THE FIERE REINFORCEMENT OF LOW DENSITY

RIGID POLYURETHANE FOAM.
by

WILLIAM FIGG

Altﬁesis‘submittéd to‘ﬁhe Ccunciiboér"

National Agadémic Awérds in barfiaIVk
fulfilment of the réquirements %ér
the degree'of DdttoénéfiPhiios&phy

; iébonééred ;y
T RANGHESTER  POLYTECHNIC
;Qpﬁorted b;
SCIENCE AND ENGINEERING RESEARCH COUNCIL

JULY 1986,

For REFERENCE enly |

nRot to i “an
§  athe LV

b -




—i IMAGING SERVICES NORTH
oooooooooooooooooo

BEST COPY AVAILABLE.

* VARIABLE PRINT QUALITY



ARSTRACT.

The mechanical and fracture behaviour of low density
rigid polyufethane foams have been examined. Tensile, yield
and compressive strengths, fracture parameters, flexural and
tensile rigidities and Foisson’s ratio have been measured
for non-reinforced and reinforced foams of various densities.
Glass fibres and polyester fibres were used seperately for
reinforcement and together as hybrid reinforcement.

The fracture behév;our has been analysed by means of
linear elastic fracture mechanics. An analysis of the
effects of the cellular nature of the foams has been prop-

osed and the behaviour characterised in terms of plane

strain fracture toughness, Eic »

and the strain energy
release rate, G, , particular attention being paid to the
reported discontinuity in the latter parameter at densities
around 100 - 140 Hgm-a. Throughout the fracture analysis,
results have been carefully explained in terms of the plane
strain conditions and the state of the plastic zone ahead of
the crack tip. |
The deformation and fracture characteristics of the
foams have been considered in terms of morpholbgy, the
nature of any reinforcement (deformable or non deformable)
and the strength of the fibre matrix interfaces. In the
case of polyester fibre, attempts haye been made to enhance
fibre matrix compatability by the use of titamate based |
coupling agents and a comparison has been madebbetﬁeen the
reinforcement behaviour of undrawn and commercially drawn
polyesters in terms of fibre pull out / fibre breakage

mechanisms.
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INTRODUCTION.

The expansion of a polymeric material to produce a
cellular polyﬁer, or foam; has been used to produce com-
ponents with & lower fraction of material, or to increacse
the stiffnésé to weight ratin‘of such cbmponents. Cellular
polymers are multiphase material systems, containing a gas
as the dispersal phase. BDtH solid and liquid foams possess
a very large interfacial area; Most polymers can be exp—
anded into cellular materials but #ew have been exploited
commercially (1). The most‘cbmmon are polyurethane,ﬁoly;
styrene, polyvin&lchloride and the holynlefins. For the
last thirty years polyurethane foams have been gaining
acceptance more and more and worldwide demand has in-
creased at a steady rate. It has been predicted that ﬁne
million tons of polyurethane foam will be used in 1987(2)
and that the growth of polyurethane foam application will
exvceed that of many other polymeric materials (2).

The reinforcement of a polymeric material with var-
ious fibres treated with appropriate surface treatments
can result in as much as a tenfold improvement in certain
properties.

Folyurethane foams may be flexible or rigid, open or
closed celled (4). This work relates to closed cell rigid
polyurethane foam and its reinforcement with both glass and

polyvester short fibres.



Rigid polyurethane foams may be divided into three

general catagories;

i)

ii)

iii)

Very low density foams having densities in the

region of 12 Hgmf3. Tﬁese tend to be open cell-
ed and are mainly of use to the packaging
industry.

General insulation foams having densities in the
region of 30‘” 80 h’.gm’3 and

High density foams having densities of 200 Hgm’s

and above. Such materials are used in structural

or load bearing applications.

The foams studied in this work are of densities

in the region of catégory (ii) and above. The morphol-

ogy of foams contained in category (iii) tends toward

that of a continuum material.
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? literature review,

Folvurethane foam manufacture.

Foam formation and manufactuwre.

Although foams can be produced in a variety of wéYs
the most commonly employed method is the expansion process

This consists of 3
i)Ythe nucleation of gas bubbles in a liquid polymer
system,

ii)the growth and stabilization of these bubbles and,
iii)the solidification of the polymeric phase by cross-
linking or cooling to give a stable polymer éystem

Folyurethane foams are produced by the reaction of a
polyol and an isocyanate. Foam formation is the result of
rather complex chemical reactions leadihg to the formation
of many chemical bonds other thaﬁ the urethane groups(4).
The two most imporfant reactions are the reaction between
the isocyahate and the hydroxyl caompounds (polyethers or
polyester polyol) and the reaction between»the isocyanate

and water:

1. Froduction of urethane.

0
. , . I .
R-N=C=0 + -R'-0H =-—--> R-NH-C-0-R’

(isocyanate) (hydroxyl) (urethane)



This is the isocyanate hydroxyl reaction and represents
the chain propagating reaction common to both flexible
and rigid polyurethane foam formation.

The outline of the above reaction is that an alcohol
molecule first reacts with an isocyanate to form an ac-—
tive complex which in turn reacts with another alcohol
molecule to form an intermediate product which decomp-

oses to produce the urethane group and a free alcohol.

H

R-0-
R=-N=C-0 |
! R =N=C-0
' ] :
' .
R’ -0-H R-0-H
(active complex) (intermediate product)

2.Froduction of foaming agent (CD2)

This is caused by the reaction of the isocyanate

and water. Foremost in this reaction is the formation of

the unstable carbamic acid, which decomposes to form an

amine and carbon dioxide :

(a) 0
il
R-N=C=0 + HZD ——— R=-NH=-C-0H ———=3> R—NH2 + C02
(isocyanate) (carbamic) (amine)
acid

Alternatively the acid may react with isocyanate



molecules to form carbamic acid anhydr1de which decomp-

oses to give a Substltuted urea and carbon dioxide:

0
C R |

0 R-NH-C O

[ \ I

R~N=C=0 + R-NH-C-0OH —-~—-3 Q0 —===2 R-NH-C-NH-R + C02
. / :

R—NH-C S (urea)
B |
0

(carbamic acid)
anhydride

(c) qubstltuted urea is also formed from the amlne created
in the water - 1socyanate reactlon by react1ng w1th izo-
cyanate:

0

fast Ll

R-NH, + R-N=C=0 --—-- 5> R-NH-C-NH-R

(amine) (isocyanate) (urea)

To a slight extent carbamic acid may react with its amine
decohposition'product to form an amine'sélt. This Salt>can

be decomposed by heat to yiéld uréa éhd water:

. : S heat

R-NH-C-0OH + RNH2 ———— R=- NH C-0- NHaR -3 R— NH C NH R + H20
0 0 0

(céébéhicaécid) o : . (saif)f S ) zuféa)'



J.Branching and cross linking.

Branching and cross linking may occur from two sources.
The first of these sources is the isocyanate - urethane

reaction which leads to alophonate linkage: ‘

Is

0 0
1 ‘.
R-N=C=0 + R=NH-C~-0OR’ =—===3> R=NH-C-N-C-0-R°’
: ]
R
(isocyanate) (urethane) (alophaonate)

The second source is the isocyanate - urea reaction which

produces biuret linkage:

o : o] 0
] R
R-N=C=0 + R-NH-C-NH~R ====3» R-NH-C-N-C—-NH-R
| _
R
(isocyanate) (urea) - o - (biuret)

Most of these reactions are too slow for the economical,
commercial maqufacturer of urethane foams. As a result
catalysts are employed.to increase the reaction rate and

to establish a proper balance between the chain extension
and the foaming reaction. A second important function of
the catalyst in foam reactions is to complete the reactions,
resulting in a proper cure of the material. Completion of

cure results in maximum strength, minimum compression set



maximum chemical weathering resistance.

The catalysts commonly used are amine types. eg.
triethylenediamine or tin salts eqg. dibutyldilaurate-(4)
Blowing aéents such as carbdn dionide and fluorotrichloro
methane (CClsﬂz) -have been investigated (5-9). Lasman
(8) in particular has described the effects of several
blowing agents used in polyolefin and polypropylene
prpduction,

FriSch“(9)7h55'iﬁ?éstigéted the relationship between
chemical structure and the properties of rigid polyurethane
foams, especially the effects of  isocyanate and polyol
variations. Although the se;ectiunyof di and poly iso- . .
cyanates for all practical purposes may be limited,
Frisch (9) argued that there were many commercially
available polyols, which varied in equivalént weight or
functionality etc. and the selection of ihe appropriate
pdlyol could most readily effect the properties of a

fopam. Fire retardance may even be enhanced by the sel-
ection of the proper polyol (10). Like Lasman (8), Frisch
(2 studled common blow1ng agents and catalysts. He
concluded that in the case of blow1ng agents the‘most
s1gn1f1cant d1fference in the selectxon Df e1ther car-—
bon d10%1de or a 41uorocarbon lay in the thermal 1nsu1—.
ation varlatlon, the fluorccarbon foam be1ng mnreueff—

ectxve.
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Frisch (9) found that catalysts regulated the chemical

reactions, whereas surfactants, mainly silicones, regulated

foam structure by promoting gas nucleation and providing cell
wall stability and preventing coalescence of small foam cells’

during foam rise, until gelation occurs. -

Foam morphologv.

Bubble nucleation and growth.

Saunders and Hansen (11) have stated that the nucleation
of bubbles occurs when the gas-polymer solution becomes super-
saturated. Bﬁbblé Hucléétion relie&es.tﬁe supersaturation.
When this is complgtefﬁé new bubbiés‘nucleate and the

concentration of gas in the solution decreases due to

vdif{usion inte the bubbles. After this occurs bubbles

coalesce and grow. The dynamics of bubble growth have

been studied by various workers (12-14).

Individual cell morpholoqy

The cellular structures that result from bubble growth
depend upon factors such as supersaturation temperature and

the processing conditions eg. in the case of the reaction

injection molding process the speed of injection into the -

mold.
Harding (15) has described the idealised structures that

he would expect at different stages of bubble expansion in



cellular materials, see figure Z.1.

Figure 2.1
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Althodgh Menges and knipschild (16) have suggested
that small bubbles could exist in the interstices,‘Harding
(15) has shown that any polydispersed configuration wou;d
be unstable and is not typical of polymerj; foam structures,

see figure 2. (b).



Harding (15) describes bubble growth as follows. In-
itially dispersed bubbles expand and distort,forming poly
hedra with plane surfaces of uniform thickness,see figure
2.1(c). In an earliér paper (17) he studied the actual
foam structures which exist. He found that although pent-~
agonal faces predominated, four and six sided faces were
normally present.LThése faces are D4tén néarly equilat-
eral, but seldom:equiahgﬁlak‘beca;se cellé tend to elong-
ate in the direction in which they,move'during foaming,

sea figure 2.2.

Figure 2.2.

Ideal Elongated

T @ %

perpendicular % % '

- Dodecahedral péckincj geometries

Uniform cell shape, (height:width ratio =1:1), only
results when a foam can expand with a minimum constraint.
Doherty et al (18) and Hermanson (19) have made density

measurements and morphology studies at the varying regions

10



within a molded foam block. The qualatative description
of flow orientation and cell forms resulting in rigid
polyurethane foam is shown in figure 2.735.

Figure 2.3.

foam dirn
;__'/&,Lv
—
A
8

. 4

b S

I homogensous region
11 elongated cells with strong orientation in rice
direction.
III elongated cells with weak orientation in rise direction

IV sheared aligned cells with voids

Harding (17) believed that the mechanical performance
of foams appeared reasonably independent of cell size and
morphology when other factors, such as density, are kept
constant. His investigation was very detailed and he conc-
luded that when considering the mechanical response of foamed
materials, cell shape was significant. However he concluded
that such properties were more responsive to changes in density,
the nature and or orientation of applied stesses and the

location of polymer within the cells.

11
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2. 2.3 Density.

Treagar (20) has stated that in many cases a log-log
plot of density agalnst a foam property gives a straight
line. This leads to the frequently c1ted relat1onsh1p,

proposed by Danlel (21):--

b
property = a (density)
where a and b are constants.
De Gisi and Neet (22) have proposed the following rel-—

ationships for compressive strength and moduli: to

densitys:
compressive strengtn = (8.09—0.0178f) densit¢75
coopressive.moduli4 = (191-0,32469T) density175
where T is greater than -65 F(;q4°C). These‘workers
suggested that these equatlons w111 be va11d upto the‘
=often1ng point of the foam, Naterman and Fh1111ps (23
have deecrlbed many aspects of foam meohan1cal behavxour.
Modulus in particular was found to be den51ty dependent.
In a later paper (24) theyfconcentrated their attention
upon yield behaviour in compression. They found yield
stress and modulus to be directly proportional to density
at a constant temperature. However the foams studied were
in general of densities in excess of 100 —'135Kg6'3 at which
deneity level MoIntyre (23) proposed that a foam morphology

transition occurs. EBelow this density range ‘the cell

12



structure is of the polyhedral type; whereas above g
‘such densitiesvthe cells become shherfcal; én dbéek—‘
vation supported by other work (26).:Mc1ntyre'é (25)‘
subséquent investigatibn of this phenbménon however‘was
rafﬁer}undetailed, the behavioural variatiohs of thévﬁwo
mofpholbgies not beihg inVestigated in'gfeat debfh;
GuéntHéF (26) has studied tﬁelreiatianship4bé£ween
density and Both,the weight and volume percent of blastic’
contained in a foam, Cdupefﬂ(27)‘has shown that the
density of the matrix leymer‘is signifi&énf; A foam
cbmprised 6f a4denser pblyﬁek'butkbf ﬁHé éamé foam
density would'forh a weaker foam than one S#ﬁé"lowér
dehsity polymer, assuming both polymers have similar
physical properties. The denser pdiYhéf either céuéés
cell struts to thin or cell size to increase, both of
which lead to a lower polymer volume fraction. Thus it
is argued by Cooperr(27)'that foam properties are dep-
énéent upon the volQme pércent éf boiyﬁer they contain
rather théﬁ the‘weighf ﬁércénfége. AS'abfeéﬁlt foam

properties are usuall?lreiaieé'to {damidensity.

2.2.4 Cell sire.

Guenther (2&) in his study of foam"prdhértiésyéssﬁééd
a cubic cell structure which is of course a somewhat simp—

lified situation. Measurements of cell pakaﬁeters have been

13
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undertaken by Waterman and Fhillips (23) in their in—'

vestigation of the compressive properties in order to

establish some kind of empirical relationship. McIntyre
(25) along with Anderton (28), have shown that as foam
density increases cell diameter tends tao decrease and
have established that several mechanical properties

are a function of cell size. McIntyre (23) employed a
photographic technique to measure cell diameter. Others
(29,30) have described methods for the determination of
cell volume by means of an air flow apparatus. In

the work described earlier Harding (17) employed such

L& method.kégain however determining cell diameters

from measurements of cell volume will often lead to
errors arising from the assumptions made concerning

cell shape.

Structural modele and foam deformation.

Guenther ‘s model was extended by Campana et al (31)

to account for density variations as follows:—

volume of gas + wall = (d+t)

volume of celi d

(d+t) - d = volume solid material.

volume of wail

volume fraction of solid = V = (d+t) - d

(d+t)

14



Buénfher'(zé) has shown using this model that wall
thickness is directly proportional to cell size ie. the
ratio of cell sizelfo Qall thickness is a constant for
a specific 4oah andzdensity, but;it decreases as den-
sity is increased. |

A model which éan be‘applied to éiﬁher open or
closed cell foéﬁé haéybéén preéented by Chan and
NMakamura (32), in the latter case the foam is considered
to be compqsed of dodecahedral voids which are bounded
by pentagonal intéffaces of maérix pﬁlymer, éee figure
2. : _ : . o

Figure 2.4.

The material surrounding the voids is. separated:into
elements having regular geometry: pentagonalrplates

of thickness t, and side length: 1. Menges and Knips-
child (16) have employed a modified form of this model
in order to analyse the elastic behaviour of rigid

- polyurethane foams, see figure 2.5.

15



Figure 2.5

triangular bar

Ey means of microscopit study of foam samples under
various stress conditions eg. tension, compression, Menges
and Fnipechild (16) concluded that almost all the load was
transmitted along the cell struts, since the cell walls
appeared to deflect under the slightest load.

Thie model conforms closely to the ideal
structures of many cellular materiale, and it has
been uvsed to predict structure - property relation-
ships with a measure of accuracy and therefore it
would appear that the assumptions and simplifications
on which it is based are not too unreasonable.

Another complex model of a foam structure has
been put forward by kKo (Z3) in his study of the
material properties of foamed open cell elastomers.

The model is based upon the cellular network formed
when the interstices between close packed spheres
(voids) are replaced by a polymer phase, see figure

2.6%

16



Figure 2.6

Unit structure

The struts are assumed to have a triangular cross
section. Although the model exhibits the three dimen-
sional symmetry present in many cellular polymers,
the cell structure it describes does not conform to
the pentagonal dodecahedral structure found in
cellular polvurethane.

Along with the models which attempt to approx-
imate foam structure, Gent and Thomas (24) have
proposed a cubic strut model for open celled foams,

see figqure 2.7.

o+
e 3.
7 7

cubic strut model

17



This model was used by Gent and Thomas (Z4) in their
investigation of the stress-—-strain behaviour of open
cell foams. A second model proposed by Gent and Thomas
(Z25), later emploved by Lederman (346), was a ball and
strut system, see figure 2.8. Using these two models
Gent and Thomas (38) concluded that modulus was related

Eaguresiz gl

ball and strut model

to the bending of the cell walls and struts whereas
vield is related to cell wall and strut buckling.

Like the Gent and Thomas models, the model
proposed by Matonis (37) for a closed cell foam, see
figure Z.9., does not conform to the actual observed pre-
diction of mechanical behaviour where the application

of the more sophisticated models has proven difficult.

18



Fiqure 2.%9.
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Fatel and Finnie (Z8) in their model of a cellular
material showed, without the use of many simplifying
assumptions, that the deformation of such materials
involves the deflection of the struts and windows of
the individual cells, eg. the compression of the
structure induces bending in many struts which they
argued would be accompanied, and resisted, by a lateral
tension induced in one wall, see figure 2.10.

Figure 2.10.

strut
causing
resiste

19



The concept of strut deflection has been advanced
by Gibson (32,40) and Ashby (40-42). Together they have
applied standard beam theory to the strut system of a
cellular material thus extending work referred to ear-
lier (17,328). i

Gibson and Ashby (Z9-42) have described the stages
of deformation of a cellular materisl. They propose that
whern a force is applied to a focam it cauvuses the non -
vertical struts to deflect, see figure Z.11. Once
the strain is increased to a certain level non linear
elasticity occurs. This is due to the elastic buckling

of the columns or plates as reported by Gent and Thomas

(36) and kKo (33), see figure 2.11.

Figure 2.11.

20



Ashby (42) explained that this elastic buckling is
responsible for the plateau of the compressive stress-—
strain curve, see figure 3.11, and that the critical load
at which a beam of length 1, youngs modulus E¢ and second
moment of inertia I buckles can be defined by Eulers

formula @

where n is a constant‘deécribing the degree of
constraint at the ends of the beam, F is the
critical force and Eg¢ is the Young’'s modulus of
the solid material.
If this load 1is reached for a layer of cells spanning
the section, they will buckle initiating plastic coll-
apse of the foam.

Flastic collapse occurs according to Ashby (41)
when the moment exerted on the cell walls exceeds the
fully plastic moment, creating plastic hinges as rep-
orted by Thornton and Magee (4Z,44) in metallic foams

sesa fiqure 2.12.

Figure 2.12. B lF
plastic

hinges

21
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The bending and shear stresses give rise tD’angle
changes as reported by Ashby (41), Fatel andFinnie (38)
This means that in the case of‘low densityrfoams iﬁ part-
icular it is even more ﬁifficult‘ﬁo describe deforﬁatiqn
behaviour using models as de%ormation’alters cell‘étructure.

Britiie foams, sucﬁ as rigid‘pmlymers (45),’do ﬁgt faii
by plastic collapse but by brittle crushing in compression
as reported by Rusch (46), or by brittle fracture in
tension, as reported by McIntyre and Anderton (28) and

Fowlkes (47), see figure 2.13.

Figure 2.13.

22
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2.4

Reinforcement.

A deta?led discussion of short fibre réinforcs—
ment may be found elsewhere (48,49). The ability of a
fibre to reinforce a matrix is dependent upon factors which
may be equated to give an empirical value, the reinforcement

efficiency, Er (50).

Reinforcement efficiency.

The rsinforcementre{ficiency of a fibre is given by

E =1-Lc=1-0 0 * d)

2 4T, L

Fibre - matrix interaction.

A’fibre composite material is effective because the
stress is transferred from the matrix to the fibre. Kelly
(51) has calsulated that a fibre composite when stressed
has present a very large shear stress at the fibre - matrix
interface. Tyson snd Davies (52) have confirmed the exist-—
ance of such stfesses experimentally and have shown that
these stressss are often a great deal larger than theory
suggests. When a fibre composite material is tested there~-
fore it would be éxpected that the adhesion betwesﬁ tﬁe fibre
and the matrix would fail loﬁg'befofs tﬁs composite would.
Once adhesion breaks down‘stress tfénsfer may sfili dccur

through frictional slip, ie. during pull out (51).

23



Fibre reinforcements used in composite materials are
generally treated with some coating, (size). This has two
purposes, firstly it brevents fibre—fibre'contacts,
which might cause cracking or weakening of fibres, and
secbndly iﬁ promotes adhesionf The sizing is designed to
gfve good adhesion for a particular resin - fibre combi-
nation and to assist the complete filamentization of

fibre bundles.

When glass fibres are considered the sizing usually
contains a silane adhesion promoter, ( coupling agent ),
thg purpose.of_which is to enhance fibre/resinAadhesion.
The role of silanes have been‘investigated by Berger et
al (53), Yip and Shortall (54;55), Gerkin et al (56) and
Fleuddemann (57). Fleuddemann (57) thought that while
chemical bonding was the mpst plausible theory for the
bonding of glass, hydrogen bonding between the silanol of
the coupling agent and the glass surface was the predominant
mode of reaction,:rather than covalent bonding. He briefly
described the reaction as the organic partvo¥ the silane
eg. an allyl group, interacting and bonding with the polymer
attached to a silane functional group, which adheres to

the glass, see figure 2Z.14.

Although:silanes are the most common\tbupling agents,
recently interest has arisen in a series of titanate based

couplihgvagents for filled po}ymers with‘a'vafiety of fibres

24



553 excellent performance from

The manuftacturers (58) claim

terial properties,

]

these agents, including increased m

better fibre wetting and favourable viscowusity effects among

other benefits.

Figure 2Z.14.

rigid polymer

R H F
91 5 Si
,O { )
7/ \'» 7 = \ 7 £ \
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\ 7 \ e N 7
0 ] 0O
M ™ M

mineral surface

Titanium derived coupling agents differ from silanes
in that their reactions with the free protons at the inor-
ganic interface it is claimed results in the formation of

an organic monomolecular laver on the inorganic surface,

see figure 2.15.

Figure 2.15.

titanate coupling agent action
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The efects of titanmate coupling agents have been
investigated by Monte et al (39) and Damusis and Fatel
(60). The results of these works were supportive towards
the use of such pfodutts, the report in the case of
Damusis and Fatel (40) being prodﬁced aé a pfogress report

for the product manufacturers.

Fibre properties.

Originally glass fibres were almost the exclusive
reinforcement encorporated into polymeric matrices. Today
a wide selection of fibrous reinforcements are available

for this pufpose. Among these materials are the deformable
fibre reinforcements such as nylon and polyester, which
have been found to enhace the impact behaviour ‘and toughness
of composite materials (&1-64). Fox (61) and Cordova (62)

in particulaf have shown that the inclusion of polyester
fibres in continuous polymeric matrices improves the
toughness of the material, whilst the inclusion of glass
fibres improve the materials strength and rigidity. Fox (61)
and Shi and Crugnola (63) have shown that a combination of
such reinforcements may achieve a desirable compromise of
these properties, see table 2. 1.

Fox (61) suggesfs fha£ fgé improvement is due to the
difference in attainable elongation, (10-30% for polyester
compared to»oﬁly 2% for glass), allowing polyester to absorb
ensrgy aftef the glass fibres rea;h their failure limit.

FPhillips (65) has attempted to predict the properties of
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such composite materialé, or hybrid reinforced composites,
by the application of a modified rule of mixtures equation.

Table 2. 1.~

polyester % glass % | notched Izod impact
wt% wt7% ft 1b / in2
0.0 o 25.0 4.5
2.5 22.5 Se2 (+167%)
2.0 ' 20.0 ' 6.4 (+42°%)
10.0 15.0 8.6 (+917%)

Despite the volume of work which has been carried out
with continuous polymeric matrices to date little work
has been done invelving the inclusion of deformable fibre

reinfcrcements in low density cellular materials (81).

2.44 Fibre lenath.

With ;ncreasing fibre length the reinforcement effic-
iency gradually rises to an optimum level (48), see figure
2.16.

Figure 2.16&.

Er

Fibre length
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It has been observed (51) that fibres may be pulled
out in one piece as long as theif length is less than some
critical Qalue (48). For a fibré of diamétefud‘éna st;ength
O% » the’inferfécial shéa? stfeés iéb‘ | | |

Ti = FMax

Tr dbL
at the maximum force, Fg,,, ., the {ibre/strength is

Of = Frmax

2
. d

and the critical fibre length,L¢ , is

Tﬁe reéson wﬁy a‘fibfé méy Ee pulled out below‘this critical
value is that there is insufficient contact surface, (trans—
{er length), to transmit load from matrix to fibre. Above
this critical value failure is associated with fibre and

Figure 2.17.

oull out o - ‘41;E{‘ .:r: ;w,
1EES§%' \\

L<L‘ ) 7 | |
break | = )

L>L,
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Aszpect ratio.

The aspect ratio of a fibre is the ratio of fibre
1ength to flbre d1ameter, typlcal values for a fibre such
as glass are 10~1UO (66). A cr1t1ca1 value‘nf espect
ratio w111 exist as does a value cf crltlcal length.

Thus a shorter flbre of aspect ratlo below the cr1t1ca1
value would fail by the pull out mechanxsm whereas one of
en aspect ratiolgreater than‘the crltlcal value would +a11
by fibre brealage (48). |

In cases where complete f11amen£1vat1on does nef occer
and small flbre bundles are present the aspect ratio of
the 41bres w111 1t has been suggested (67), be effect1ve1yk
decreased. This will effectively decrease the fibre length
and hence the reinforcement ef#iciency ef the fibres will

be reduced, see figure 2.18.

Figure 2.18.

; g
< ’ C ;

lfspect retio =L ,2 o 7 o Aspect ;ratio-‘ L (GD
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2.4.6 Fibre concentration.

Numerous workers have found eQ.(Aé) iﬁét the mech—
anical prooertiespof composites depend to a laroe extent
upon the proportlon of rexnforcement they conta1n.
Mechan1ca1 property predlctlons are normally made using
volume fraction values whxch in turn are normally obtained
by measuringlweight fraetions (69). Ogorkiewicz (705 has
shown thet.if stiffness or strength’parameters of comp-
osites are olotted against percentage of reinforcement
content they follow a general pattern of rising

continuously with rising reinforcement content. This

has been confirmed by other workers (71-73).

n.4.7 Fibre reinforcement of polvurethane foams.

Cotgreave and Shortall (74) have investigated the
mechanism by which chopped fibres of high modulus reinforce
polyurethane foam. They have stated that foams containing -
such fibres are +ree to rise without suffering any‘gross'
d1stortxon of the bulk matrlw structure, as supported by
Barma et al (75). However locallzed changes may occuwr. The
¥1bres, they’observed, #ormed the core of an elongated
compos1te strut w1th cells bu11t up radzally along its
length They proposed that the relnforcement mechan1sm
could be represented by this elongated comp051te~strut‘
in which the‘filament is eoclosed in a solid resin sheath.
The 1nterface between the fibre and resin was defined as

the surface of a closed cylznder of essentxally the same
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diameter as the filament and the whole of the curved
surftace of the cylinder is available for stress trans-—
fer as proposed by Cox (7&4&). Cotgreave and Shortall

(74) however argued that in the case of a foam the major
portion of the stress reaching the sheath from the
matrix is channelled through the radial struts and

that the total cross sectional area is much less than
the surface area of the interface, see figure Z.19.

Flaglre 2.9

e Area available for transmitting
& /W i stress from matrix to sheath

Area available for stress
., transfer from sheath
aH }toﬁMe

.
-
-

They concluded that large bundles are not effective
as reinforcing agents since their presence gives rise to
stress concentrations that weaken the structure but that
small bundles, or single filaments, can arrest a crack
and then divert it to give a larger fracture path, and
hence a greater tensile strength (77), and generate pull
out fragments. They also found that the primary effects
of fibre surface treatments were efficient dispersal

and filamentization. Morimoto and Suzuki (78) have
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carried out further work in order to invéstigate
in more detail the interface between glass fibre
and rigid polyurethane foam, their prime concern
being the varying effects of several types of comm-
efcially available chopped glass. -

Cotgreave and Shortall (79) have also produced a
model to investigate the critical fibre length, Lo , of

a reinforcement in polyurethane foam. This they argue is

given by

2

Tm d

‘This model hés been exﬁanded (30) in order to‘aécoﬁodate :
fibre and foam parameters.'Thié gives a more specific:"
“model for the criticai length 6# fibre when used in a
foam system asg |

Le = 0% 1.09%106 sz‘*"

2T or 4+ 0,189 - 0.027073)

The expansion of the original MDdel was achieved by

the cnnsideration of the shear;zpne surrounding a
-filament. The size of the sheaﬁ zone appeared to be a
function of déqgify. A»%erie; qf ;#éndaFd ;éQréésioﬁfééﬁﬁ;

nigques gave the relationship j

1
d =2 Rf + 0.189 - 0.023 p"3

Zone

where d is the diameter of the shear zone.

zone
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Cotgreave and Shortall (80) however state that
this model will only hold true fbr foams of a 5péci?ic
formulation as used in their research. The model can
however show that fibres of varyihg properties'wili have
a variety of critical fibre lengths and hence that fibre
type méy directly influence the fracture behaviour'of
such composites. In order to pursue this point further
fhey investigated several reinforcing elements avail-
able, a selection of the fibre properties aré given in
the following table.

Table 2.Z.

material diameter/micron u.t.s./GNm-2 E/C—)Nm-2
E-glass 10,0 4.5 72.0
Carbon | 8.0 1.8 o 260, 0
Asbestos 3.9 5.9 190;0
Faowool 2.8 7.0 480.0
kevlar 49 18.0 2.8 133.0
Terylene 11.0 0.5 13.0
Folypro’'ne 65,0 0.6 0.4
Iron wire 120.0 1.5 160.0
Copper wire| . = 60.0 | o.s 140.0

It was found thatvtheAshort ¥i1aménts o{.asbestos.and of
kaowbol, and of some of.éhe'synthetic fiQFés; éﬁ;ﬁ as
nylon and teryléﬁe (xpolyester Y. t;hdéditﬁféiﬁmp to-
gether, and that in a number o¥ insta;ces éhey formed

an ‘embryo strut where a single filament encased in a
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resin sheath was embodied in a cell window and was
thought to contributé little to the reinforcement of
the structure. They also éoncluded that the bonding of
the orgahic filaments of lawér moduli’, ég. terylene,
appeared to be of a‘lcwer.ordef, barficulafly under
tension. This incdmpatability of fibre and matrix they
observed could be seen when examining thé fracture surt-
aces of samples. The incompatability was shown by pull
out fibres which were free of matrix material on their
surface, indicatiﬁg very wéék interfacial‘bonding.
Cotgreave and Shortall (B1l) believed that’thesevlower
modulus fibreé could prove useful however for théir
effects upon the toughness of foamed materials due to
their ability to absorb énergy and bridée cracks, c;f.
an eiastdmeric inclusion in a rigid matrix‘(Bi), see
figure 2.20. |

Figure 22.20.
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The low modulus fibres investigated were nylon and poly-
ester. Although nylon and polyester are chemically different
they are produted by similar manufacturing techniques, see
appendix 1 . Terylene is the name given by I.C.1 Fibres Ltd
to the polyester fibre and yarn they produce.

Folyesters (Terylene,Dacron,lirelle,Terlenka etc.) are
rused in several industries, the main Qser being fhe clothing
mindustry. |

During the.ﬁroduction of’terylene staple fibre a/great
number of filaments are spun ahd collected together in a thick
rope or tow; This iow is crimped and is then cut into.spe¢~
ified lengths Df‘fibre:‘The gtaplg 1eng§h‘may‘be éqqutgds
according to the textile process for which it is intended.

Throughout the manufacturing process strecsses are
imposed on the fibre. In order to protect the yarn at an
early stage a sizing is applied which containe an adhesive
and‘a lubricant. The adhesive protects against abrasion
whereaé tha lubricant reduces friction at contact points. The
quantity q{ size is critical; too little and the polyester
will be unable to withstand the manufacturing stresses; too
much means that breakage may occur due to build up of size.

The polyester used by Cotgreave‘and Shortallr(Bl) was
evidently Terylenevand could possibly not_qnly hayg been
crimped but also cqatéd with lubricant and adhesive. This
could have produced the non compatability theylc;gim to have
ohserved. They did however report that they themselves did
not employ any form of surface treatment in an attempt,to

create compatability which‘might enable the attainment
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of results similar to those successfully achieved in
snlid matrices (61-64).

The effects of fibre length upon polyurethane foam
properties were also give by Cotgreave and Shortall (83)

as shown in the following table.

Table 2. 3. ( foam density 8OKgm S.)

. . -2 -2 . . -32 -2
glass fibre cont. | u.t.s./ENm E/MNm | ke /KNm Gijc /Nm
unreinforced 897 12.1 101 486
5 mm 1082 , 27.9 o130 551
12 mm 1095 4.0 146 571
20 mm F&LEO 5.4 1320 434
40 mm FLb JI0.3 116 404

The maxgimum in reinforcement capability of the diff-
erent fibre lengths appears at around 1Zmm. This, Cotgreave
and Shortall (83) stated, was in the region of the critical
length and would allow for the maximum pull out}length‘mf
the single filaments presentf‘

It was concluded from these results that the effic~
iency of stress transfer between matrix and {ibre is low
approximately an order of magnitude lower than the weakest
interfacial bond recorded in continuous composites (354,55)

The glass fibre reinforcement of polyurethane foam
has aleo been studied by Narkis et al (84), They conclu-
ded that chopped fibre reinforcemant does not enhance
greatly the compressive properties of sqch material
even though tensile properties are improved.

There has been much more research carried out in the

area of polyurethane foam reinforcement. However recently,
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-academic interest has become increasingly commercially
Drientated and much of the work has been concentrated
on the reinforcement of reaction injection produced
components as manufactured by the reaction injection
molding process (RIM); and upon. the effects of local-
ised fibre concentration or fibre orientation upon

the performance of such components;,The work carriéd
out by Methven: ' and Shortall (B3) and Dawson (86) at

kLiverpool and by Gerkin et al (S56&) appear to follow

this trend.

"3

.5 Fracture.
#

Linear elasticJfracture.mgchan{cs gL.E.F.M.) has
been successfully épplied to Splid pélymeric matrices
(87-89) , even though such materialé are neither linear
or elastic.'Deyiations from such theoretical behaviour
may be to a 1ar§e extent“accountéd for by minor modi-
fications. |
| Most materials show a tendency to fracture when
stressed beyond a certain critical lével. A gréat deal
of the early attempts to explain the strength and fracture
behaviﬁ&r‘ofbsdlid matérials were carried out by Griffith
(20), Inglis (?1) and Irwin (92). Gri%fith (70) . suggested
that a balan;e must exist between the decrease in;potential
energy (relaﬁed to the release in stored elastic energy?

and the increase in surface energy resulting from: the
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extension of a crack. A detailed discussion of the
Griffith energy balance approach may be found-in most
standard fracture texts, however a brief summary of the
analysis is given here.

If one considers an infinite plate 6f unit thick-
ness that contains a crack of length Za and which is
subject to a uniform tensile stress, 0, applied at
infinity, see fiqure 2.21.

Figure 2.21.

The total energy,U,of the cracked plate may be

written as

U=U +U,+U -F

wheke Uo = élastic energy of loaded uncracked plate

U, = change in elastic energy caused by crack

U = change in elastic surface energy caused
by‘the fﬁrhation of the crack‘surfaﬁés.

F = work performed by external forces: this
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must be subtracted since it is not part of the
internal (potential) energy of the plate.
Griffith (20) used the stress analysis of Inglis (91)
to show that for unit thickness;
2 2

Ua'=‘ﬂ O a

E

and that the“elastic surface energy,U, , is equal to
the product of the elastic surface energy of the material
Ve, and the new surface area of the crackj;

U = Z2(2aV,)
For the case where no work is done by external forces,
(the fixed grip case), the change in elastic energy, Ua
caused by the introduction of the crack in the plate, is
negative. If this is the case there will be a decreaée in
elastic strain energy of the plate because it will: lose
stiffness and the load applied by the fixed grips will
therefnreudfop. The tqtal energy of the cracked plate is
therefore; | N

uU=u_ + U: +

I
c
i
1
q
1]

+ 4aVe

Since U is a constant differentiating the above with

respect to a gives;
2 2
d T a
- + 4aV,
da ‘ E '

L]
Lo

the equilibrium condition for crack extension.” When the

elastic energy release due to a potential increment of
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crack growth, da, outweighs the demand for surface energy
for the same crack growth, the.introduction of a crack
will lead to unstable propagation.

From the above one may obtain;

Trcrza

E

where Trcrza has been designated the energy

E release rate, G, (after Griffith),
and rgpresents the elastic energy
pef}unit crack surface area.

énd 2Ve - has been designated the crack
resistance, R.
It follows that G must be at least equal to R before
unstable crack growth can take place. Since R is a
constant this will occcur when G reaches a some critical
value, GBc, thus fracture occurs wheng

Arrcrza ﬁ'UEz a

"
>
"
v

E o E
In the case of ‘plane strain conditions G may be defined
ass

G =17 U'za o
(1-D %)

E
A detailed derivation of G may be found elsewhere (93)
Ifwih's apéroach to fracture‘(9é)réoncentréted
upon the stresses in the vatiniﬁy of the crack tip; Ifwin
(92) showed using linear elastic theory that théée o

stresses take the form of;
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k. '~ ~ '
(T = ( ) {(B)III L - -

where r and B are the cylindrical polar coordinates
of a point with respect to the crack tip, see figure 2.22.

~ ~

» <
8

Stress at a point ahead of a crack tip

K is a constant which gives the magnitude of the
stress field, the stress intensity factor. The general

form of the stress intensity factor is given by:
K=Y O/ a

where Y = f(a/w) and is dependent upon specimen
geometry. Several values for various geometries

have been compiled by Rooke and Cartwright (94).

It was further demonstrated by Irwin (22) that if a
crack is extended by an amount da, the work done by the
stress field ahead of the crack is formally eguivalent to

the change in strain energy G, thus the parameter gaverning
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frécture’may there¥ore be stated as the critical stress
intensity factof; Fey instead of the critical energy

Value.'FOf tensile loading however these factors are

related; -
Ge = K2 ,
L — (plane stress) .
E
L2
GC = l"'~.c 2
e (1-D%) (plane strain)
E R

where U is Foisson’'s ratio. It is convention fb wfite
Krand Brwhere the subscript I indicates tensile load-

(22), the other modes (I and III) are shown in figure 2.23.

bl

Figure 2.23.

:@*5h9"“d5
I the openingimodé.»The crack surfa;eé move directly
| « Bt apart.
I1 the edge slidiﬁ§ mdde. The crack surfaces mové
normal to'tﬁe crack-ffontréﬁd feﬁéin in the crack

plane

42



I11 the shear mode. The crack surfaces move parallel
to the crack front and remain in the crack plane.
Thevlrwin equation; |
- f(®) .. . .
shows that as r tends to zero the stfesses bécome infinite.
Since above the vyield stress materials deform pléstically
the material will deform ahead of the crack. By substit-

uting the vyield strength, Uﬁ s for O in the above equa-

tion Irwin (92) obtained an estimate of this distance, Fy$
‘_ .2
ry = ( 1 )(hlc (plane stress)
2 U}s '
- }.’ 2 ' >
rY = ( 1 )( i (plane strain)
6 Ml NIy o

He considered the plastic zone to be circular and that
its presence made a crack‘behave és if it were laonger

than its physical length, see figure‘2;24.

figure 2.24.

elastic siress distribution
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The size of the plastic zone depends upon the state

of the stress acti

ng at the crack tip. The above equations

show that the plane strain plastic zone size is smaller

than the plane stress zone.

The fracture

toughness of a material will depend upon

the amount of material capablé'af»plasti: deformation

prior to failure,

specimen thickness

this in turn Qili depénd'upon the

. It would therefore appear that the

critical stress intensity will vary with specimen thic-

kness, sea figure 2.25.-
Figure 2.20.
‘ ’ ) .
plane transition - plane
stress : behaviour strain
Ke 4

Kic

I
hid ﬂﬂ >

!

|

I

THICKNESS

In the case of a thin sample the degree of plastic

constraint acting
stress conditions
ent exhibits high
thick specimen'is

strain conditions

upon the ;ra;k‘tip,is minimal, plane
afe said to dominate,‘and the compon-—-
toughness. When on the other hand &
considered plastic ccnstréint‘aﬁd plane

arise at the crack tip and the tough-

ness falls sharply. This plane strain value of k¢ is

significant.
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because it does not decrease further with increasing
specimen thickness, see figure 2.26.

Figure 2.26.

plane stress

plane strain e -

through thickness piastic zone

Brown and Srawley (96) have found empirically that
a ﬁlane strain fracture toughnésé test is performed when
thé specimen - thickness and crack length are bdth greater
thahba certain minimum value given by;
,2,

B and a > 2.5 (HIC/U}S)~'

Wheh evaluating thé ?ractﬁre tnughness for design reasons
it is the plane strain fra&ture tdughness whiéﬁ has proven
to be most valuable.

When applying current fractufe theory concerning
plane strain conditions the value of Poisson's:fatio

is often required. Theré‘haVe been several stﬁdies‘made
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of this parameter. Values qguoted for cellular materials
range from 0,03 (27) to 0.3 (98). The method used by the
majérity of investigations was the bouyancy method (98).
As can be seen from the equation below if the lower
estimate is accurate then there wil be iittle difterence
between the plane stress and plane‘gondition for such

stran
material;

va on the other hand tHe higher estimaté is correct then
kthe difference may be significant. This point could be of
imporfance when considering the resu;tsfof McIntyre and
anderton (99) concerning fracture toughness. Their disr-
egard of plane strain or plane stress conditions has
lead to the reporting of apparently invalid toughness
values for low dencsity foams although not for thoses 6f
higher density.
However to be fair .their results showed no evidence
of plasticity. The fracture surfaces were completely
flat and the load deflection curves showed little .
deviation from linearity. Thig\ﬁas‘been consistently rep-
orted by others. (47). Furthermore McIntyre. and Anderton
(99) report no K, dependence on thickness.

“MclIntyre and Anderton (99) have also reported an app-

arent discontinuity in strain energy release rate values as
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the results given in table 2.4. show.

Table 2.4.

Foam density kgm™S Gy 7Im"
37 295
o3 00
55 326
68 416
116 S ' S10
120 J 475
146 , 780
IS 3515
410 o530

1t was observed that the discontinuity occurred as

the density approached that at which the reported

~morphdlogy—trah5ition occurred, (125Kgm’3). This

drop was attributed to a ductile brittle transition

as the foam structure changes from a polyhedral to a

spherical form. The spherical form being brittle.
Fowlkes (47) has applied L.E.F.M._in measuring the

strain energy release_rate,’B, of polyurethane foam us;ng

double cantilever beam specimens and plate specimens. |

Fowlkes (47) like Wittaker (101) and Anderton (109) has

suggested that the average cell size might beAconsidered

as the characteristic flaw size in a foam, Mclntyre (23)

however has calculated that this is actually much greater
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than the average cell size, but that large voids caused
by air entrainment may reach the size of such flaws.
Cotgreave and Shortall (83) have investigated the
fracture toughness of polyurethane foam. They used cen-
trally nptched specimens, the specimen dimensions being
chosen to ensure plane strain conditions during tensile
fractureﬁ They, like Fowlkes (47) only studied one foam
density in their analysis, the results of this work are
given in table Z.3. It was concluded by Cotgreave and
Shiortall (87) that the ;hcorporatimnrqf’glass fibre .
reinforcement provides an extension to the intrinsic
toughening me;hanism of‘rigid polyurethane foam and
that the fractgre toughness D%lsuch‘composites may be
enhanced by the sele;tion of an apprcpriate/fibre suUr =

face treatment.

2.6 Aress of further studv.

‘It emerges from the above review that several discrep-
encies exist and some areas of the subject need further
examination.

Reported fracture toughness data does not seem to be
based upon standard plane‘strainrtest prqcedure, although
there sepems to be a clear lack of crack tip plasticity. The
cellular structure of the material suggests that conventional
methods of estimating crack tip plastit zone éizes aFe'ihapD—
ropriate.

Although deformable fibres such as polyesters‘aré

reported as being incompatable with polyurethane foam (81)
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many such types of fibre are used throughout the textile
industry. The nature of the fibre surface needs to be cons-—
idered. Crimped or lubricated polyester fibres used for

weaving cloth seem ineppropriate as reinforcement material

and would be expected to behave incompatébw. . IF is possible
however that the compatability of straight unlubricated fibres
may be improved by the application of an appropriate size ég.
the titanate sizes.

The use of fibre pull out or fibre distortion as energy
absorbing mechanisms (48,49,51) are, clearly, possible methods
for resisting crack propagation, thus improving the toughness.
This needs to be investigated mﬁre closely and the possibility
n% making polyurethane foams with good rigidity and toughness
by hybrid reinforcement (&1-64) also needs to be examined.

Due to the variation in reported values (98,97), the
Foisson's ratio of polywethane foams, an important parameter
in fracture toughness ca}culations, needs to be measured
accurately, in particular with respect to the reported

toughness drop reported in impact.

Obhjectives.

The aims and objectives of the following work are as

follows 3

i) to pursue a detailed study of the reported morphology

transition.
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ii) to invéstigaﬁe the é%fects Df’glass fibre Feiﬁ%arcement
Cupon lowAdenéity'rigid polYuréthane'fﬁam.
iii) to re-examine the use of low modulus polyester fibre
as a viable feinforcéméht foﬁvkigid poleréthaﬁé foam.
'iv) to re—aséesalthe cdmpatabiiity o? pélyeétér fibre
:fainforcement and rigid pdlyuretﬁane foah matrikQ
v) to explore the pessibility of-the use ot titanate
bhased coupling agents as a means of improving the
effectiveness Df polyester fibre - polyurethane foam
matrix combination.
vi) to explore the possibility Gfkhybrid réinfarcement
of low density rigid polyurethane foam by combinations
Qf de#ormable‘and non deformable fibrea.
vii) to compare and contrast the reinforcehent mechanisms
of the two clazses of rein{orcing elements.

viii) to re—examine the application of linear elastic
fracture mechanics (1.elf.m.) approach to such
cellular material as rigid polyurethane foam.

ix) to attempt to clarify the technique of evaluating
the Foisson’s ratio of such a material as rigid poiy—

urethane foam.

=
~r

to give a full and clear explanation of any other
obzerved behaviour which is encountered durihg the

course of this work.
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It is considered appropriate that in pursuing these
objectives, short fibres (1-1.5mm long) were employed as
reinforcement, since they are usedNin fhe commercial rein-
forced reaction injection molding process. Longer fibres,
whilst perhaps improving certain properties, may not be used

in such processes due to the size of the injection gates.
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SECTLON 5.

Foam preparation.

Rigid polvurethane foam was prepared using the
Diamond Shamrock Ltd. Isocon M i1scoocyanate and Fropacon
EZ1Z polvol ftormulation, see appendix &, These components

were mixdxed by hand in ratios of 1i1l by weight as recomm—

ended by the manwfacturers and pouwred into molds. Originally

r

foame were formed in a collapsa

ifi

le steel mold having the

internal dimensions 110mm ¢ 220mm ¢ 1320mm, see figures

however it was found that the use of this larce mold
resulted in ftoams which contained wide variations in density
and morphology throughout their height. In order to overcoms
this a second smaller mold was used with the internal dim—
ensions 45mm x 128mm ¢ 138mm, see figure 3.1,

Figure Z.1.

mold

—
1]
%3

n]
in

130
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Fiiguie Sl (Contn)

small mold

155

185

The molds were sprayved with a ‘Chilchem releasing
agent'énd lined with plastic film to facillitate easy
removal. Molds were placed in a hydrauwlic press, and
after foaming the blocks were allowed to cure for three hours
in the mold and then for a further five days to fully cure
After curing the blocks were trimmed of their skins using a
small bandsaw and specimens taken from the remaining core
material so as to aveid problems with morphology variation.
Samples were taken as shown in figure 3.2.

It was decided to study the density range 40—200Hgm-3
so as to include the reported morphology transition. Foams
of greater density were not studied as it was thought that
the behaviour of such foams would tend increasingly toward

that of the solid matrix material.
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Figure 3.2.

Sl reinforcement

test specimens.

bis
T

tensile

compressive

inclusion

The fibres were incorporated at the mixing stage at

1evels of five percent by weight.

used were;

The fibre reinforcement

1.5mm glass supplied by Fibreglass Ltd.,

1.0mm polyester supplied by Lewis Industrial Froducts Ltd.,

The fibres were added to the polveol component, agitated

then left to stand for twenty—four hours on a vibrating

table. The reason for this course of action will be dis-—

cussed later.

54



Although the level of reinforcement was maintained at
five percent by weight the variation in fibre properties
meant that the corresponding volume percents varied quite
considerably. Table 3.1. shows typical experimental values.

Table 2.1. .

block weight 5% by weight % Vol %Vo1l
g ; g ' glass polyester
100 S5.0 0.2872 0. 4626
150 7.5 0.3858 0.6939
200 10.0 0.5144 0,9282
250 12.5 0.86420 1.1565
I00 15.0 0.7716 1.3878
50 17.5 0.9002 1.61921

Foams were also prepared cbntaining cohbinations of
the two reinforcements, ie. hybrid reinforcement, the actual
combinations are given in Table 3.2. The total fibre content
being 5% by weight in each case.

Table 3.2.

ratio glass/polyester ratio glass/polyester
by weight by volume
75 1 25 62.9 ¢ 37.5
S0 : SO 35.7 @ 64.3
25 ¢ 75 15.8 : 84.5

The results of this work are'given in section 3J.26.
A series of foams to be reinforced with polyester fibre
were also treated with a titanate based fibre treatment in

an attempt to improve fibre compatability. The agents studied
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were supplied by the Kenreact petrochemical corporation of

the United States upon their own recommendation and were

added to the polyol component in the instructed amounts. The

titanates investigated were;

~ ERTTS - isoprqyl,triismtearoyl titanate. Recommgnded as a
adhesion promoter,wetting agent and dispersion aid.

ERSS»—_ isupropyl,tri(N ethylamino—ethylamino) titanate.
Recommended as a viscosity reducer.

ER44 - tetra(2,2 diallyloxymethyl-1l butoxy titanium di (di-
tridecyl)phosphite. Récommended as a wetting agent.

Care was taken not to use titanate at levels in excess

of those recommended by the manufacturers as this could have
adverse effects causing abhesion rather than adhesion. The

results of this work are given in section 3.27.
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3.2 Mechanical testing.

Z.2.1 Tension
T

Tensile tests were carried out upon foam samples
according to ASTM 1623 'Tensile properties of rigid cell-
ul ar plasticé. The work was carried out on a type E tens-

“ometer at a crosshead. speed of S.lmm/min. Rectangular |
tensile test pieces measuring JI0mm % 1S50mm % Xmm wefé used
X being the thickness, see figure 32.3.

Figure 3.3.

150 X

The test piece_thickness was varied for a series of
unreinforced foams‘of density 40 Hgm_3 inlorder to examine
@hether any thiékness effects existed, the results of this
work are given in figure 3.4. Samples of foams of varying
densities,uﬁreinforced and reinforced, weré also tested,the
sample thickness being Smm and values for yield stress and

strain, failure stress and strain and modulus were obtained.

The results of this work are given in figures 3.85. to Z.9.
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Compression

Compression tests were carried out according to ASTM
(D1621)36 ‘the compressive properties of rigid cellula;
plastics . The tests were carried out on a type E ténsoQV
meter at a crosshead speed of S.1lmm/min. The specihensvu;éd:
)were o? the dimensions shown in figure 3.10. f

Figure J.10.

251 ﬁ
%5'
— .

45

A value for the ;bmpressive vield strenqgth waé Dbtaiﬁ—

ed by means of one of twortangential methods as shown in

figure I.11. the mgthodladopted depending on which type of

- load digplacementfcuhve was Dbfained.

Figure Z.11.

o»Or
o»Or
-

——

DEVFLEC‘T"QN o , DEFLECTION
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The results of this work are given in figure T.12.

Flexural modulus.

Values for flexural modulus were obtained for a series

- of foams over the density range,unreinforced and reinforced

according to test‘standard b52782/302d.'The‘tests,wére in
the form of a three point bend test carried:out on a type4E
tensometer at a crosshead speed of S.1mm/min. Values @br

flexural modulus were determined using the formulajg

FLEXURAL MDDULUS = LOADREFAN

A4xHEIGHT® THICK ‘S3xDEFL ‘N

The results of these tests are given in figure 3.13.

-Fracture toughness.

rFractur; toughness tests were carried out on a type E
tensometer at a crosshead speed Df S.1mm/min. Originally
tests were carried out uponyéﬁngle edged notched tensile
Samples, however gribping hroblems were encountered and so
the three point beﬁd aﬁpfoéch was adopted.rThé samples used

in this study were as’ shown in figure Z.14.

‘Figure 3.14.

<7 - B : P : ’

. . {
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The stress intensity factor for these specimens being

given bys

K = LOAD:SFAN % f a

- THICK 'SXWIDTH W

where £(a/w)=1,93=(3.07(a/w))+(14.53 (a/wd - (25.11 (a/wP
+(25.8(a/wh
. Flots of load versus displacement were obtained similar
to those in figure 3.15. Once this plot is obtained the
procedure for determining the load corresponding to k-
then consists of drawing a secant line from the origin with
a slope(sx_less than that of the tangent 0OA to the initial
part pf the.test record. The load F¢ is the load at which
the Seﬁant intercepts the reeord; If as in thé éasé:of figure
3.15(b5 the maximuh load, pmax' occurs before the Psysecant
théﬁ Fmax = Fs | | |
Figure 3'15f

(a) ()

LOAD

o DISPLACEMENT O DISPLACEMENT

68




-
R

(4}

Results were obtained fbr unreinforced foam of 40 kgnr3
density using specimens of varying thickness‘in order to
ectablish whether or not a thichness dependence existed.

The results of this work are given in figure 3.146. Fracture
toughness values were also obtained for foams over the given
density range which were non reinforced or reinforced the
data from these tests being analysed by means of the computer
program shown in appendix 3 . The results of this work are

given in figure 3.17.

Impact testino.

In order to assess the fracture behaviour of rigid
polyurethane foam in impact the Charpy impact test was
employed. The specimen geometry used was as shown in fngre
Z.18. The specimens were cut so that the specimen thickness
varied between 6mm and 10mm. Notches were introduced by a
small razor and the notch depth measured by means of a
travelling microscope. Notch depth to specimen depth ratios
of 0.1 to 0.6 were used and at least 3 specimens tested for
each a/D fatio.

Figure Z.18.

80 ‘ 8
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Values have been obtained for the apparent surface
energy of the foams and for the strain energy release rate

G. Values of G were determined by means aof the relationship

z
1
3
M

i

impact energy.
B = specimen thickness.
D = specimen height.

@ = calibration factor (1032}

This means that a plot of impact energy versus EDOQ will‘
’produce a straight line of gradient G . In‘order to produce
accurate. results however one must make allowances for the
kinetic energy effects of a sample. This may be done by
measuring the energy reguired to rémove an uhsecured sample
from the test machine. A plot of corrected impact energy,

( U-U" ) will give an accurate resu{tyfor Gc « The results

of this work are given in figures 3.19. and 3.20.

3.2.6 Hybrid reinforcement.

As discussed in section 3.1.1. a series of foéms‘were
ﬁrepared containing CDmbiA;tiDnS_of;feihfércing elements.
These foams were testéd in tenéion, compf;ssiéﬁ, and:threé

~ point bend. Valuésywe?éiobtéined for tensiié streﬁéth,vmgd_
ulus and ffacture’toughnESS.?The fesults{QF this work are

~given in figures 3.21. to 3.24.
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HYEBRID REINFORCEMENT.
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7 Titanate coupling agents.

As discussed in section 5.1.1. foams were prepared
containing polyester fibre reinforcement and Henféaé£
titanate fibre treatmeﬁt. Results were obtained for fensilé
strength, compressive sfrength, mudﬁlus andifraéture;tough—
ness. The results of this work are given in 4igurés .25,

to 3.28.

8 FPoissons ratio.

As stated in chaptér 2 when»;onside?ing the fracture
of linear elastic materials under conditions of plané strain
a correct understanding‘ofwthé behayipur‘of that materials
Foisson's ratio appears to be of some importance. fhe Poiséon's
ratio of a series of foams over the density range have been
‘studied usiné two teéhniques. The first technique used was
the bouyancy technigue féa).;This method measures the bulk
vaolume change, which isfdireétly related to the étrain. It
is of particular use when théwhéfékials aré sdépectea of
having low values (tendgng’toward zero) since ;n these
cases the volume changes will be greatest.‘Foaﬁ samsles
having the dimensions 40mm X 40mm x 40mm were compressed
qsing a compression jig which consisted of two parallel
plates of aluminium Zmm thick connected by threaded Eolts.
Samples were originall? coated with latex rubber in order
to prevent water penetration'howevér thiéwhaéefial w}s found
to debond and blister when the foam was compréssed énd S0

gave erroneous results. In order to eliminate this problem
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fpam samples were instead coated with a thin layer of petro-
leum jelly. The results of this work are given in figures
.29, and 3.30.

Thé sécond method used waé é phot6graphic technique .
Specimens identical to those used in the bouyancy method
were cnmpréssed using a JJ Lloyd tensometer at a very low
crosshead speed, lmm/min, and photographs were taken at
intervals of approxiamately 0.1% strain. The axial and lat-
eral displacements were measured directly from the dev-
eloped photographic film. A 'typical plot obtained is given
in figure Z.31.

Figure 3.71.
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Z%.1 Density measurement,

(e}
)

foam density was determined according to ASTM D1622

" Each sample to be tested was weighed an its density cale-

ulated from the formulaj

density = _mass
volume

Variations in the response of foam skin and core
regions have also been investigated. It has been observed
that at foam core densities in the region of BOHgnfaany
small increases in the total volume of constituents (polyol
and isocyanate) to the mold cause a greater increase in skin
density than core density. When however the skin density is
increased to some higher value this effecf disappears. This

trend is illustrated in figure 3.32.

Cell size.

The cell size of unreinforced and reinforcéd foams over
the density range was measured using two techniques. The

first of these technigues was scanning electron microscopy.

Foam samples were prepared from test pieces which had been

previously tested, the fracture surface of such foams being

found to be most favourable for microscopic investigation.

 Samples were mounted, sputter coated with gold and examined.

Cell size measurements were made from the resulting photo-

graphs, see section 3.4. In each case a minimum of SO cells

were measured.

The second method used for the measurement of cell size

81



FIGURE » 3.32

EFFECT OF FOLYOL (AND ISOCYANATE) CONTENT

UFON CORE AND SKIN DENSITY

850

8ee
1
A
\

758
1
\

7008
A
\
\

650
1
AN

669

i
-2

350

1

308

1

450
1

400

DENSITY / Kqn-3 .

350

300
I |
N
m

250

1

. .
]

200
L3

158
|
\
\

CORE /.,’

- eun -

188
\

_-a-m-

t B ‘ . S
© I T T T T T T T T T T T =

e 8@ 90 182 118 128 132 148 15@ 168 17@ 188 152 208

POLYOL CONTENT 7 g .

82




was also a photographic technique. In this technigue a thin
section of foam, perhaps 3-4 cells thic& was microtomed and
plaéed in a photographic enlarger. Light from the enlarger
was then passed through the foam and on to eifher photo-
éraphic film or paper. Cell size measurements wefe then made
from the resulting photographs. In both’techniques at least

50 cells were measured and an average value taken. The

results of this work are given in figure 3.33.

i
it

Cell morphology.

4

As feported b; MclIntyre (25) foam morphology changes
froh a polyhedral type to abspherical type at arocund a foam
density of 125 Hgm'33 Scanning electron microscopy of foams
‘overuthe dehgity range investigated was carried out in order
to establish‘whether this was indeedlthe case and in order to
obtain'further data concerning foam morphology which might
prove uéefulkin fhe explaination of the mechanical behaviour
of thesevmaterials;:Measurements were made of strut dimensions
gnd of feafures which could prove of significance the min-
imum number of measu?ements made being 50 in order to ensure
Eeliable results. A selection of the resulting photographs
ére given in section 3.4, and ére,discussed later in this
 work. The results of the morphologiéal‘study of the foams

are given in figures 3.Z4. and Z.Z35.

%.3.4 Fibre filamentization.

os stated in secion 3.11. glass fibre reinforcement was

incorporated at the mixing»stage, being left to stand inlthg
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polyol component for twenty - four hours with agitation

before fabrication. The reason for .this course of action

‘was to enable filameﬁtization to occur. Coﬁmercially avail -
jable glass fibres aré treated with a sizing which is prepared
finﬂ;ggh a manner as_#q allow total filamqnfization of the
;{ibke bundles Qhen tﬁey‘are subject tOvthElagitatinn of the
breactipn ihjection mdulding process. The,léboratory prepar-
fatiqn howeveriéppearedvto supplyﬂinsu¥ficiént agitation to

iachieve this effect and hence warrented the action taken.

In the case of the P01Yester fibres the problem of achieving
total filamentization was less significant since the fibres

were supplied in the form of single filaments.

Fibre distribution.

The dispersion of glass fibre reinforcement was examined
by means of a series of ash tests. These tests were carried

out on samples having the dimensions 100mm % Z0mm x 25mm, the

samples being taken from varying positions of a foam block,see

figure 3.36. The results of these tests are given in table

- =
s

Figure 3.36.
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Table 3.3.

samplé position fibre content (%)
1 : ‘ 44,6342
2 4.5786
3 4,623%9
4 : S 4.80173
5 4.7817
& | 4.5987

Due to the nature‘of,fhe'fibre,ash tests could not be
carried out in order to exaMiﬁe the diSpeksion of the poly~
ester fibrés; howeVer the lowerfdensity of these fibres when
compared tojglass would seem to indi:ate that dispersion should
he quité adequate allowing them to rise with the foam. Latef
scanning electron microscopy seemed to con{irm this theory,

fibres being found to be widély spread throughout the foam.
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. 4. Fhotographic studies.

FLATE 1.

Unreinforced foam 80kgm™° . Magnification 100x

FLATE 2.

C st

3

unreinforced foam 10Skgm ©° . Magnification 100x

Unreinforced foam 142kgm'3. Magnification 180
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FLLATE 4.

Unreinforced foam 155kgm'3 « Magnification 180

FLATE S.

Unreinforced foam 10Skgm™3 . Magnification 603

FLATE 6.

Unreinforced foam 120kgm3 . Magnification e\2.u
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FLATE 8.

FLATE 9.

13 1
Unreinforced foam 142kgm"3. Magnification 620y
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FLATE 10.

PLATE 11.
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PLATE 13.

L‘J‘]. ASE t lbl e e1NTorcel +oam 4‘.”‘ qt 3 - v - - <y ¢
1C\C)I|l +1 = 1 7
~ Lo 10N 1

PLATE 14.

Glass +i 1N+
lass fibre reinforced foam 4qum-3 Magni € i
. . gnitication 261y

FLATE 135.

Glass +i einf
fibre reinforced foam 80hgm-3- Magnifi ti
. e cation 221x.

-
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FLATE 16.

Glass fibre reinforced foam 80kgm=3

. ”agﬂification 197%.
FPLATE 17.

Folvester fibre reinforced foam 101kgm™3, Magnification

197% .

Folyester fibre reinforced foam 101kgm=3

« Magnification

200% .
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FLATE 19.

Folyester fibre reinforced foam 12thm‘3 Magnri £ T
e . nification

sposy
N7\
PRI

F'Lf:\iTE 200,

Hybrid reinforced foam (50:50). Magnificati 14
ation 70

Folyester fibre reinforced Skgm™3
& RS = foam 72kgm Gt i
Kenreact ERTTS titanate. Magnification ISnteatEd i
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FLATE 22.

Folyester fibre reinforced foam 67kgm=3 ( :
_ ) ! < ZEgm « (tre
Kenreact titanate KR44). Magnification 149vreated i

FLATE 23.)

Folyester fibre reinforced foam 128kgm_3. Magnification

1162%.
FLATE 24.

Folvester fibre reinforced foam IOOkgm-3. Magnification

200x.
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CHAFTER 4.
DISCUSSION.




4-

4.1.

Discusesion.

General introduction.

In the light of past and present work it would appear
that'tﬁe’stfucture property relationships of low density
rigid'polyurethane foam are explainable. it seems . apparent
from the present;work'that,twu main areas of discussion

exist, namely,

Ai) Foam moteholegy eed itewinfluenee upon pfopertiee;
y : ; S ; »and;
1i)vre1nforcement, in part1cu1ar the effects of deform—
able low mcdulus flbres and thelr comparxson tulthe
more common glass fibre reinforcement.

reinforcement. may in turn be discussed from two viewpoints

i) Strengthening. The e¥¥e;ts uwpon composite strength‘
and rigidity, and,

ii) fracture. The effects of the rein{orcing elements
upon the fracture behaviour of the composites, in
particular the compatison_of the energy absorbtien

mechanisms of. the reinforcing elements..

Since theveuccees Df re1nforcement deeehde upon seve~
rélyfactors such as f11ament1 atlon, dlstr1bution, coupllng
and or:entat1on, which in turn are dependent upon the‘
productlon techn1ques used, 1t is 1nteﬁded that these

areas too shall be considered in some deta11. MDrphol-

pgical effects will for the sake of convenience be anal-
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ysed with respect to unreinforced foams, the inclusion of
reinforcement being considered in terms'of‘an’éxtension of

this analysis.

Study of structure.

The morphology of the foam'samples, as a whole and of
individual cells, is generaliy accepted'aé significant in
relation to the mechanical properties. When disCussihg foam
morphology dﬁe must conéider‘foam'dehsity,'cell size; cell
shape and the dimensions of the elements from which the cell
is constructed ie. struté, windows etc., along with any var-
jation in these parameteks‘céuséd by the inclusion of rein-
forcing elements.

In section 3.3.1. it was stated that the density of a

foam is determined by the relationship

density = mass
: ' valume

For the purposes of comparison of non-reinforced foams

this rélafinnship is perfectiy adaquéte. Howéver, when

reinforced foams are considered this analyéis fails to allow

for the additionalnreinforcement weight. Hence it is a

measure of apparent foam density and a correction should be

" made when relating such density values to cell size as done

by Mthtyre (?5) for a series of unreinforced fnams; Indeed
the inclusion of such réinforcing elements may in itsel#

effect cell size and morphology in a similar manner as do
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inclusions in metallic materials. The foam samples stud-

ied in the present work returned density values over the
desired range, (40 - 200 kam™3 ), the samples containing
reinforcement having higher apparent densities than the
corresponding unreinforced foams. After making the approp-
riate correction fibres do not appear to alter cell size, but
do however produce local distortion at fibre matrix interfaces
where cells become aligned parallel to the fibre axies, see
plate 20. This is in agreement with the findings of earlier
work (74). The polyester by way of contrast appears to cause
less distortion due to its lower rigidity and its ability

to adjust to the cellular nature of the foam during the

foaming process, figure 4.1. and plate 19.

Figure 4.1.

The values obtained for cell diameter, strut thickness
and cell window dimension are given in figures 3.33. to 3.35

ottt W DR

and show that density is indeed a significant factor in the
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consideration of foam morphology. The morphology trans-
ition in the density region 110 - 140 l-.:gm-3 appears to
influence strut thickness significantly. The results
obtained by the photographic technique were used only
for mean cell size determination due to the accuracy
possible at such low magnification. It appears from the
results of the studies conducted that an intermediate
ctructural form exists above the morphology transition
ie. foam structure changes from polyhedral to intermed-

jate spherical to a discrete spherical structure as den-

i
-
)
n
3
1
31
i
il
i

sity is This intermediate spherical structure
occurs at densities between the polyhedral structure
reported by Mclntyre and others (29,47) and densities

where the structure of the foam may be considered as a
snlid matrix containing discrete spheres of gas as des-
cribed by Fowikes (47). The morphology of this intermediate
structure is one of closely packed spheres which, like the
polyhedral structure, consists of struts and windows, see

figqure 4.2. and plates 48 and 9 .

Figure 4.2.

intermediate cell morphology
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The pentagonal dodecahedral cell model described by
earlier workers appears to be a reasonable approximation
of foam morphology. By further analysis of this model‘the
"relative dimensions of an ideal cell may be obtained, see
appendix 4.

The model may be used to analyse tﬁe‘fracture behaviour
of the material. The fracture of a cellular material inv-

olves the failure of a series of individual struts. For

complete fracture to occur five struts per cell must fail.
However, each strut is a constituent of three cells. There-
fore fracture of a fDam‘will require the fracture of 9/3
struts per cell. It was found in agreement with others (42,
| 41) that the fracture of the struts occurs at their mid
point where the deflecfion is greatest and the cross sec-
tional area least, see plates 11 and 19 .

The application of this analysis leads to the spec4
ulation of the existance of an effective cell diameter,

X'y, a dimension which defines the fracture path between

the mid point of struts, see figure 4.%. ' i

Figure 4.3.

foam cell
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The effectiye cell diameter, X', can be easily calc-
ulated as being'O.Bﬁé * cell diameter for the pﬁlyhedral
structure and 0.Bbb6 * celi diameter in the‘case of the
spherical structure, see appendix 4.

The significance of this analysis shall be discussed
further when the fracture properties of the foams sthied

in present work are considered.

4.3 Influence of production techniques.

wWhen considering the Qéructure and behaviour of rigid
polyurethane foam the production metﬁod and processing
conditions used will be of prime importance as minor
variations may lead to considerable morphological and
behavioural variation. In the case of unreinforced foam
the major influence of production Variables will be on
the orientation of cells, the size of cells and the dis-
tribution of density throughout the foam block. The orient-
ation of foam cells may be kept constant by ensuring the
mold does not leak. The density distribution of a foam
may however depend upon several factors and local variat-
ions may cccur. The unreinforced foams produced during
the current wérk using the smaller mold described in section
=.2. gave the block weights shown in figure 4.4, as the
amounts of production componénts used were varied. In agr-
eement with other workers (83) it was found that the foams
consisted of dens? skin regions and less dense core regions
csee figure 3.32. In the present work it was also observed

fhat at a core density of approximiately 80 lc:gm-3 the dens-
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ity of the core region appears to remain fairly const-
ant whilst that of the skin increases. Eventually, at a
density well below that of solid polyurethane, (1200 kgm™3),
the skiﬁ density appears to level off as the total volume
of constituents is increased. Once the skin reaches this
‘critical density the core density once again begins to
increasé at a greaﬁer'rate. These results are supported by
earlier work (85) which also found that the thickness of the
skin reginn increasés‘with density. This value of critical
skin density may be a measure of the maximum foam density
which may be achieved using thevgiven production compon-
ents without the removal of a proportion of the blowing
agent. This suppersit%an would appear reasonable when

the physics of bubble nucleation are considered. 1f, as
Saunders and Hansen (11) 5ugge$t, bubbles nucleate and
grow in foam systéms due to tﬁe necessity to relieve the
supersaturation of the Qaseous phase (the blowing agent)
then it would appear reasonable to assume that there will
be some blowing agent dissolved in the foam matrix after
foaming is complete. This assumption thét some degree of
solubility exists in the solid polymer would seem to be
endorsed by the reports made by earlier work that diff-
usion of the gaseous phase occurs between cells after
foaming. This would suggest that the Fowlkes (47) model

of a foam is not strictly correct since the strut material
would not consist of solid polyurethane but a high density
polyurethane foam containing some level (solubility level)

of dissolved blowing agent. This hypothesis unfortunately
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cannot be easily investigated experimentally owing to the
problems encountered in the measurement of the density of
the solid.component‘of the cellular material, any attempt
to densify the foam sample by means of compression would be
prone to error due to entrahped gas and the estimation of
the extent of densification.

In_the case»of reinforced foams the produ;tion vari-
ables may gffect the distribution and filamentization. As
described in section 3.1.1. early work with glass fibre
reinforcement showed lack of fibre filamentization to be a
problem, see p1ates10 and 11 . The fibre bundles supplied
were seen to only partially filamentize although the prot-
ective sizing is designed to break down when the bundles
are added to a polymeric system. In order to overcome
this problem it was suggested (103) that the fibres be
left in the polyol component for extended periods under
agitation before foam fabrication. This method appeared to
be of considerable suc:eés, the bundles being reduced to 1
-4 fibres in size, see plate 16 . The organic fibres
studied showed no filamentization problems, nor did they
exhibit the clumping behaviour reported by Cotgreave and
shortall (81). In the case of both glass and polyester
fibres distribution was satisfactory when the smaller
mold was used. However early work with the large mold
chowed that the glass fibres tended to concentrate in the
lower section of the foam block, it was for this reason

work with the larger mold was abortedvand the small mold
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adopted.

The definition of reinforcement level alsao leads to.
‘'a problem. Fast workers eg. (61-64) have usally defined
~ the level of reinforcement in terms of weight percent or
yolume percent of the total component weight or volume
respectively and have done so without reference to an‘
. established convention. Fox (b1) in a similar study has
defined such levels in terms of weight and so %or this
freasdn, it was this method which was adopted by the
present work. The difficulties of this definition are
illustrated in figure 4.3, Two major points may be seen
from figure 4.5. Firstly, although the percentage weight
| content of reinforcement was kepf constant, the volume
- content was increased with increasing foam density. There-
fore when considering the mechanical response of the rein-
forced foams with increasing foam density one must also
allow for this 'a@ditional volume of reinforcement, sihce
it may otherwise iead to the overestimation of density
effects. Secondly, due to the widely differing’fibre
‘densities,§similar weights of the two fibres would rep-
resent widely varying volumes, it éan be seen from figure
4,.b6. tﬁat the ratio of polyester volume to glass volume of
equal weight is appfcxiﬁétely two. This should also be
considered when comparing the relative effects of the two
reinforcements.

The<ca1cu1ations concerning the polyester fibre used
in fhe p}esent work are based upon a reported density value

of 1.39 gecm=3 . This value is that for drawn polyester
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yarn, the polyester studied in the present work being of
the undrawn variety. It was thought that the density of
the undrawn fibre might be less than that of the drawn,
however the increase in depsity during the drawing pro-
cess is only slight ( 1.387Sgem™3 - 1.3%gcm™3 ) and hence

the reported vaIQE is satisfactory for most purposes.

Discussion of mechanical properties.

pue to the number and diverse nature of the properties
investigated they have been discussed seperately in this
cection. However, where appropriate the overall structure

property relationships are considered.

Discussion of tensile properties,

Tést'piece thickness does‘not appéar to effect tensile
propertiés very much except at very low values. Figure 3;4.
shows that the tensile strength is ;Dnstant over most of
the range of thicknesse§ sthied with some deviation for
very thinf(i?ﬁmﬁ) or thiék (11—12mm) samples. It is sugg-
ested thaf such deviation may.be due to cell size and |
ggippihg é?;ééts. iﬁ fhe césé gf fhe tHin samples tensile

strengths are slightly(}ower, due, it is suggested to the

weakening effect of abnormally large cells. This effect

will be of greatér significance as sample cross section

ie reduced. The‘samples'tested ét large test piece thick-
nesses'infthe region of 11—12m6 gave values higher than
average. This was found to be a conseguence of the arips

used for the study, which were of the friction variety.
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Eeyond test piece thicknesses of 11-12mm the efficiency
of the grips is greatly impared due to the extreme extension
of the springs.

The results given in figures 3.95. to 3.11. for unrein-
orced and reinforced foams over the density range show
fairly predictable trends. The inclusion of 3% by weight
glass fibre considerably increases both strength and
rigidity whilst the inclusign of % by weight organic fibre
ddes &0 dnly marginally, even though the numberlbf crganiC .
fibres per unit volume}is farrgreater. Using the number of
 fibres per unit volume; a ‘coefficient of reinforcemenf hay
be calcu{ated, fﬁe resﬁlts given in table 4.1. would appear
L to indicéte that this gneffi:ient rehains fairly constgnt
. when tensile moaulus is consiaered. However the contribution
of each glass fibre appears to be a factor of ten greater

than that of each polyester fibre.

Table 4.1.
DENSITY |AMODULUS GF | AMODULUS FF | COEFF. GF | COEFF. FF
i::gm-3 - Nmm~2  Nem 2 .&ﬂﬂig -&ﬂﬂif
tibre fibre
50 19 3.5 2.106x16° | 2.007x16
50 09 6 2.007%13° | 2, 15¢107¢
100 37 7 2.051x15°3 | 2,007x104
120 45 8.5 2.078x10°3 | 2.03x10™¢
Tae =0 11 1.911%10 2.177x10°
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when tensile strength is considered the situation
iz somewhat different. The coefficients of reinforcement
calculated do not remain constant. The results given in
table 4.2. show that in the case of glass the coefficient
falls with increasing density, whereas it rises, but only
marginally, in the case of polyester.

Table 4.2.

DENSITY |AU.T.S. GF. |aAu.T.s. pr. | coerr. 6F. |coerr. er.
P9 S 0.02 1.33%107 1.147%107°
80 (o jn by 0. 04 1.18x10"° 1.474410~8

100 0.2 0.1 1.108%10™ 2.87x10"0
120 0.25 (o1 $ 141 1.155%10™° | 2.65:10°6
1435 Q.25 Q.15 0.956x% 1070 2,971 1076

It is suggested that the decreasing coefficient of rein-
forcement in the case of glass is due to the interaction of
fibres as the volume content is increased. It may appear a
paradox that a low rigidity fibre such as polyester can
cause any 1lncrease in the rigidity of a composite material
at all, however it is proposed that this effect arises from
the increased communication they create between cells and
their ability to restrict the tearing of cell windows
during tensile failure, see figure 4.6. and plate 6 .

Figure 4.6.
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4.4.2 Discussion of compressive properties.

When the compressive properties of the foams studied
are consideréd a greater distinction may be made between
the two reinforcing elements. It can be seen from figure
=Z.12. that the‘inclusion of the organic fibre actually
leads to a reductimh in the compréssive strength of the
composite. It is suggested that this variatimn is due to
the formation of comp051te struts within the material and
enhanced communication between cells. Theiinclusion of the
glass fibre reinforcement leads to an increase in the com-

- pressive strength,‘its effect being to cause an. increase
in the resistance to deformation of the cell struts in
which it exists as a rigid core, these findings appear
consitant with those of Cotgreave (74), Ashby (42) and
Fatel (38), and may be considered as extending the in-
trinsic strength of the foams.

Folyester fibre, being easily deformed, may lead to the
reduction of compressive strength due to its effect upon the
flexability of such composite struts in which it constitutes
the core. Although the presence of the element enables the
strut to withstand a greater degree of deflectioh before its

: failure, the effect upon nearest neighbour' cells may be to
partxally transmit this deformation to the mono - material
strut, thus leading to premature failure of such unreinfor-
ced gtruts, and the transfer of even greater load to the

reméining ligaments,'seE figure 4_7.
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Figure 4.7.

The reduced rigidity of the composite struts caused by
the polyester fibre presence enables the greater deflection

a greater burden upon mono-—material struts adji-

i

and place
acent to it, which are therefore more prone to failure.

From the above it may be stated that in the case of the
compressl ve fziluwre of foams the increased communication bet-
ween cells and struts caused by the inclusion of the reinfor-
cing element is advantageous in the case of glass fibre.
However in the case of polyester fibre it appears to bhe a

contributary factor in causing a reduction in strength.

o3 7 LS piscussion of flexural properties.

The flexural behaviour of the foams studied illustr-
ated in figure 3.13. may be simplified by considering them

in terms of figure 4.8.
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It can be seen that at low dénsities (iiOOkgnrs) both
types of fibre leaﬁ‘to an‘inctegse in flexwal modulus.
Héwever at higher densities (>13Okgm‘3), whilst glass
4ibré cohéinues to‘produée an increase, pélyesteé fibre
causes a fall in4the moduius.iThis can be explained by the
transition of ductile to brittle behaviour of the foam
matrix as the ﬁeli morphblogy changés from polyhedral
to spheficél; As a'result figurés J.13. and 4.8. shaw
fhfee ;epéfate fegions;

¢

Regionkl) Foam density'x 100 kgm‘3. Folyhedral sructure,

ductile, readily deformable matriux.

Region 2) Transition region. Considerable. scatter.

Region 3) Foam density >130kam™S. Spherical stfﬂctuke,

brittle
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The effects of the glass fibre reihforcément are asg
would be predicted, the increase in flexural figidity being
due to the increased rigidity of individual composife stfuts
and the enhanced commuhiéation between cells. The reduttion
of modulus at high density due to polyéster fibre is cons—
jdered to be caused by the competing effetts of increased
strut flexébility and increésed‘inter-ceil communiéation;
for the lower dehsity‘material fhe enhanced commuhica¥ion
between cells is the ddminan£ factor, whereasbfor higher
dengity foams thé'incréaéea'fiexébility o? thé cell str-

ucture is of greater significance.

Discussion of fracture toughness.

Fesults given in past and present studies have appeared
to indicate thatvthere are no thickness effects associated
with the fracture behaviour of rigid polyurethane foam. This
hypothe%ia is based not only upon the fracture toughness
vé;aes obtained in these studies but also upon the appearance
of the fracture surfaée of the specimens tested, both these
factors suggesting that during the'fracture of such material
plane strain conditions predominate.

Theoretical analysis of the results of the present
study however seem to suggest that the critical specimen
thickness, B > 2.5 (K 7 U}s )2, to ensure plane stréin
conditions were’iﬁ excess of those émployed and hence‘plane

stréss conditions should have prevailed. Ah”illustration of
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the variation of theoretical critical thickness with foam
density for the foams tested is given in figure 4.9. and
shows that were this the situation plane stress conditions
wﬁuld indeed predominate and erroneous values of fracture

" toughness would result. If this were the case it would be
expécted that varying the thickness of samples tested would
‘.cause differing values of fracture toughness to be obtained
this.however, as can be seen from figure F.16. is not the
case, and a fairly'consistant value is returned for samples
over tHe thickness range tested. It can therefore be summ-
ized thét the conventional criteria may not be applied as
it stands‘tb a cellular material, It may be the case, as
suggested by Fowlkes that since the crack tip may be consg-
idered as consisting of a single cgll ligament, any plastic
behaviour is }estricted to this ligament giving overall
brittle behaviour. A second possible method of achieving
agreement between the predicted and experimental results is
by reconsidering the definition of the notch length, a. The
convenfional method for defining the length of a notch pres-
" ent in a cellular material is the same as that for a cont-
inuum material, see figure 4.10. In the case of a cellular

Figure 4.10.
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may be considered as the sum of the broken strut widths. It
also ¥oilcws that whereas a crack in a cellular material
woéld follow the path of least resistance, ie. the situation
represented by figure 4.11. b.,_an induced notch will most
likely be a combination of the_fhree. It-can be seen there-
fore that the true notch depth, &', will be related to the
dimensions of the cell struts and cell diameters. This ratio
will in turn vary with varyiﬁg foam density and morphology.

.

The true notch depth, a’, may therefore be estimated as
a’ = a * (strut thickness / cell diameter)

The consequence of defining notch depth in such & way'
will be the determination of a tfue fracture toughness .

‘value for the cellulér material, K¢ ‘, where ;

Kie ' = K (@ /7 a) ke 0T Ke see figure 4.12,

For purpmsesfof comparison ;he apparent fracture tough-
‘npess, K. , will be of more interest és it does give a more
accurate meésuré of the materials performance, and indeed as
.~ the relative density of the foam is increased the apparent
and’true valQes Df fracture toughness will approach each
other sincé the rétio a’ra will tend toward unity.

The ;pplication of this definition is to remove the
discrepéncy in the reported fracture behaviour of foams.
The t;ue critical thickness to ohtain plane strain condit-

jons now becomes 3

Berit © = 2.5 % (Kic /7 Oys)?
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hence the critical thickness is considerably reduced. The
variation of true critical thickness, Berjt ', with density
for the focams studied in this work is illustrated in figure
4.13. and the variation of the ratio a’ : a 1is illustrated
in figure 4.14. It can be seen from figure 4.13. that the
samples tested during the present work are all of thickn-
psces greater than the critical value and hence plane
strain fracture would be expected. Lastly, the size and
shape of the plastic zone must be considered. Flastic zone
radii determined by the Irwin eguation for plane strain
are of diameters in EXCEsS of toam cell size, see figure
4.15. This leads to a number of questions concerning the
nature of the plastic zone. I+ it is assumed that the
Irwin description of this region is satisfactory then the

situation would exist as shown in figure 4.16.

Figure 4.16.

Irwin  plastic
zone
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1+ this is indeed the situation at the tip of the crack
then it can be seen that a large portion of the plastic
region consists of the dispersal phase, and hence one would
expect any plastic behaviour to be concentrated in the strut
material, which could have one of two consequences i
i) The degree of deformation of the struts within the
plastic region is increased, or,
ii) The effective plastic region will be greater due to
the channelling of stress down the struts (and

windows), see figure 4.17.

Figure 4. 17

CALCULATED ZONE SIZE

The effect of this channelling of stress through the
=plid phase will be to increase the effective plastic zone
diameter to Reff . Instinctively, the latter of these two
possibilities would appear to be the more likely, however,
the increase in zone diameter in the case of a low density,
je. low volume fraction of solid, would be considerable and
would increase the tendency for plane stress fracture beh-

aviour. Experimental evidence shows this however not to be
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the case.

The conditione for plane strain fracture behaviour
would however be satisfied if the plastic region at the
crack tip were confined to a size which was less than the
thickness of a single cell ligament, or strut, since, as

stated by Fowlkes (47) it is such a ligament which const-—

—itutes the crack tip. Flastic zone diameters determined by

the conventional means clearly do not satisfy this condit-
ion. However, like the critical thickness required to ensure

plain strain fracture, the plastic zone diameter is determ—

ined using the materials fracture toughness, K, , which, as

already discussed, is dependent upon the definition of notch
aepth apﬁlied. When this anaiysis is applied the true
plasiic rone diameters are obtained which as can be seen
from figure 4.1B., lie within the thickness of the foam

struts.

Discussion of impact properties.

The most marked evidence of the reported morphology

trancition in terms of mechanical behaviour is the discon-

tinuity of impact behaviour, see figures I.19. and 3.20.

The values obtained during the present work appear to be

" slightly lower than those obtained by Mclntyre (25). A

possible reason for the difference could be the statistical
analysis employed ie. a regression technique which stipu-~
lates that the line must pass through the origin whereas an

analysis which does not make such a constraint would return

the lower values, this is illustrated by a typical impaﬁt

-
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curve, ses figure 4.19.
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To ggteithé cnly‘attempted exhlanatibn d¥‘thg proberty
discnntiauity‘has been»simply to suggest i£ ig dué to a
ductile - briétlé fransiéign of the'foém‘as the cell mor-
phology changes from polyhedral to spherical.‘ﬁ more
detailed argu;ment has not been proposed. It would appear
reasqnablg to assumeythat it is indeed the morphology
transitiqn;whi;h‘is the significant factor inqthe occurence
of the‘discontinqity, and as can’be seen frnﬁ chaptef I3 the
only Dther‘variant‘which also exhibits such disccntinuquS‘
behaviour‘ig strut thickness. It would therefore aﬁpear :
that arsimilar analysis may beAapplieﬁ to foam impaﬁt beh-
aviour as has‘beenxapplied to foam fracture toughness prop--
erties.

. Whereas fracture toughness, K, , may be related to the
Eatip of foam strut thickness to cell diameter, the impact
behaviour of a material is rela#ed to surface area;rdr‘in'

" the case of a cellular material, the relative fractions of
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=olid and gaseous phases present in the plane of the crack.
Unlike a continuum material, the ligament area of a foam
will not be equal to the total unfractured area since the
majority of this region will be occupied by the dispersal
phase see figure 4,20,

Figure 4.20.

A= can be seen from the above the fracture of the
remaining ligament area will not produce an amount of new
fracture surface equal to that produced by a continuum
material. It follows therefore that the values of apparent
zurface energy given in figure 3.19. are in fact even more
apparent as they are based upon the larger estimation of
the ligament area.

The model of foam fracture discussed earlier states
the fracture of a foam requires the fracture of 9/3 struts
per cell and that struts will fracture at their mid point,
giving rise to the existance of an effective cell size for
fracture. The ratio of strut cross section to effective cell

diameter should therefore give a measure of actual fracture
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surface areavfor a foam of a given déﬁsity.pThe variation
of this ratib witﬁ foam density is illustrated by figure
p:4.21., the u;per values being multipiied by 5/3 to allow
for the shéred nature of the struts. It appears that the
bvdiscontinuity oﬁservéd‘in this curve lies within the same
’ ‘région as does that Dbservéd‘for the impact properties, ie.
i1dQ - 130kgm'3. Flots of apparent surface energy and strain
energy release rate against fhis factor give linear relat—
ionships as shown in figures 4.22. and Z23. The consequence
of this ana}ysis is that the impact behaQioqr’o{ 1ow density
" fopams appears to be directly influenced by the amount of
fsalid fracture surface, which in tufn will be directly
diin#luenced by the volume fraction of bolymer present ie.
gdensity, in the material. This arguement is supporfed
i;grther by the association of impact behaviour with the
ienergy required to form new crack surface. |
The relative effects of the two reinforcing elements
.tstudied may be seen in figﬁres 3.19. and 20. Both elementa‘
:’ienhance’impact behaviour, however polyesfer does s0 to a-
;ffgreater degree,fimprpving impact behaviour by up tb 176% in.
. some cases. This phenomena could of course"be due to the
igreater volume fractién uFrpnlyester présenf, howevér, it is
éthought that it is a éonsequence of the dif%erinq hechaniéms
by which the two materials reinforce. The mechanisms glass |
.E;ibre causes reinfor:emeht of rigid polyufethaﬁe foams by |
" are well docum;nted,"ahd indeed the results dbtained during;f‘
.y‘the course of  the present‘work‘appear in good>agreement’with

':earliefhwork (74)5 The'polyester fibre howevér, althoughyof
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STRAIN ENERGY RELEASE RATE, Gic 7/ JM72.
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shorter length, shows little tendency for fibre pull uut;
even_though they are of lengths where this would be expected.
1+ would appear that the fibre owes its ability to enhance
impact properties, not only to its ability to debond due to
the lower degree of fibre matrix compatability (81), but to
its ability to bridge cracks, cf. figure 2.20. and its

high strain to failure.

The effects of the commercialgdrawing process upon
polyester fibre for reinfcrﬁement‘of palymeric systems are
twofold. Firstly, as has ai}eady been discussed, there is
the application of a lubricant material to assist the comm-
ercial drawing process. The presence of such a material on
the sdrface of the fibre will naturally have an adverse
effect onn the fibre compatability and will therefore reduce
reihforcement efficiency. Secondly, there are the physicai
propertiesﬁof the fibre to be considered. It is known that
during the drawing process changes occur to the mechanical
propertiéS of the fibre eg. the modulus increases by a
{actor'of’three, the extension to break is Eeduced by é
similar factor. The significance of this is that the reih~
forcement behaviour of drawn and undrawn fibres may therfore

différ. Two possible cases exist

an

‘i) The drawn and undrawn fibres are from the same parent
fibre, ie. undrawn fibre has a greater diameter, and,

ii) The drawn and undrawn fibres are of the same size

Note: assuming identical fibre matrix bond strength.
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If case i) is considered then the situation will be
as illustrated in figure 4.24.

Figure 4.24.

dmdu

AN

. _ ~
rep— N

NN

FAILURE LOAD UNCHANGED

In such circumstances an applied force would eause the
fibres to draw further. The drewn fibre however, may only_
have a 10 - 15% possible extension before break. The undrawn
polyester however will draw easily, aﬁd, as it does so0 its
cross sectional area will reduce untii it reaches the same
condition as the drawn fibre. Both fibres therefore will
have the same fracture strength and eny calculation of the
critical fibre length for pull out, as carried out by Cot-
grea#e and Shortall (79) will produce identical valeeeb{or‘
_the two fibres. However, due to the alloweble’elongation‘of
the undrawn fibre, the effective length o{»such;elements
will be greater, as it may have e tended by up to 4OA durlng
' fracture. The major consequence of th:s behavzour is that
undrawn polyester +1bres of lengths below the determ1ned
criticalilength may’xndeed produce greater reinforcementr‘
e#fecte than wouldkbe predicted duerto their increese in

length during failure,
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When case 1i) is considered this analysis leads to a
different conclusion. If the situation is as iilustrated in
fiqure 4.25. then again the allowable extension of the fibre
will be a significant factor

Figure 4.25.

\\\

FAILURE LOAD EFFECTIVELY
' LOWERED

As the undrawn fibre extends its cross sectional area
Qill agaiﬁwdégrease. Therefore, although the fibre length
and aspect ratio will increase, the fibre will reach its
engineering fracture 5tress»at a lower lopad and break. The
result o{ this will be a reduction in the tendency for such
a fibre to pull out (or an increase in the tendency for fibre
fracture), and the determination of a smalier critical
fibre length for the undrawn fibre, based upon the new

reduced fibre diameter, d’

where L¢ and L¢e are the critical and apparent pull

out lengths respectively.
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The behaviour of the undrawn fibres studied in this
work appears to support this analysis of deformable fibre
rein%orcement. It is argued that, assuming some degree of
fibre matrix bonding (compatability) emists, the deformation
of the fibres will be concentrated in the non-embedded
cection of the fibre , ie. across a crack or passing through
a cell, hence the increase in fibre length will never be 40%
of its original length. It can therefore be concluded that a
major portion of the increased absorption of energy during
impact in a polyester fibre reinforced material is directly
due to the energy required to draw such fibres. In the case
of the drawn fibre this energy has been expended before its

jnclusion in the composite.

Foisson‘s ratio

The values of PD{sson’s ratio obtained for a series of
foams over the density range vary between 0.2 and 0.325 .
These figures appear to indicate that the higher of the two
earlier values is correct. The results given in figure 3.31.
werecarried out as a check, the accuracy of the bouyancy
technique being doubted when cellular materials are studied.
The concern over the accuracy of the bbuyancy technique
ctemmed from the possible existance of crumple zones in the
material adjacent to the platens, see figure 4.26.

The greater degree of deformation experienced by such
zones would lead to erroneously high valués of Foisson’'s

ratio being cglculated. The degree of agreement between the
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two vaiﬁes Db;ained however seems to disprove the existance
of such regions”and suggests thai the bouyancy technique is
satisfactory for the determination of Pmisson'é’ratio of
cellular materials.

Figure 4.26. - ~ -

e
T,

crumple

zones

b

T.30,

4‘7The résulta giVeﬁ in figuwre 3.3 for foams over the
deﬁsif? Fa%ge show an interesting trénd, appearing -to
indicate the existance of a discontinuity in thekapproximata
regionwo% %he morphology transifion. waever,;giQen the com—‘
lexity of &he material and the possible inaccuraéiés of the
technique, it is gquite possible that this discontinuity
could be I;rgely contributable to exﬁerimental scétter,
despite th; shape of the curvé it would seem likely that

it occﬁks 10 some lesser dégree. It was originally post-
vulated thaf the discontinuity in‘impatt behaviour could

be a direct consequence of some variation of Foisson's

ratio of the foam since j;
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Gie = Kic 2 2
et Sl ® Sosb 3
E
and neither fracture foﬁghness, i s Or youngs modulus, E,
show any forh of discontinuity Qithin thé,density region of
the ﬁorphnloéy tfansition. This analysis however does not
take into agﬁéunt the rate dependence of toughness or tens-
ilé‘rigidity..when, however, the results of the present work
ére considered, it canibe seen from figure 4.27. that the
term (1 -'L)2 ) does not vary greatly from unity and hence
any variation in D will oniy have a minimal effect. It onId
appear therefore that the>signi¥icant factor in the impact
behaviour of low density polyurethane foams is the fraction
of polymeric phaSéMDFESEHt in the crack plane not vari-
ation if any, in’the corresponding value of poissor's ratio.

Figure 4,27.
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4.4.7 Discussion of titanate coupling agents.

The morphalogicel study of pquester fibre reinforced
?oame, see platee17 and 18 has shown that, when the undrawn
fibres are considered, a degree of fibre matrix competability
existe;’The’level'of‘thie compatability, although satisfact-
ory, is less than that achieved by glass fibre reinforcement.
It was however hoped that the application of a titanate based
coupling agent might enhance this compatability. This however
as can be seen from plates 21 and 22 did not appear to be
‘the case. Indeed, as figures 3.25. to 3.28. show the add-
ition of these agents appear to cause a reduction in the
achievable density, although KR44 appears to give favourable
property effects when compared to untreated foam of similar
density. fhe probabie cause of this limitation of density
ic zome form of interaction between the titanate and the
PDIYDI’CDmPDnent prior to foaming, which causes an.increase
in the solubility of the blowing agent in the polymer. This
increased solubility leads to the reduction in foam density.

The overall property ennancement‘produced as a result
of additiDn’ef titanate KR44, when compared to a foam of
similar deneity, weuld indicate that such an agent’could be
commercially exploitable in circumstanéee where the incr-
‘eased material ebste were not of prime consideration; but
where tne enhanced performance to component weight ratiok
rwould prove s1gn1f1cant. The remaining titanate agents stud-
ied in the present work would not be recommended for use

-w1th 1ow dens1ty Flgld polyurethane foam since the property
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'enhancement they produce appears marginal and would not
'justify the use of gréatgr quantities of polyurethane

components.

Discussion of hybrid reinforcement.

The inQestigatiDn of the viability of Hybrid rein-~

- forcement of low density rigid polyurethane foam describéd
in section 3.2.6. shbwsia reasonable degree of cdnsiétancy
wi£h‘eaflier works (61—645.>éh énalysis of the resul#s given
in figures 3.21. to 24. using the equation proposed Ey Shi

and Crugnola‘(bS) for solid matrices

o A — - -— - —
Xx xy
_where Fo = Froperty of unreinforced matrix.
Fe = Prupérty of composite.
F, = Froperty of composite containing fibre X..
Fy = Property o{'tompmsité containing fibre Y.
Cxy . o
— - = Volume fraction of fibre X or Y.
xxy

iis illustrated in {igures 4.28. to 31. where the complete
line represents the predicted proparty trends. It fcaﬁ be
ceen from this analysis that‘any‘deviation from the pred-
jcted behaviour tendé to be pcéitive, the experimenfal
values being greater fhan those predicfed. The dif%erehcé

is however not substantial, the general trend of hybrid
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reinforcement resulting in a compromise of material prop-
erties is still evident. These results would appear to
indicate that the hybrid reinforcemenﬁ of low density poly-
urethane feam'with glass and polyester‘fibree is indeed
viable when some degree of compromise of matefial properties

is needed.,The apparent ‘over improvement of such prop-—

erties could be .due to some physical aspect of the fibre.

reinforcement. This seems unlikely and in any case the

discrepency is within the bounds of reasonable error.

General overview.

McIntyre k:S);‘ie hie discussion“of the impact behaviour
of bolyurethane foame suggeeted that 1t was not unreasonable
thwt the fracture toughne=s of a cellular mater1a1 was less
£han a ccﬁtlnuum mater1a1 since that amount of eurface‘area
a crécp must propagate through w111 be less. It was however
assumed that this d1§¥erence in area was solely duertm the'
var1at1on in cell size and the plots made by McIntyre (Zq)
were eomewhat 1nconc1uelve. The ana1y51s ueed in the present.
werk relat1ng surface area to foam strut to cell area ratio
eHeQ e &eee distinct trend." | |
o -It has alreajy been shown by prev:ous werlers eg.(74)
thatyehort, chopped glass fibres adhere closely to the
estab115hed theories of re1nforcement ie. pull out -
breapage mechanlsms. The low evtenelon tD break, L.qA,
and relathEly h1gh modulus, 4.5 GNm =2 y of such fzbree

mean that a faxrly clear cut situation may eaelly be en-
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vigsaged. wheh, however, the polyester fibre is considered,
ceveral other factors become significant eg. the degree to
which the fibre‘ha% been drawn, any contamination which may
lié‘on the fibre surface and the possibility of crack
bridging. Although these factmrs mean that a greater degree
of variation is possible in the effects of individual fibres
on the deformation of the tompasite materials,‘undrawn fibres
(due largely to their high elongation to break) may be useful
as reinforcements. The drawn polyesters, eg Terylene, Dacron
etc., as used in previous studies (81) are less effective due,
not only to their lower elongation to break, but also to the
presence of a lubricant coating applied during the commercial
drawing process. The varying behaviour of drawn and undrawn
polyester when used as a reinforcementmay be analysed by
means of a simplified model. This éppears to in&icate that
the significant factor between the two elements is ~ne
that the non-embedded portion of a fibre can achieve
before breaking. The two fibres studied in the present
work both showed the enhanced communication_between cells
to be é'majdr factor in their reinforcement mechanisms.
Whilst the rigid giass fibre improves composite étfength,
rigidity and toughness at low strain rates, through such
mechanisms, the polyestér toughens the compos?te under
impact conditions.

The preéénce of such fibres in the fracture region of
a dellular material will of course have a éonsideréble

effect upon the analysis of the fracture of such material.
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wWhen the analysis described in earlier sections is considered
it appears obvious that the nature and dimensions of the
fibres will be of critical importance. It would appear very
unlikely that the single eftfect of a ftibre traversing the
plane of a crack would simply be to increase the effective
notch length or fracture area as illustrated in figure 4.32.
However the presence of a fibre does indeed have a direct
effect upon the nature of the foam structure. When fibre

cams are considered therefore several other

“+y

reinforced
factors such as reinforcement mechanism, fibre strength and

rigidity, position relative to crackface etc. must be cons-

The analysis discussing the nature of notch length
definition alsc has repercussions when considering the

nature of the plastic zone.
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IF the situation does exist where the true plastic
rone region is confined to an area within a single cell
element, or strut, then the situation may be considered
as being as illustrated by figure 4.33. This would be

in agreement with Fowlkes (47) assumption which suggested

that plane strain conditions predominated in cellular
materials because any plastic deformation is restricted

to a single cell element at the crack tip.
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CHAPTER S.
CONCLUSIONS.



5. Conclusions.

i} The reported morphology change in rigid polyurethane
foam from a polvhedral to a spherical structure as foam

3

density is-increased from 100 to 140 kam has been

observed. There is alsc an intermediate structure in the

density range between 140 and 200 Kgm™o

. This structure
is one of spherical cells which consist of struts and
windows, unlike the discrete spheres which are observed

at higher densities.

ii) At a core density of approximately BOkgm'a

increasing
amounts of the constituent compoments, polyol and iso-
cyanate, causes a greater increase in the density of the
éﬁiﬁ regién than in the core region. This trend continues
Qntil the skin region reaches a critical level, around

‘ 3

800 - BS0O kKgm ° . Once this skin density is achieved ,

core density again increases in the normal manner.

iii) Consideration of the nucleation of gas bubbles in a
liquid suggests that the Fowlkes model of a cellular
polyurethane may not be accurate, due to the presence
of dissolved gas in the polymeric celi consituents. The
effeﬁt of tﬁié will be to reduce the effective’density

of the polymeric struts etc.

iv) Cell struts tend to fracture at their mid—point. This
is considered to be due to the greater deqgree of deflect-
ion and the observed lower cross sectional area of struts

at this point.
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v) ' Due to the observed tendency for struts to fail at the
mid point, the existance of an effective cell diameter is

proposed. This may be determined as being 3

Deff = Dactual * 0.8092. for the polyhedral structure;

Deg = Dactual * 0.846. for 'the spherical structure.

This value is of great significance when considering the

number of cells consituting a crack face.

vi) The observed discontinuity of ihpact behaviour is con-
éidered to be due to the measured fall in the amount of
actual sﬁrface area of the crack face, this being the area
fraction of‘polymer phase present ie. struts and windows.
If it‘is assumed that the contribution of the windows is
negligible the crack surface area is directly dependent
upon the ratio of the strut area to the total crack face
area. This is equal to the total area of the number of
struts fractured per cell (5/3) at their mid-point in comp-

parison to the area of the effective cell diameter.

vii}) The fracture of low density polyurethane foams is gov-
erned by plane strein conditions, although established

L.E.F.M. theory apparently contradicts this.

viii) This contradiction is explained by modifying the
definition of the notch length, the actual true notch
length being equal to the sum of the thicknesses of the

struts which are fractured by its introduction.
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i)

%)

i)

wii)

wiii)

The modification made to the notch length leads to
the cal;ulation of & smaller plastic zone ahead of the

crack tip, thus confining it within a single cell strut.

The increase in foam strength and,rigidity caused by

the inclusion of short glass fibres is confirmed.

Undrawn polyester fibre has been found to be é suit-
able reinfurcement for uvee with polyurethane foam. Thé
greater degree of_elohgationupcésible for such fibres
before failure is considered to be a significént fattor/
and the effect of the non embedded #ibre length upon the
fibre pu}l Qutnbehavioqr eg.‘the reduction in fibre diam-

eter and hence critical lehgth.

In contrast to commercially drawn polyester eg Dacron
undrawn polyester has been found to be fairly cdmpatable
with polyurethane foam. This is cdnsidéred to be due to
the absence of the lubricant‘from thé surface of the un-
drawn fibre and pnssibly!due tn‘tﬁerfact that the undrawn

fibre is not crimped.

The use of titanate based coupling agénts‘eﬁhénces,
the compatability of polvester fibres with polyuréthane
foam. Héwever, they cause a reduction in foam density.
Thisrmeasured‘reduction caﬁ Dnly‘bé‘dua to’an4in&reaéé in

the amount of gas dissolved in the polymer.
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wiv).

wwvi)

.. The reinforcement of low density polywethane foam by
po;yester‘fibres greatly improves the impact behaviour of
the material. It appears’that the effects of thé polyester

fibre upon the mechanical properties of the celiular mat -

erial as a whole are similar to those experienced in cont-

inuum materials,

Hybrid reinforcement with glass and polyestér fibres

produces a compromise in material properties which adhere

]closely to the rule of mixtures theory.

The values of Poisson's ratio determined by the
bouyancy method have been confirmed usingva photographic
method. These values are in the range 0.2 to 0.3 fér

unreinforced foams of densities 40 - 200 kgm'3
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cFurther work,

-1t "appears from the preceeding work that the following

areas require further investigation ;

i)‘Titanate based coupling agents.lﬁ detailed study of the
effetté of suéh‘agents (including thqsé new oﬁ the
market) ubon reinforced foam properties over a range
of densities when used in cémbinatioﬁ with polyeéter

and other deformable fibre reinforcements.

ii? Hybrid reinforcement. A study of reinforcement with
deformable and non-deformable fibres usihg preferential‘

reinforcement of component core and skin regions.

150



REFERENCES.

: 1-

10.

11.

Anon., Eur. FPlast. News, Vol. 29, No. 1, Jan. 1984, p.15

Seymour R.E., FPop. Flast. Vol. 29, No 2, Feb. 1984, p.21-3

Clark T., Flast. Rubb., Vol.2, 1982, p.958

Benning C.Jd., Flastic Foams, Vol.2, J. Wiley % sons, New

York, U.S.A., 1969, p.117
Hallas R.S5., Flast. Eng., Vol.33, No.12, Dec. 1977,p.17-20

Rees J.L. and Morningstar G., Elastomerics, Vol.110, No.

10, 1978, p.43-6

Lasman H.R., Soc. Flast. Eng. J., Vol.18, 1962, p.1184-95
Frisch E.C., J. Cell. Plast;, Vol.l, Apr.19458, p.221-30
Anon., Eur. Flast. News, Vol.1, No.i, Jan. 1984, p.21

Saunders J.H. and Hansen R.H., Flastic Foams, Edit.

Frisch k.C., Dekkar, New York, U.8.A., 1972, Ch.2
Burt J.G., J. Cell. Flast., Vol.14, 1978, p.341-5
Throne J.L., J. Cell.FPlast., Vol.12, 1976, p.161-76

Rojas A.J., Marciano J.H. and Williams R.J.J., Folym.

Eng. Sci., Vol. 22, No.13, Sept. 1982, p.B40-4

151



REFERENCES. (CONT.)
15. Harding R.H., J. Cell. Flast., Vol.1l, No.6, 1965, p.3I85-94

16. Menges G. and Knipschild F., Folym. Eng. Sci., Vol.l15,

No.8, 1975, p.b&23-2
17. Harding R.H., Mod. Plast., Vol.I7, Junf 1960, p.186-60
18. Doherty D.J. et al.,Chem. Ind., 1962, p.j34o
19. Hermansen R.D., J. Cell. Flast., Vol.4, Dec. 1968, p.459-73
20. Treagar R.K., J. Cell. Flast., Vol.Z, Sept. 1347, p.405;18

24. Daniel R.A., Topical report, (unclassified), Bendix, Kansas

city, U.S5.A., Apr. 1974

22, De Gisi S.L. and Neet T.E., J. Appl. Foly. Sci., Vol. 20,

No.8, 1976, p.2011-29

L.

»3. Waterman N.R. and Fhillips R.J., Folym. Eng. Sci., Vol.14

No.1l, Jan. 1974, p.72-5

24, Waterman N.R. and Fhillips R.J., Folym. Eng. Sci., Vol.14

No.1l, Jan. 1974, p.&7-71

3]
wan

Mcintyre A., Phd. Thesis, Manchester Folytechnic, 1979_
»6. Geunther F.O., S.F.E. Trans., Jul. 1942, p.243-49

27. Cooper A., Flast. Inst. Trans., Vol.26, Jul. 1958, p.299-330

152



REFERENCES. (CONT.) -

28.

3S.

Zé.

McIntyre A. and Anderton G.E., Folym., Vol.20, No.2, Feb.

1979, p.247-54

Rice D.M. and Nunmez L.Z., S.F.E. J., Vol.18, Mar. 1942, 5

p.321-6

rRemington W.J. and Fariser R., Rubb. World, Vol.i83, May

1958, p.261-4

Campana . et al, Wright Air Development Centre Technical

Report, U.S.A., FB111692., p.54

Chan R. and Nakamura M;, J. Cell. Plast., Vol.S5, Mar. 1959,

p.112-118
Ko W.L., J. Cell. Flast.,Vol.1l, No.1, 19465, p.45-50

Gent A.N. and Thomas A.G., J. Appl. Folym. Sci., Vol.1,

1959, p.107-13

Gent A.N. and Thomas A.G., Rubb. Chem. Technol., Vol.Z4,

No.3, 1963, P.597 ° :

Lederman J.M., J. Appl. Folym. Sci., Vol.15, No.3, 1971,

p.693-703

Matonis V.A., S.F.E. J., Vol.20, Sept. 1964, p.1024-30

Patel M.R. and Finnie I., J. Mat. Sci., Vol.5, 1970, p.909-32

[

Gibson L.J., Fhd. Thesis, Cambridge University, 1982.

153



40.

41-

~

_=e

44.

46.
47.

48.

47.

50.

Gibson L.J. and Ashby M.F., Froc. Roy. Soc. Lond., AEBE;

1982, p.25-42

Gibson L.J. and Ashby M.F., Froc. Roy. Soc. Lond., AZBZ,

1982, p.43-59

Ashby M.F., Metal. Trans., Vol.14A, No.?, Sept. 1983,

p.1755-69

Thornton F.H. and Magee C.L., Metal. Trans., Vol.éA,

No.&, Jun. 1975, p.1253-63

Thornton F.H. and Magee C.L., Metal. Trans., Val.é&h,

‘No.&, Jun. 1975, p.1801

Schockdopole R.E. and Ruebens L.C., J. Cell. Flast., Vol.

1, No.1, Jan. 1965, p.91-6
fusch K.C., J. Appl. Folym. Sci., Vol.l14, 1970, p.12&67
Fowlhkes C.W., Int. J. Frac., Vol.10, No.l, 1974, p.99

Hull D., An Introduction To Composite Matériéls,
Cambridge University Fress, 1981
Fukuda H. and Chouw T.W., J. Mat. Sci., Vol.17, No.4, Apr;

Ceasar H.M., FP.R.I. Conf., Brunel Univ., Jun.71985,‘

Paper 10/1

kelly A., Strong Solids; Clar. Press., Oxford, 1973,

p.179

154




REFERENCES. (CONT.)

u
E-

60.

61.

~
-

Tyson . and Davies ., Brit. J. Appl. Fhys., Vol.14,1965

P.199

EBerger S.E. et al, Man. For Qual., FPaper 21, 1978, p.159-66
Yip\H;w.C. and Shortall J.E., J. Adh., Vol.7, 1976, p.311-32
Yip H.W.C., d.'ﬁdh., Vol.8, 1976, p.1S55-69

aergin R.M. et al, S.F.I. Ureth. Div., Oct. 1978, p.13-20

Fleuddemann E.F., Interfaces in Folymer Matrix Composites,

Edit. Fleuddemann E.F., Academic Fress, London, 1974, Ch.6
DPata Sheet, Kenreact Fetrochem. Inc., Kansas, U.S5.A.

Monte S§.J., Sugarmann G., Damusis A. and FPatel F., J.

Elast. Flast., Vol.14, No.1, Jan. 1982, p.34-62

Damusis A. and Fatel F., Frogress Report Froduced For
kenreact Fetrochem. Inc., Jul. 1981, Folym Inst. Univ.

Detroit, U.S.A.

Fox S.A., 37 Ann. Conf. Rein. Flast./Comp. Inst., S.F.I.

Jan. 1982, Session 20-G, p.1-3

Cordova D.S. et al, Sampe Quart., Vol.13, No.3, Ahr. 1984,

Shi T.W. and Crugnola A., Toughness and Brittleness in

Flastics, Deanin R.D. and Crugnola A., Edit Crugnola A.

1984, paper 32.

155




REFERENCES. (CONT.?

b4,

bhb.

é)7n

&8.

&F.

74.

Boot KR.J., Meyer R.W. and Copeland J.R., 37 Ann. Conf.

Reinf. Flast./Comp. Inst., 8.F.I., Jan. 1982, Session

6—0 [y p - 1—3

Fhillips M.G., Composites, Apr. 1981, p.113-14

Data Sheet, Fibreglass Ltd., Wrerxham, Wales.

“Piggot M.R., Load Bearing Fibre Comp., FPergaman Pfess,;

Ouford, 1982

Johnson A.E.. and-Jackson J.R., (Filkington Brothers Ltd.)

F.R.I. Conf.,y Solihull, Feb. 1981, Paper 2.

Bishop F.H.H., Glass Fibre Rein. Flast., Edit. Parkyn,.

Futterworth, London, 1970, Ch.13, p.167-89

Ogorkiewicz R.M., Glass Fibre Rein. Flast., Edit. Farkyn,

Eutterworth, London, 1970, Ch.i14, p.190-205

Eeaumont F.W.R. and Tetleman A.S;,.Failure Modes in

Composites, Edit. Toth I., New York, 1973, p.49-80

kelly A. and Tyson W.R., J. Mech. FPhys. Sol., Vol.13,

Williams T., Allen G. and Kaufman M.85., J. Mats. Sci.,

Vol.8, 1973, p.1765-87

Cotgreave T. and Shortall J.B., J. Mats. Sci., Vol.12,

No.4, 1977, p.708-18

156




75.

76,

77.

78.

77

80."

81-

e ]
r Ay

T 83.

" B4.

- REFERENCES.. (CONT.)’

Barma F. et al, Folym. Freprint., Vol.19, No.2, Sept.

1978, p.&98-701 .

Cox H.L., Brit. J. éAppl. Phys., No.Z, 1952, p.72-

krenchel , Fibre Reinforcement, Akademisk Forlag,

< Copenhagen, 194&4..

Morimoto K., SBukuki T. and Yosomiya R., Folym. Flast.

Technol. Eng., Vol.22, No.l1, 1984, p.55-76

Cotgreave T. and Shortall J.B., J. Cell. Flast., Jul.’

1977, p.240-4

Cotgreave T. and Shortall J.B., J. Cell. Plast., Jul.

1978, p.137-46&

Cotgreave T. and Shortall J.B., J. Cell. Flast., Oct.

1978, p.181-5

Doyle M.J., F.R.I. Conf., Cambridge, Apr. 1985.

Cotgreave T. and Shortall J.E., J. Mats. Sci., Vol.13I,

11978, p.722-3I0

Narkis M. et al, Polym. Comp., Vol.4, No.2, Apr. 1983,

p.113-9

Methven J. and Shortall J.E., Eur. J. Cell. Flast., Apr.

1979, p.B3-92

157



REFERENCES. (CONT.)

86.

87.

88.

89.

Q0.

1.

-
.

94.

G&.

7.

Methven J. and Dawson - ., Mech. of Cell. Plast., Edit.

Hilyard, London, 1982, Ch.8, p.323-58

Williams J.6., Folym. Eng. Sci., Vol.17, No.3Z, 1977,

p.144-9
Marshall G.P. et al, Flast. Folym., Feb. 1969, p.75

Williams J.G., Adv. in Folym. Sci., Vol.27, 1978, p.&7-

120

Griffith A.A., Fhil. Trans. Roy. Soc., (A), 221, 1921

p.163-98
Inglis C.E., Trans. Inst. Naval Archit., 60, 1913, p.213

Irwin G.R., Frac. of Metals, ASM, Cleveland, Ohio, 1948,

p.147-66

"Williams J.G., Fract. Mech. of Folym., Halsted Fress,

Chichester, 1984, Ch.Z.

Rooke D.F.. and Cartwright D.J., A Compendium of Stfess

Intensity Factors, H.M.8.0., London, 1976.
Faris F.C. and Sih G.C., ASTM STF 3B1, 1943, p.&3-77
Brown W.F. and Srawley J.E., ASTM STF 410, 1966.

Shaw M.C. and Sata T., Int. J. Mech. Sci., Vol.B, 1946,

p.469-78

- 158



REFERENCES.  (CONT.)

98.

99.

100.

101.

Rinde J.A., J. Appl. Folym. Sci., Vol.14, 1970, p.1913-26

McIntyre A. and Anderton G.E., Ew. J. Cell. Flast., Jul.

1978, p.153-8
Anderton G.E., J. @ppl. Folym. Sci., Vol.18, 1974, p.3355

Whittaker R.E., J. Appl. Folym. Sci., Vol.18, 1974, p.

2339-53

Flati E. and Williams J.G., Folym. Eng. Sci., Vol.1S,

No.&, JdJun. 1973, p.470~7

Methven J., Pept. Folym. Eng., U.M.I1.5.T., Fersonal

Correspondance.

159



Acknowledgements.

The author would like to thank Dr Eric Magee and
Dr Graham Anderton for their help and assistance during
the course of this work. The author would also like to
thank the sféfflnf the Department of Metéllurgy at the
polytechnic for their help and extend his thanks to the
following compaﬁiesifor their'assistance.
Diamond Shamrock Ltd., Eccles, England.
Fibreglass Ltd.,; Wreixham, Wales.
Joseph Ogden {ihres, Keighley, England.
Hubron ¢ales Ltd., (Kenreact), Manchester, England.

Lewis Industrial products, Huniton, England. .

I1.C.I. Fibres Ltd., Harrogate, England.



AFFENDIX 1.

POLYESTER FLOWCHART

Petroleum

P Xelene

Ethelene

Dimethyl tere-

Ethelene

phthalate

glycol

POLYMER

Polyethelene terephthalate

Drie

[Filamcnt yarn |

HEATING SYSTEM

;! t;i ----- MELT SPINNING

P LUBRICATION

APPLIED




AFFENDIX 2 .

‘Formulation of Diamond Shamrock Ltd., MR49.

K.F. 55 65,0 (SOREITOL)

D402 f:, 35,0 (LOW M. Wt. DIOL)
- PROPAMINE ~ 2.6 (TETRAMETHYLETHYLE~

NE - DIAMINE)

WATER 1.3

FREON II 26,3 (TRICHLOROFLUOROMET-

HANE)

. SILICONE SURFACTANT 1% EASED ON FOLYOL Wt.
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REM AFFENDIX 3 .¢

REM FRACTURE TOUGHNESS CALCULATION FROGRAM EBF7198S5.
DIM S(10)Y:DIM F(10)Y:DIM B(10):DIM T(1O) :DIM AC10):zDIM Y(10):
DIM X<(10):DIM E(1OY:DIM D(1O):DIM E(1O)
FRINT"IF NO OF DATA »10 CHANGE DIM'"
INFUT"HOW MANY DATA SETS":N
INFUT"WHICH GEOMETRY:Y=1. T (T, O7% (A/E) ) +(14.5T% (CA/B)"2) )= (
25.11% ((A/B) "))+ (25.80% ((A/BY4))ENTER J=1. Y=85/S0R( (20~
(13%A/B) )~ (7% ((A/B) ")) YYENTER J=2"3J :
FOR I=1 TO N
INFUT"FORCE IN:N"3F
INPUTYWIDTH IN:mm"QB
INFUT"THICENESS IN mm"3;T
INFUT"NOTCH  DEFPTH IN mm"3A
IF J=2 GOTO 150 ' '
=] @3- (Z.07% (A/B))Y+{(14.53%x ((A/B)~2))—(20. 11* ((A/E "”))"‘(::.BD*
({(A/B)Y™4)) ‘
GOTD 160 .
=5/80R ((20~- (173 *Q/B))—(7*((A/B)““)))
X SER(1/78)
E=d% ((FRY) /7 (T®(B~0.5)))
INFUT"YIELD STREES IN Mmm™2" s
D=2.9% ((K/8)*2) '
IF DT GOTO 230
E=1
GOTO 240
E=0
FRINT""
F(D=F:B(I)=B:T(I)=T:A(D=A:Y(D) =YX (D) =X K{I)=K:D(I)=D:S(I)
=G5:E(I)=E
NEXT I
MODE 3 . . . |
FRINTTAER (1) 3 "CON.FAC." TABWS) ;"VALIDITY" TAR(ZO) 1 "CRIT.THICK."
TAB(SO) 3 "Kic VALUEY «
FRINT""
FOR I =1 TO N
FRINTTAB(1)3:Y(I) TAB(I ;ECI) TAE(31):D(I) TAB(SO) 3k (I)
NEXT 1
REM AVERAGE kic VALUE BIT.
INFUT"IS AN AVERAGE VALUE REQUIRED ENTER W=1(YES) OR W=2(NO)";W
IF W=2 GOTO 470
FOR I=1 TO N
E(IY=K(I)*]
NEXT I
G=K (1)
FOR I =2 TO0 N
G=06G+k (I}
NEXT 1
L=G/N
FRINT"AVERAGE VALUE OF Kic BASED ON QBDVE IS "sL3" Nmm™-3Z/2"
FRINTY I "
END
FRINT"NO AVERAGE REQUIRED"




APFENDIX 4.

ldeal cell (pentagonal dodecahedron).

esevssnnveal

’ o
Window Window angle = 116.6

Strut Window angle = 121.7°



