. element & in Figure 6.39a) because of the stress concentration.
If an unnotched specimen was considered, and no stress concentrations were involved, then

element & would be strained equally to element a in the X, direction. Furthermore €; and ¢;

would be equal to each other, and both equal to -ve, for elastic deformation, and equal to
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1 . . . . .
3 g, for plastic deformation. That is, €, €, (equal to £;) are coupled in a proportionate way.

However with the existence of the notch, strain €; near the tip (in the process zone) has been
significantly increased. Consequently £; is unable to match the extra elongation experienced
by elements close to the notch because of the constraint in the thickness direction. As a

result, a stress ©j; is generated to hold €, to a small value consistent with the lateral

contraction of the surrounding specimen, remote from the notch (shown by Figure 6.35b).

Following the nomenclature of texts on fracture (Nadai 1963; Tetelman and McEvily 1967,
Knott 1973),

Gy )0y ) Ony.
Compare this to a plane stress state where
G, )0,
and o; is zero.

Since there are three principal stress components present in the plane strain case, the

hydrostatic stress experienced at the tip will be greater when compared to the plane stress

situation. As a result, the load required for fracture is lowered.
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Figure 6.39: (a) Elastically stresses elements ahead of a
notch. (b) Distribution of stresses in plane strain
(Knott 1973).

6.6 Summary
Chapter 6 showed the experimental results for all five configurations tested and compared

them with the predicted curves as defined by the equations in Chapter 3. The definition of
failure for these tough materials was the maximum load attained during testing. This is
important because up to that point, the material’s behaviour is fairly linear and elastic. This

validates one of the assumptions used by the three simple methodologies, that is, the material

behaves linear efastically.

Also tensile data in Chapter 5 showed little change in yield stress or elastic modulus over a
number of decades of strain rates. As a result, material in regions of high strains (near stress

concentrators) does not behave too differently to regions under the average strain.

The main conclusion to be drawn from Chapter 6 is that the effective blunting parameter p

gives a better fit to the experimental data for the single edge notched (SENT) specimen when

compared to ;.. Once these two parameters were characterised, the application of p, K, and
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net section yieilding to other components showed that p is required to predict safe working
loads (for thin walled injection moulded articles with cracks lengths up till 10% of the
specimen’s width) under all configurations, including the plane strain case. If only linear
elastic fracture mechanics (LEFM) and net section were used to predict working loads,
experimental data for some articles show that this is insufficient (refer to Figures 6.27, 6.28
and 6.36). TFailure can occur below the calculated design loads. The effective blunting
methodology should therefore be utilised as a predictive tool for tough and ductile polymers
with cracks. It could also be used in the design of complex shaped injection moulded objects
to ensure the calculated tolerabie crack lengths are within specifications and the article will

not fail prematurely under normal service loads.




Chapter 7

Microscopy of Crack Tips

In this section of the work, the materials are grouped into three distinct categories, namely
single phase polymers, toughened polymers and polymer blends. Within each category, the
polymers are displayed in order of toughest to most brittle. Optical micrographs were 1aken
of the crack tip for each polymer for two cases. The first case was of the polymer prior to
being loaded and the second case was when the specimen had been stressed to ninety percent
of its failure load. To gain greater depth of field and details of the deformation process in the
vicinity of the crack, scanning electron microscopy (SEM} images were also taken. Three
cases were considered in the SEM section — unetched specimens, etched specimens prior to
being loaded and etched specimens which have been loaded. For all the specimens loaded to
90% of their failure loads, a wedge was used to maintain the crack tip opening displacement
(CTOD) and a thermoset was forced into the crack using hydrostatic pressure. This

technique is fully described in Chapter 4.2.7.

For all the micrographs shown, the following key points should be noted:

e optical micrographs are for polished sections taken along a crack, normal to the crack tip
locus, from the interior of the specimen.

e SEM images can in turn be unetched or etched with a solvent. The section is from the

interior of the specimen, normal to the crack tip locus.

7.1 Single Phase Polymers

The first single phase polymer considered, which is the toughest as measured using LEFM,, is
PC followed by PET and then PS. PC and PET were both etched using a 10%wt sclution of

potassium hydroxide whilst PS was etched with chloroform.

7.1.1 PC
Figures 7.1 and 7.2 show optical micrographs of the crack tip for PC. Note that from results

in Chapter 6 and Table 6.1 that PC is capable of failure in both brittle and ductile modes.

Accordingly it has a fairly low value of the material parameter p and plastic zone size rp,.
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On the left of Figure 7.1, the notch formed by the miliing saw can be seen, along with the

razor cut used to sharpen the starting crack tip. Notice that no crack propagation has
occurred.

Figure 7.1: Optical microscopy of polished section of PC
prior to loading,

Figure 7.2: Optical microscopy of polished section of PC
loaded to 90% of failure stress.

Figure 7.2 shows a sharp crack propagating through the PC specimen from the starting notch

once it has been loaded. There is also a crack branching away from the main flaw.
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Figure 7.3 is a SEM image of an uneiched PC specimen. It shows the outline of the crack tip
and lines caused by the cutting action of the microtome. As expected, with no relief from

preferential etching of the PC over the epoxy, little detail can be seen.

Figure 7.4: SEM - Starting notch and etched
PC prior to loading ( x250).

Figures 7.4 and 7.5 are micrographs of the etched crack tip in an unloaded case. In both
cases no crack branching or microcracking is observable from the sharpened starting notch.

Referring to Figure 7.5, the etchant appears to have attacked preferentially the edges of the
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epoxy at the crack tip. This is to be expected because the material has been strained in that

region from the machining and razor notching process.

Figure 7.5: SEM - Enlarged view of area Al
from Figure 7.4 ( x2500).

Figure 7.6: SEM — PC loaded to 90% of
failure stress ( x100).

After being strained to ninety percent of its failure load, the micrograph Figure 7.6 shows a
sharp crack appearing in front of the starting notch. Figure 7.7 shows a branched crack from
the main flaw. In Figure 7.8, the polycarbonate has been etched away leaving only the

impregnated epoxy and some debris. The sharp nature of the main crack tip can be seen in




Chapter 7 Microscopy of Crack Tips 119

Figure 7.8. These sharp microcracks could be the reason for PC having a low value of p.
That is, in spite of having a reasonable plastic zone size, the sharp microcracks could lead to
premature crack propagation at low applied loads, particularly if oriented normal to the

prevailing tensile stresses.

JEBL 3.8KU

Figure 7.7: SEM - Enlarged view of area Bl
from Figure 7.6 ( x200).

Fignre 7.8: SEM - Enlarged view of area B2
from Figure 7.6 ( x450).
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7.1.2 PET
Like PC, PET is also capable of failing in a brittle manner and has a Jow value of p. The

plastic zone size is also comparable to PC. The following optical micrographs show
evidence that PET produces a number of cracks in front of a notch once loaded. From
observation of ductile failure in PET, the specimens tend to show very little crack
propagation. The material in front of the crack yields and thins. This process continues until
it reaches the edge and then necking begins, associated with a drop in applied tensile load.
Nevertheless, occasionally, PET displays brittle behaviour, possibly when these microcracks

are in a suitable configuration.

Figure 7.9: Optical microscopy of polished section of PET
prior to loading.
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Figure 7.10: Optical microscopy of polished section of PET
loaded to 90% of failure stress.

Figure 7.10 show the small advancing cracks which appear in front of the starting notch
(compare to Figure 7.9, which shows the notch };rior to loading) in PET. Figures 7.11 and
7.12, which are scanning electron micrographs of the starting notch before being loaded show
a sharp crack tip (due to the use of a razor blade on the notch). Like PC, they also show

preferential etching in front of the crack and around the machined starting notch,

"JEQ

Figure 7.11: SEM - Starting notch and etched
PET prior to loading ( x100 ).
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Figure 7.12: SEM - Enlarged view of the
square region marked on Figure 7.11 ( x400 ).

Figures 7.13 to 7.15 show the nature of the crack tip once PET has been deformed. In

Figure 7.13, the noticeable features are the process zone ahead of the crack and the epoxy
being successfully forced into the flaw.

Figure 7.13: SEM ~ PET loaded to 90% of
failure stress ( x40 ).
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Figure 7.14: SEM ~ Enlarged view of the
square region marked on Figure 7.13 ( x160).

Figure 7.15: SEM — Enlarged view of the
square region marked on Figure 7.14 ( x3000 ).

Figure 7.14 shows the crack tip is no longer sharp like Figure 7.12. In Figure 7.15, the
process zone is magnified to reveal a laminar type structure. These laminar features are
about 200nm in thickness, with larger lateral dimensions. It is possible they are due to the
etching out of the amorphous phase between the crystalline regions, but this is at best a

tentative explanation (Lin and Argon (1994) have reported the thickness of lamellae to be in

the order of 5-25nm for polyethylene).
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7.1.1 Polystyrene
PS was the least tough material considered in this thesis. The fracture parameters Ky, r and

o were the lowest when compared to the other seven materials. Therefore it would be
expected that the crack tip would be sharp with little surrounding deformation. The optical
micrographs (Figures 7.16 and 7.17) show a singular crack emanating from the starting

notch. The starting notch is the dark triangular region on the left in Figure 7.16.

Figure 7.16: Optical microscopy of polished section of
PS prior to loading.

Figure 7.17: Optical microscopy of polished section of PS
loaded to 90% of failure stress.
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[EEEIVEN

Figure 7.19: SEM - Starting notch and etched
PS prior to loading (X270 ).

Scanning electron micrographs show in greater detail the sharpness of the crack. Figure 7.18
is a SEM image of an unetched specimen. PS was etched with chloroform rather than
potassium hydroxide {(used on PC and PET). Figure 7.18 indicates that like PC and to a

much lesser extent PET, visualisation of the crack tip is difficult without an etchant. Also

from Figure 7.19, no larger cracks can be seen from the starting notch for PS which has not
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been loaded. However one can see that the impregnation of epoxy resin has reached deep

into the starting notch after etching.

For a spectmen which has been stressed, the crack tip is certainly observable. Figures 7.20 to
7.22 show a sequence of enlargements of the crack tip and highlight the sharpness of the

crack.

Figure 7.20: SEM — PS loaded to 90% of
failure stress ( x200).

10um

Figure 7.21: SEM - Enlarged view of area C1
from Figure 7.20 ( x900 ).
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Even at a magnification of 900 times (Figure 7.21), extensive crazing and microcracking can
be observed in PS.

Figure 7.22: SEM - Enlurged view of area C2
from Figure 7.21 ( x3000 ).

At a magnification of 3000 times, Figure 7.22 shows large scale deformation ahead of the

crack. It also shows the epoxy impregnating deep into the tip of the flaw.

7.2 Toughened Polymers — ABS

Observation of deformation in ABS has been extensively performed by transmission electron
microscopy [Wood 1992; Frontini 1995; Steenbrink 1997]. Staining of the rubber particles,
by reacting a heavy metal with the double bonds, can be achieved using ruthenium tetroxide
or osmium tetroxide [Motezinos 1985; Brown 1997]. This technique has shown cavitation
and crazing of the particles during deformation. However in this study, only optical and
scanning electron microscopy were used. These techniques were chosen simply to give
validity to the measured values of the fracture parameters and to investigate the effectiveness

of impregnating the crack tip with epoxy under nydrostatic pressures.
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7.2.1 ABS - Astalac DMT
For Astalac DMT, a sharp crack develops when it is loaded and there is also stress whitening

in front of the notch, as can be seen in Figure 7.24. Figure 7.23 shows no stress whitening

i but has a sharp crack due to the razor cut into the material.

Figure 7.23: Optical microscopy of polished section of
Astalac DMT prior to loading.

Figure 7.24: Optical microscopy of polished section of
Astalac DMT loaded to 90% of failure stress.
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The next step is to observe the crack under a SEM. Methyl-Ethy] Ketone (MEK) was the
solvent used on the three grades of ABS studied. Without the use of a solvent, no noticeable
features were observed (refer to Figures 7.25 and 7.26). If the specimen was etched but not

loaded, Astalac DMT showed few details, as shown by Figure 7.27.

Figure 7.26: SEM - Enlarged view of area D]
from Figure 7.21 (x1200 ).
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The particles which are able to be seen on the specimen in Figure 7.27 are not rubber
particles but rather airborne dust. The surface of the ABS becomes extremely adhesive after
being etched with the solvent MEK and the unavoidable result is that grit becomes attached
to it. All the etched ABS materials show this and the fact that these particles are on the

epoxy indicate they are of an extraneous nature.

Figure 7.27: SEM - Starting noich and
etched Astalac DMT prior to loading
( x180). .

After being loaded, the crack is able to be seen, but resolution of the crack tip was poor. The
crack tip can be seen in Figure 7.28 but at a higher magnification (Figure 7.29), no further

detail is evident. The use of a transmission electron microscope (TEM) may be required to

observe the deformation processes in this particular grade of ABS.
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Figure 7.28: SEM — Astalac DMT loaded to
90% of failure stress ( x50).

100um

Figure 7.29: SEM - Enlarged view of area E]
from Figure 7.28 ( x160 ).
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Figure 7.32: SEM — Starting notch and etched
Astalac M120 prior te loading ( x30).

Like Astalac DMT, Astalac M 120 shows stress whitening under load (see Figure 7.31) and as
a comparison, Figure 7.30, which is a specimen that has never been loaded, shows no stress
whitening. Also an undeformed specimen under SEM shows only the machined notch with
little crack propagation (refer to Figure 7.32). A specimen under load (Figure 7.33) provided
more detail about the shape of the crack tip.

Figure 7.33: SEM — Astalac DMT loaded to
90% of failure stress ( x30).
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Figure 7.34: SEM - Enlarged view of area F1
form Figure 7.33 { X550 ).

High magnification of the crack (Figure 7.34) shows good impregnation of the thermoset into
the tip and highlights severe blunting at the tip by a combination of cavitation and plasticity.

Such blunting leads to the relatively high value of p observed for this material.

7.2.3 ABS - CB625

Optical microscopy work on the crack tip of CB625 did not reveal a large amount of detail

about the nature of the deformation mechanisms around the crack tip. The loaded material
showed a non sharp crack tip but little stress whitening (refer to Figure 7.36) when compared
to the other grades of ABS. There was little difference between the profile of the crack tip

which was not loaded (Figure 7.35) and one that was under stress.
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Figure 7.35: Optical microscopy of polished section of

CB625 prior to loading.

Figure 7.36: Optical microscopy of polished section of’
CB625 loaded to 90% of failure stress.

Using SEM, the specimen which was etched but not loaded (Figure 7.37), showed that even
with the use of a razor blade, the crack tip remains fairly blunt. In fact, after loading, the

shape of the crack tip is essentially the same as if it was never loaded (compare Figure 7.38
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with Figure 7.37). At a higher magnification, no sharp cracks can be observed in CB25 but
in fracture tests, the material showed similar ductile failure behaviour to PET. There was

limited crack propagation and thinning of the material in front of the notch was noticeable

which was then followed by specimen necking.
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Figure 7.38: SEM - CB625 loaded to 90% of
failure stress ( x50 ).

Figure 7.39: SEM - Enlarged view of area G1
from Figure 7.38 ( x200).

In terms of the blunting parameter p, CB625 had the highest value when compared to

Astalac DMT and Astalac M120. It also had the largest plastic zone size and the images of
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the crack tip provided by SEM suggest rounding of the crack to be one of the major cause of
its high toughness.

7.3 Polymer Blends

As stated in Chapter 2, polymer blending is an inexpensive method of imparting the required
properties from one polymer to another which lacks that desired quality. Toughness is one
such property and ABS/PET and ABS/PC were the two tough and ductile polymer blends
investigated in this study. The etchant used on both these immiscible systems was potassium

hydroxide and the phases to be etched out were PET and PC respectively for the two blends.

7.3.1 ABS/PET

The first blend to be considered was ABS/PET. It was also the toughest material considered
in this thesis with large values of Ky, r, and p. Optical micrographs show stress whitening
similar to Astalac DMT and Astalac M20 under load (Figure 7.41) compared to the non
loaded situation (Figure 7.40).

Figure 7.40: Optical microscopy of polished section of
ABS/PET prior to loading.
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Figure 7.41: Optical microscopy of polished section of
ABS/PET loaded to 90% of failure stress.
Figures 7.42 and 7.43 show a low and high magnification SEM image of an unetched
ABS/PET material. In Figure 7.43, one can already see a two phase structure with the more
ductile phase being drawn out as fibrils during the microtoming process.

Figure 7.42: SEM - Unloaded and unetched
ABS/PET ( x100 ).
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Figure 7.43: SEM - Enlarged view of
unloaded and unetched region ( x2000 ).

Figure 7.44: SEM — Starting notch and etched
ABS/PET prior to loading ( x100).

Figure 7.44 shows an etched ABS/PET specimen that has not been loaded. There is evidence
that even with the use of a razor blade to provide a sharp crack tip, deformation has occurred

in the surrounding material. There are flow lines around the starting notch.
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Figure 7.45: SEM - Enlarged view of area H1
from Figure 7.44 ( x1400).

However, as expected, at higher magnifications (Figures 7.45 to 7.46) no significant
differences could be seen in the structure of the material close to the crack tip (Figure 7.46)
compared to an area far away from the flaw (Figure 7.47). Both matrices show an unoriented

structure.

Figure 7.46: SEM - Enlarged view of area H2
from Figure 7.45 ( x2000 ).
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Figure 7.47: SEM - Enlarged view of an area
away from the crack ( x2000 ).

Figure 7.48: SEM — ABS/PET loaded to 90%
of failure stress ( x50 ).

In the case when ABS/PET is loaded to ninety percent of its failure stress, intense elongation
of the material in front of the crack is observed (refer to Figure 7.48 and Figure 7.49). This is
evident when we compare the structure of Figure 7.50 and Figure 7.49. In Figure 7.50, the
phase which has not been etched away (in this case it is the ABS phase), shows an unoriented
matrix, whereas in Figure 7.49, it is heavily oriented in the tensile direction (which is

vertically up and down the page).
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Figure 7.49: SEM - Enlarged view of area ]l
from Figure 7.43 ( x2200 ).

Figure 7.50: SEM - Enlarged view of an area
away from the crack ( x2700 ).

7.3.2 ABS/PC

The second polymer blend that was used in this thesis was ABS/PC. It showed similar
behaviour to the ABS/PET blend. Once loaded, there was severe stress whitening of the

material in front of a sharp crack tip (compare 7.52 to Figure 7.51).
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Figure 7.51: Optical microscopy of polished section of
ABS/PC prior to loading.

Figure 7.52: Optical microscopy of polished section of
ABS/PC loaded to 90% of failure stress.
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Figure 7.53: SEM ~ Starting notch and etched
ABS/PC (x120).

Figure 7.54: Enlarged view of area J1 from
Figure 7.53 ( x1000 ).

In Figures 7.53 and 7.54, no significant amount of damage can be seen in an ABS/PC
specimen prior to being loaded. Like ABS/PET, at higher magnifications, no differences
could be observed between the material close to the crack tip (Figure 7.55) and away from it
(Figure 7.56).
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Figure 7.55: SEM - Enlarged view of area J2
from Figure 7.54 ( x2500 ).
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Figure 7.56: SEM - Enlarged view of an areca
away from the crack ( x2500).

Under a scanning electron microscope, the crack tip can be seen (Figure 7.57 and
Figure 7.58). In Figure 7.58, the tip of the crack is well defined and shows the elongation
and fracture of material in front of the propagating path. Under smaller magnification

(Figure 7.57), the large amount of deformation in front of the crack can be observed.
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" Figure 7.57: SEM — ABS/PC loaded to 90%
of faiture stress ( x30).

Figure 7.58: SEM - Enlarged view of area K1
from Figure 7.57 ( x2000 ).

For the two blends, the large scale extension in the jocalised area around the crack tip aid in
absorbing large amounts of work and effectively blunting the crack, thus giving both blends
high values of p and K;.. Using the equivalent magnification as Figure 7.58 but at a distance
away from the deformation zone, Figure 7.59 shows the material undergoes little elongation

or fracture. The structure is similar to that of a specimen which has not been loaded (refer to
Figure 7.56).
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Figure 7.59: SEM - Enlarged view of an area
away from the crack ( x2000 ).

7.4 Summary

The microscopy work performed on the eight materials used in this thesis has helped in
gaining an understanding of the toughening mechanisms used in a wide variety of polymers
to impede crack growth. By using these mechanisms, the polymers effectively blunt the

crack to a certain radius of curvature giving validity to the model proposed in this thesis.

In order to slow crack propagation, PC showed crack divergence whilst PET showed multiple
crack formation and a large process zone in front of the starting notch. Microcracking and
crazing were apparent in PS but these processes are normally associated with fast crack
propagation, which is also observed in the fracture of PS. It is therefore no surprise that PS

has a low value of p compared to the other two single phase polymers.

The three grades of ABS all exhibited similar crack tip deformation behaviour. Astalac DMT
and Astalac M 120 showed stress whitening in the optical micrographs of polished sections of
the materjals. With the use of SEM, all three showed severe blunting of the crack tip. In all
three cases, not all the deformation could be seen. Cavitation of the rubber particles in ABS
has been observed by other workers but that requires the use of a TEM. That technique was

not utilised in this thesis.
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The tough polymer blends, ABS/PET and ABS/PC, effectively blunt the crack by undergoing
severe deformation in front of the crack tip. As observed in the micrographs, large scale
extension of the material was observed near the crack tip when compared to a region far
away from the crack. The structure of the material away from the crack tip was similar to
that of a specimen prior to being loaded. The two materials also showed stress whitening in
the optical micrographs. However, not all toughening mechanisms were observed using the
two simple microscopy techniques. Once again, TEM would need to be utilised to see

cavitation or debonding between phases or other energy absorbing phenomena.

Throughout the microscopy work, the use of an epoxy to impregnate the crack tip was
effective. In all cases, the epoxy reached deep into the flaw, arguably freezing the crack
propagation process under load. This allows the capturing of images of the deformation

processes in all eight materials.

it was also shown how the values of p obtained in Chapter 6 coincide with the observed
toughening phenomena. 1t is apparent that tough polymers have a variety of toughening icols
to effectively blunt the crack tip allowing them to have large p values while brittle polymers

do not and therefore had low p values.




Chapter 8

Discussion and Conclusion

8.1 Discussion and Concluding Remarks
In the previous chapter, microscopy work has shown that to accommodate sharp cracks, tough

polymers undergo various forms of deformation at the crack tip. These energy absorbing
processes make it seem like the polymer has effectively blunted the end of the crack to a

radius of curvature p.

Each material will have a distinct value of p and this material property can then be used to
predict faijure in thin walled polymeric structures. The proposal is that failure occurs when
the magnified stresses at the crack tip (due to the effective izc:u:~ of curvature) reaches the
“yield” stress of the material according to Von-Mises criterion. It is also understood that
some polymers fail before they reach the stress specified by Von-Mises. For instance, PS and
PC craze before the Von-Mises *“yield” stress while in ABS the micro cracks coalesce to form
a plastic zone. However, the assumption of failure as defined by the Von-Mises “yield” stress
is adequate in this work because the actual failure processes of the polymers considered in

this thesis 1s close to the Von-Mises criterion.

The material parameter p s not equal to Irwin’s plastic zone size rp, but as the dotted
“trendline” in Figure 8.1 shows, the tendency is that smal} plastic zone sizes results in small

values of p. Higher values of r, correspond to larger values of p, until about a p curvature of

about 50mm. p then continues to rise but 7, 1s constant at around 1.5mm. This is because p is
a modelling parameter that describes the behaviour of cracks in polymers which accounts for
all the toughening mechanisms associated with tough polymers - such as cavitation, shear
yielding, microcracking, plasticity effects, crazing and others. In this regard, it is also

different to the plastic zone size because r, by definition only accounts for yielding at the

crack tip. Failure loads of brittle polymers can also be predicted by p, signifying the

flexibility of the parameter.
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Figure 8.1: Relationship between the parameter p and 1.

Referring to Table 8.1 (ranked from the highest value of p to the lowest value), the
relationship between p and observed deformation at the crack tip is clear. For large values of
p, there is severe effective blunting of the crack tip. Also stretching and fracturing of
material in the path of the propagating crack have been seen in polymer blends. Smaller

values of p are associated with microcracking, crack branching, crazing and sharp crack tips.

e S
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Table 8.1: Showing the relationship between plastic zone size, effective blunting
parameter and observed toughening mechanisms.

Material T, p Observations from microscopy,
(mm) (mm) macroscopic testing and known
mechanisms
Astalac DMT 1.2 211.2 ¢ Blunting of crack tip.1.2
(Injection moulding e Stress whitening and plastic yielding in
grade ABS) front of the crack tip.1.23
e Cavitation of rubber particies.?
ABS/PC blend 1.2 195.8 e Elongation of material in front of the
(Astaloy 800) crack.!2
e Stress whitening, 1.2
CB625 1.5 194.3 o Blunting of the crack tip.}
(General purpose e Cavitation of rubber particles.3
ABS)
ABS/PET blend 1.6 109.1 ¢ Elongation of material in front of the
crack.1.2

¢ Stress whitening.!.2

Astalac M120 1.0 100.2 » Blunting of crack tip.!
(Extrusion grade ¢ Stress whitening and plastic yiclding in
ABS) front of the crack tip.1.2
» Cavitation of rubber particles.3
PET 0.7 18.9 e Microcracks appcaring in front of the
(Blow moulding starting notch.!
grade)
PC 0.3 3.9 e Crack branching.!
(General purpose
grade)-
PS 03 2.5 » Microcracks and crazing around the
(General purpose specimen. !
grade) s  Sharp crack tip.|

| . .
Observations from microscopy
2
Macroscopic testing
Known mechanisms
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A few other main conclusions can alse be drawn from this body of work. Firstly, a range of
polymeric materials were tested, ranging from tough and ductile polymers and blends to
brittle thermoplastics. Furthermore, these polymers were tested under numerous loading
sitnations. They included plane stress to plane strain specimens and uniform loading to pin
loading conditions. In Chapter 6, it was shown that in all these cases, the novel and simple
blunting effect methodology proposed in this thests provided predictions which were
consistently safe for short crack lengths. LEFM and net section yielding methodologies were
inadequate in some cases by forecasting working loads which were higher than experimental

data.

Secondly, because the effective blunting method seems to predict safe working loads for a
wide range of materials and stress states, it can also be utilised as a design parameter. In
summary, it can be said that once the stress state of the article is well known and areas of high
stresses identified, the aliowable crack length can be determined. If one uses the effective
blunting method, the calculated allowable crack length will always be tolerable. Chapter 3.4

provides a full description of the procedure for utilising p as a design tool.

Lood

c 7

D | -

Elongation (%)

Figure 8.2: Tensile behaviour of polymers
under a variety of strain rates. The curve A
represents a fast rate of testing whilst curve
D is a slow rate of testing [Ward 1986].

The conclusions given above may give the impression that the model is complete but this is

not the case. In fact, one of the main problems with the parameter p is its simplicity. It does
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not take into account the time-dependence nature of polymers. Polymers are visco-elastic
materials and as Figure 8.2 shows, they are capable of exhibiting a range of behaviour
depending on the rate of loading. Perhaps the only counter to this argument is that changes in

the material properties occur over many decades (as shown by Figures 5.2 to 5.9).

Another flaw in the modelling of failure loads using the various simple methodologies in this
study are their lack of account of plasticity effects. However Chapter 3.3 shows that solutions
using elastic-plastic fracture mechanics is fairly complicated and furthermore the stress-strain
behaviour of these materials at the testing rates considered do not follow the simple

elastic-plastic governing equations.

8.2 Recommendations for Future Work
There is certainly a iarge amount of work to be done in this field. One must address all the

issues discussed previously such as time dependency and plasticity effects. Future workers
could use a simple elastic-plastic fracture mechanics approach and assume an elastic-plastic
stress-strain relationship for the polymer and compare its effectiveness to the elastic

methodologies.

el s Em W Em mm e -

Figure 8.3: Schematic of a
constant displacement condition
[Anderson 1995].
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Specimens should also be tested under different extension rates to check for deviations
between experimental data and the simple failure prediction methodologies used in this thesis
which does not take into account the visco-elastic naturec of polymers. In engineering
circumstances, the extension rates will obviously be different to those used in this work,

indicating a need to better understand the effect of time on these materials.

Another imperative for the next worker in this field is the use of engineering loading
situations to characterise failure. The two other modes of loading as compared to constant
velocity are constant displacement and constant load (shown by Figures 8.3 and 8.4

respectively).

Constant displacement is probably not as severe as the case of constant load, especially for
polymers. Polymers have the capacity to relax over time and if a constant displacement was

applied, the chains in the polymer will accommodate the extra strain by disentangling .

=

Figure 8.4: Schematic of a
constant load condition
[Anderson 1995].

The technique of impregnating the crack tip with a thermoset using hydrostatic pressure

should be employed in future microscopy work. It was shown in Chapter 7 that this simple
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technique was capable of freezing the crack just before propagation. At present, the
microscopy work has concentrated on one plane of the crack tip. The shape of the crack tip in
these tough ductile polymeric materials captured under load would be more complete if
photos were taken from the other two planes. This would give a three-dimensional view of
the crack tip. The effects from environmental stress cracking (ESC) should also be avoided.
Usage of low exothermic thermosets and “gentle” etchants, such as those employed in this
work and by other workers, will minimise this problem. This procedure will also lower the
number of artefacts in the micrographs. Transmission electron microscopy (TEM) should
also be employed to give a higher magnification of the deformation. A failure model could

then be proposed relating the microstructure to the macro behaviour.

Lastly and most importantly, there needs to be a facile method of applying the essential work
of fracture (EWF) to predict failure in tough ductile injection moulded polymeric articles.
EWF has predominantly been utilised as a characterisation tool. It has shown to be a simple
and effective means of measuring toughness. Therefore, the author’s recommendation is to
develop a model which will encapsulate the fundamentals of EWF and allow it to be used in

engineering situations.
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