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SUMMARY

During the past twenty years there has been considerable
interest in developing the technology for manufacturing engineering
articles from sheet mouiding compound (SMC) by compression moulding.
Some of the problems with this technology are associated with the
flow of SMC during moulding.

This research work proposes methods for characterising the
rheological behaviour of SMC and predicting the shape of charges
for moulding articles free of weid-lines without substantially
altering the initial fibre orientation of the matrix.

The theoretical development of the charge shape prediction
procedure for moulding symmetrical and unsymmetrical plates includes
a mathematical model of the compression flow process, which is used
to determine flow front development, and mould cavity pressure and
velocity distributions. The mathematical model assumes a Newtonian
flow behaviour.

An instrumented mould was designed, manufactured and used to
test the mathematical model of the compression flow process. The
analysis of the experimental work includes: moulding conditions (such
as mould cavity pressure, platen displacement and ram-force); fibre
orientation measurements (using X-ray techniques); quantification of
fibre glass distribution by chemical methods; and, material mechanical
properties (e.g. tensile strength). There was good agreement between
the theoretical and experimental results for mouided symmetrical and
umsymmetrical plates.

A theoretical and experimental analysis of the Fheologica1 beha-
viour of SMC was carried out as a second stage of the research work
to test the validity of the Newtonian flow assumption. The work analyses
squeeze flow of SMC discs with the aim of obtaining a better understanding
of the basic rheological behaviour of SMC during compression moulding.

The theoretical analysis treats the SMC as a viscoelastic material
having an equation of state with equal viscous, elastic and yield strain
components. The timé variation of compression force when squeezing the
SMC discs between two parallel plates (one fixed and one mobile) has
been derived from the equation of state. The values of the elastic, viscous
and yield components were determined by using a least-squares method
of curve fitting to the experimental results.
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The last part of the research work includes the application of
the charge shape prediction procedure to mould an engineering article
under industrial compression-moulding conditions. The results of this
practical application of the theory are discussed.
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Yield stress
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-

Pressure gradient
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JInitial plate separation
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Distance between nodes
i,J,k Unit vector in Cartesian coordinates, directions x, y, z.
Elasticity modulus

LT

8 Factor of proportionality

R
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CHAPTER 1
INTRODUCTION

In recent years there has beén a large increase in the use of
fibre reinforced polyester compounds for manufacturing engineering
products. Applications in fhe transportation (particulariy for road
vehicles), business equipment and electrical appliance industries
have resulted in significant replacement of the more conventional
design materials (especially in the USA}, and the current forecast
for ‘the fibre reinforced po1yeste§ compounds continues to be one of
moderate growth.

Sheet moulding compound (SMC) is a polyester prepreg reinforced
with fibre glass, chemically thickened, and manufactured as a sheet.
Products are made from SMC by using matched metal conipression moulds.
The SMC flows during compression moulding under the action of ﬁressure
and heat, and then sets to the actual shape because of cure.

The research and development work associated with SMC technology
covers a period of approximately 20 years, and some aspects of the
technology have received more attention than othefs. There has been
a large amount of SMC chemical formulation work: for example, recent
developments in the use of thermoplastic additives to compénsate for
polymerization shrinkage during curing have been largely responsible
for making possible the wide scale engineering applications of this
material, where product shrink, warp and surface finish may now be
controlled. Other chemical formulation work has concentrated on
producing stronger and tougher SMC materials,

As a result research and development effort is tending now to
concentrate on the problems associated with the engineering applications
of SMC materials. These problems range from those of automating the
production process (both for SMC manufacture and product moulding) to
those concerned with the effects of the moulding process variables
on SMC flow and finished product quality. - A major need of SMC tech-
nology at the moment is for a better understanding of how mould flow
affects the structural characteristics of moulded parts. The shape and
position of the charge is important in determining the| formation.  of
flow faults (e.g. weld-lines), distribution of mechanical properties,

and product stiffness.




The work of this thesis has been concerned with the conception
and development of a method of predicting and chafacterizing two-
dimensional compression-mould flow for an unsaturated polyester
resin SMC. The SMC used in this thesis has 25% glass fibre content
and 15% of low profile additive (diluted in Styrene).

Chapters 2 and 3 place this work in perspective against current
knowledge for the engineering use of SMC. Chapter 2 reviews the
developments in SMC chemistry and manufacture which have led to the
situation where SMC is now a viable design material. Chapter 3 dis~
cusses the state of the art for dééigning with SMC materials, including
the aspects of rheology and modelling of compression mould flow.

The first stage of the work (see Chapter 6) involved developing
a mathematical model for SMC flow which could be applied to the com-
pression-moulding of flat products. The aim of doing this was to be
able to predict the position and shape of the charge for moulding
products without weld-lines. Chapter 7 explains the charge shape
prediction procedure, together with a computer procedure and a numeri-
cal example.

The experimental programme which was designed to test the validity
of the charge shape prediction procedure is given in Chapters 8 and 9.
Chapter 8 describes the design of a compression mould, and the associa-
ted instrumentation, for moulding plates of various shapes, while Chap-
ter 9 presents the results of the experimental programme.

Then the procedure, which is explained in Chapter 7, was used to
predict the position and geometry of the SMC charge for a commercial
product, and mouldings were made in an industrial production-process
" situation. Chapter 10 describes the results of this case study.

Clearly mathematical assumptions about the nature of flow were
necessary for the modelling of such_a complex process as the compression-
moulding of SMC. Thus the aim of the second stage of the work was to
develop a better understanding of SMC flow. This work was carried out
using a parallel plate plastometer. Chapter 4 develops the mathematical
theory for the rheological characterization of SMC at 209C, treating
SMC as a viscoelastic material. Chapter 5 describes the experimental
work which tests the theory, and in addition shows how the p1astohe¢er »
Ean give useful information related with the compression moulding process-




Thus the théme of the work in this thesis centres on the predic-
tion and characterization of flow during the compression-mouiding of
SMC. Chapter 11 presents the conclusions and recommendations for
further work. The work presented in this thesis is only part of an
effort which is required to obtain a better understanding of how
compression mould flow affects the structural characteristics for the
design of SMC products.
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CHAPTER 2

DEVELOPMENT OF SMC - THE STATE QF THE ART

2.1 SMC Manufacture

The development of SMC materials spans approximately 20 years,
stenming from the invention in 1958 of the process to manufacture
premix (L1), the first handleable polyester pre-impregnated fibre-
glass material. Until then, products made in polyester resin fibre-
glass reinforced materials were p;bduced by wet-moulding techniques,
involving separate applications of fibre and resin. Thesé techniques
were only suitable for producing large simpie shapes, e.g. cylindri-
cal tanks, flat trays, boat hulls efc.

Previously in 1951 and 1953, Friliette and Fisk {K2) respectively
had patented chemical processes for thickening unsaturated polyester

resins, but the potential importance of their work to the development

of SMC technology was not to be realised until the mid-1960's.
Frillette's thickening reaction used either magnesium oxide or calcium
hydroxide, and Fisk's patent used magnesium hydroxide.

The advance made by the premix material was that it contained
resin, fillers and fibre-glass together. This material introduced the
possibility of wider applications of reinforced polyester resin com-
pounds, but a disadvantage was that the mechanical properties of the
premix material were lower than those given by the wet-moulding tech-
niques., Therefore premix was used only for small articles.

By 1960 prepregs were being manufactured in the USA. These pre-
pregs were composed of polyester resin plus a solvent diallyl phthalate
which lowered the viscosity (L1). There were two important stages in
their manufacture. For the first stage the viscosity was very low so
that the fibre-glass material was easily impregnated with resin; during
the second stage the viscosity was increased so that it was easy to
handle and so that the flow during moulding would be more uniform,

To increase the viscosity the solvent was removed by placing the pre-
preg into an oven. Definitely the idea of the two-stage process was
right, but the way in which it was achieved was very expensive and

dangerous.



It was not until 1965 that a new technique was developed in _
Germany (L1) for achieving the two-stage thinning-thickening mech- !
anism for a polyester resin by using the early work of Frillette and
Fisk. The polyester resin was dissolved in styrene and a small per-
centage of calcium or magnesium oxide was added. The oxides reacted
with the carboxyl endings of the polyester resin, producing an increase
in the viscosity of the material. Then metal coordination complexes are
formed by linking the metal with the ester oxygen in the linear polymer.

Therefore the liquid resin is transformed into a handieable paste.

The type of reinforcement used at that time was in the form
of fibre-glass mat. However the SMC material obtained by this tech-~
nique had the disadvantage of being expensive, giving a poor surface
finish, having a brittle behaviour, and showing large shrinkage on
curing.

In 1966 Owens-Corning replaced the fibre-glass mat with
chopped glass, to reduce the cost of manufacture. This modification
to the manufacturing process of using a belt system for resin impreg-
nation (B1) allowed for more flexibility in the manufacture of the
material.

In 1968 the low shrink (LS) and low profile (LP) moulding compounds
were patented -in the USA, which reduced the shrinkage from 7% (typical
of unsaturated polyester resin alone) to almost zero (from +0.5 mm/m
to -0.5 mm/m). This modification also improved the surface finish of
the moulded products. These improvements have been responsible for
the increased number of moulding compound applications. It was not
until 1970 that the LS and LP moulding compounds were used in industry,
but since then the technology has evolved very quickly.

Thus there have been many developments in SMC manufacture since
the process innovation introduced by Owens-Corning in 1966. The
different types of SMC now available include:

HMC High-stréngth moulding compound
LMC Low-pressure moulding compound
SMC Sheet moulding compound

SMC-C Continuous-fibre SMC

SMC-D Directional-fibre SMC

SMC-R Random-fibre SMC



SPMC Solid polyester moulding compound

TMC Thick moulding compound

uMmC Unidirectional moulding compound

XMC Directionally-reinforced moulding compound

Combinations -of SMC-C, SMC-D and/or SMC-R may be produced
using the same belt-type impregnator, or for example by feeding
continuous glass-fibre yarn and chopped glass-fibre into a roll-
type impregnator machine (Prepreg-Harzmatte-SMC, S$S13). All these
processes are continuous, except XMC manufacture (Al).

Modifications to SMC production machines have resulted in better
quality SMC materials. Specially profiled kneading-rollers have been
used for fibre compaction to ensure that SMC is produced with essen-
tially planar-isotropic properties, i.e. with random fibre orientation
and uniform fibre distribution in the plane of the sheet (T5). Also,
twin bed double steel chain compaction using a staggered arrangement of
kneading-rollers in tandem, can reduce the volume of trapped air and
increase wet-out (A3). Heated conveyors have been used to reduce the
maturation time from 4 to 10 days to 3 to 8 minutes (L4).

A very important improvement has been the development of a new
machine to produce a thicker SMC (TMC) while at the same time impro-
ving the impregnation of the glass-fibre, for an increased production
rate and reduced cost..

SMC technology is now moﬁihg towards a completely automated pro-
cess system in which the mixing room is controlled in line with the
SMC production machine, and even in some cases the SMC production
machine feeds the compression moulding press directly (W6, Y1).

2.2 SMC Chemistry

This section deals with thé developments in SMC chemistry in four
parts by describing: the chemical components found in typical SMC
formulations; the main chemical reactions associated with the manu-
facture and moulding of SMC; and the effect of variations in SMC com-
position on mechanical properties, and also viscosity and flow.




2.2.1 Chemical Composition

The approximate composition by weight of a sheet moulding com-

pound is as follows:

Resin 25 - 35%
Catalyst 0.5 - 1.5%
LS or LP additive 2 - 5%
Filler 40 - 65%
Thickener 0.5 - 1.5%
Release agent 0.5 - 2.0%
Pigments 3 - 5%
Fire retardants 2 - 5%
Reinforcements 20 - 30%

The role and type of components used in the manufacture of SMC are

as follows.

The resin is the key component in the matrix of the moulding com-

pound, and since it is unsaturated, it allows the formation of a perm-

anent three-dimensional cross-linked network. An unsaturated polyester

resin was used in the work

of this thesis. For unsaturated polyester

resins, the main resin systems are (B9):

Orthophthalic -

Isophthalic -

Terephthalic -

Biphenolic -

general purpose resin because of its
price and properties. It has low thermal
stability and absorbs water.

used for impact resistance, crack resis-
tance, resistance to humidity and environ-
ments containing oil, paraffin, etc.

has very similar behaviour to the iso-
phthalic resins.

used for its chemical resistance, mainly in
aqueous environments and resistant to high
temperatures,



Other types of unsaturated polyester resin systems have been developed
from combinations of these four resins {H4)}, to obtain more economical
systems with better corrosion resistance and lower density.

However vinyl esters (J1) aré also used; they improve chemical
resistance and tensile strength. Epoxy resins combined with unsatu-
rated polyester resins (E1) reduced SMC manufacturing costs, cure times
and increase sheif 1ife, but there is an accompanying reduction in some
mechanical properties.

The factors affecting the consistency of the resin were analysed
by Brown (B9).

The catalyst initiates the polymerisation reaction. It determines
gel and cure times, and shelf-life. The most commonly used catalyst
is the t-butyl-perbenzoate {B5). However other types of catalyst can
be used, Tike the peroxyketals which cure faster and give to the moul-
ding compound a longer shelf-T1ife than the t-butyl-perbenzoate (T3);
the best results are obtained with peroxyketals when the resin system
is isophthalic (C1). Other catalysts are the so called AZO-initiators
which reduce sink-marks and cure faster than the peroxyketals (K1), but
they produce blisters (B6). Catalyst selection is explained by Bowyer
{B5) and Seamark (S3).

LS and LP additives are used to control the 7% shrinkage of the
polyester resin. The difference between the two additives is the
shrinkage control achieved (B13). LS gives approximately 0.00%1 mm/mm,
while LP gives +00005 to -00005 mm/mm.

The amount of additive is about 2-5% by weight, but it is 7-20%
by weight when mixed with styrene (A7). Generally the LS and LP
additives are syrups of a thermoplastic in styrene, such as PE, PS,
PVA, PVC, PMMA and so on (B5). The LP additives which allow very small
shrinkage and good pigmentability are bakelite LP-100 (for Mg0 at 1%)
or PVA (for Mg(OH)2 at 4%) (A7). The factors affecting the selection
of a LS and LP system were analysed by Atkins (A7) and Bowyer (B5).

Fillers are used to control the viscosity of the mixture and
gloss surface on the final product, to reduce shrinkage and price, and
to improve chemical resistance and physical properties. The fillers can
be sulphates, silica and silicates and carbonates (B5). One of the most



commonly used is calcium carbonate. The factors affecting the selec-
tion of the filler were studied by Murfitt (M12).

Thickeners increase the viscosity of the moulding compound from
1000-3500 cps to 20 - 30 x 10°cps after maturation (M9), making the
moulding compound easy to handle. The more common thickeners used
are the oxides and hydroxidés of calcium and magnesium. The following
factors which affect the thickening reaction have been examined: the
acid/alcohol ratio of the resin, the concentration and degree of dis-
tribution of the thickener (L3); the type, morphology and specific
surface of the thickener (F3); the presence of a dihydroxyl in the
resin and the water content (Bi11); the thixotropy and temperature
(A2); and LP additive, filler and internal release agent (S3).

Recently a new thickening reaction has been developed (F1), which
is based on the chemistry of the urethanes. It eliminates many of the
problems associated with the use of alkaline earth oxides and hydroxides.

Release agents ease the extraction of the moulded article Fron
the mould. Low percentages of release agents must be used, because
they affect the paintability and the mechanical properties. The more
common release agents are stereates of Al, Ca and Zn. However mix-
tures of Zn and Al stéreate give good results, but not in LP SMC (K2).
A new Ca/Zn stereate shows better properties than Ca or In stereates
alone (S15). The selection of release agents is explained by Seamark
(S3).

Pigments are used to modify the colour of the moulding compound.
Pigments can be organic or inorganic. They are generally diluted in a
carrier {M7). The factors affecting the efficiency of the pigment are
explained by Seamark (S3).

Fire retardants provide the moulding compound with self-extin-

guishing properties. The more commonly used are aluminium trihydrate
(ATH), or organic fire retardants containing halogens or phosphorus (M7).
The use of a ATH/carbonate/bromine system improves the dispersion of the
fire retardant and the ignition reésistance, reduces cost and allows
higher quantities of filler to be used for the same viscosity compared
with ATH systems (D2).
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Retnforcements improve the mechanical properties of the moulding

compound and reduce shrinkage. Fibre-glass is the most commonly used
in bundles of 108 strands, with fibre diameters ranging from 9 to

14u and lengths from 12 to 50 mm, although nowadays there are SMC's
with continuous fibres (B13). Graphite is also used as reinforcement,
or combinations of graphite and glass-fibres, which are known as
hybrid moulding compounds (A4). However, not only glass in the form
of fibres is used; hollow microspheres of glass reduce the density
and improve impact resistance (C3; M8).

The fibres are covered with a size which protects the fibres
and increases their affinity with the resin {85). The properties of
the compound can be modified by changing the solubility of the size
(A2, B13, S3).{Insclubie'size - also known as [1ci’ solubility fibres,
thard glass or [soft.finish fibres - improve impact properties, but
reduces surface finish quality and interlaminar strength. [Spluble
size - also known asfhighsolubility fibres, [soft glass or [hard finish
fibres - improve wet-out, surface finish quality, flexural strength and
interlaminar strength.

2.2.2 Chemical Reactions

There are four main reactions associated with SMC manufacture
and mouiding.

First the linear polymer is formed. This reaction is in two

stages to permit a degree of mobility in the final thermoset (R1).
Initially a prepolymer forms from a saturated diacid and glycol; then
the Tinear polymer is obtained when the prepolymer reacts with maleic
anhydride.

Secondly there is the thickening reaction. This reaction is in
three stages (F3, L3, M3, W1). First basic salts form between the car-
boxyl endings of the Tinear polymer and the thickener. Water content

is very important at this stage. It is necessary to prevent the forma-
tion of diacids between two linear polymers, but too much water will
give a fast reaction speed.
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The water acts as a catalyst in the second stage, during the
formation of neutral saits. But in the case of Mg(OH)z, the water
produced from the formation of basic salts is used as the second
stage catalyst.

The last stage of the thickening reaction is the formation of
metal coordination comp]exeé, between the alkaline earth element of
the neutral salt and the oxygen of the ester 1inks. A weak three-
dimensional cross-linking is created, but this is strong enough to
increase the viscosity of the moulding compound. Another factor
which influences the increase in Qiscosity is the formation of bridges
between the hydrogen of the carbonxyl end groups and the ester oxygen
of two linear polymers. '

The shrinkage control and eross-iinking reactions occur during

moulding. The mechanismé of the shrinkage control and cross-linkihg
are described in references (A7, B13, P1). The material is placed in
the mould and heated. This causes the whole moulding compound to
expand and at a certain temperature the initiator is activated into
free radicals. Then the free radicals activate the styrene and the
Tinear polymer, the styrehe becomes fixed between two linear polymers,
thus starting the cross-linking (which defines the gel timeé).

The shrinkage control additive (thermoplastic) becomes incompatible
with the cross-linked resin due to increasing molecular weight of the
"solvent". Therefore the thermoplastic tbgether with the rest of
uncured polyester fom a_separate phase. It is this precipitation
of the thermoplastic which contro1s.the shrinkage of the moulding com-
pound .

The residues of uncured polyester still withjn the thermoplastic
start curing and shrink, forming the first voids. The polyester starts
cooling, but when its temperature reaches the glass transition tempera-
ture the shrinkage almost stops, which is not the case with the thermo-
plastic (it has a lower glass transition temperature}. A second forma-
tion of voids occurs while the thermoplastic is cooling and therefore
shrinking, but the dimensions of the moulding are already set by this
time.
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2.2.3 Effects of Composition on Flow and Viscosity

One of the important factors in the manufacture of SMC is the
analysis of the combined effects of the many compound elements (see
Section 2.2.1) to determine the flow behaviour and viscosity of the
material. There is much current work in this area of SMC development,
but the following main effects have emerged.

The viscosity of SMC is important because it directly affects
mouldability, and also homogeneity and isotropy after moulding. Where
the viscosity of SMC at 200C is 1éss than 2 x 10° c¢ps the product will
have resin-rich regions, but when it is higher than 50 x 10% cps, the
flow properties will be very poor (S9), and the moulding of compli-
cated shapes will be very difficult.

Initially the resin alone has a Tow viscosity and shows Newtonian
behaviour (T4). The main effect of adding the catalyst is to modify
the time allowed for flow (before gel occurs) and not to alter the
mixture viscosity. The catalyst also affects the shelf-life.

The thickener has a direct effect on the viscosity of the com-
pound, therefofe its selection must be studied carefully (F3, S3).
The use of Mg0 instead of Mg(OH), reduces the shelf-life (M3), but
when using Mg(OH), at 3% a Tower viscosity can be achieved (10 x 108
cps) than that obtained with Mg0 at 1% {100 x 10° cps) (L9). However,
the use of an additive called Paraplex CM-201 combined with Mg0 allows
the viscosity plateau of the SMC to be chosen (A2).

Fillers are used to reduce the mobility of the resin in the resin/
fibre matrix, but in certain cases special fillers must be used to
reduce the viscosity to keep the SMC within mouldability Timits (M11).
LS or LP additives increase the viscosity of the compound (A7), due
to interaction between the additive and the thickener. Viscosity also
increases with the use of aluminium trihydrate (G2), and with increases
in the ¢ontent of fibres, the length to diameter ratio of the fibres,
and the solubility of the fibre coating (B12, G1, H1, 02).
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2.2.4 Effects of Composition on Mechanical Properties

The fibre-glass is the main element affecting the mechanical
properties of moulded products. Increasing the Tength of the fibres
improves the mechanical properties, e.g. tensile strength (B13).

The type of fibre coating also affects mechanical properties: a
soluble coating increases flexural strength, and an insoluble one
increases impact and tensile strength (B13).

However, other elements can affect significantly the mechanical
properties of the moulding compound. The use of HAR-MICA as filler
improves the mechanical properties (W7), but the use of clay, combined
with wetting-agents, as a filler, reduces the mechanical properties
and affects the thickening reaction (S12)}. The use of aluminium
trihydrate as fire retardant combined with silane-special improves
the mechanical properties and surface finish (A7).

The ways in which the lack of toughness of SMC can be improved
have been studied recently. Certainly part of the probiem can be
solved by reducing the degree of the cross-linking in the final product,
thus increasing molecule mobility and flexibility (C4). Other methods
of increasing the mobility and flexibility are the addition to the
moulding compound of special additives such as hydroxyl terminated
polyesters {(HTP) or copolymers of butadiene and acrylonitrile (known
as Hycar VTBNX). HTP can toughen the compound (63, R3), but in some
cases it reduces other mechanical properties (R3). The so called
Hycar VTBNX shows better toughness than that obtained with HTP's
(M5, T2), without a reduction in other mechanical properties.

Aiso a toughened material can be achieved using the resin manufactured
by Freeman Chemicals, known as Stypol 40-3910 (A5).

The identification of the effects of variations in the SMC formu-
Tation on mechanical properties is still an area of much current acti-
vity especially where design applications are involved (Coilister
SP1 Conference 1979, Ferrarini SPI Conference 1979). The main trend
is to formulate SMC composition to suit the product requirements.
However some standard SMC's are being produced, as evidenced by the.
considerable amount of mechanical properties characterisation work
of Denton (D05) on Owens-Corning's SMC-R50.
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CHAPTER 3.
DESIGNING WITH SMC - THE STATE OF THE ARY

3.1 Introduction

Because SMC materials are relatively new, design procedures
for using them to manufacture engineering products have not been
formalised to the same extent as have the procedures for designing
with the older conventional engineering materials. Designing with
SMC still depends largely on experience: the designer needs to work
closely with the moulder to seek his advice and experience, to use
laboratory test facilities to get design data for the actual moulded
material, and to use prototype testing before committing to production.

Designing SMC structural components is particularly difficult.
Figure 3.1 shows schematically the steps which might be f011owgd in
the design procedure and the knowledge needed. The problem is complex
but may be stated simply as a need to understand for a given SMC
material formulation how mould flow determines the properties of the
finished component. Moulding-process and charge shdape geometry and
placement considerations are associated with this problem. They are
cosmetic (e.g. surface waviness, sink marks, blisters, and paintability)
as well as structural (e.g. isotropy of mechanical properties, strength
and stiffness prediction weld-line formation}.

There is much current work in this field, but the following sec-
tions have been chosen as being appropriate to review the present state
of knowledge:

3.2 Strength and Form Design

3.3 SMC Rheology .

3.4 Moulding Production Problems
3.5 Design Applications

3.2 Strength and Form Design

There are two general approaches to determining the mechanical
properties data needed for structural design. One is based on predic-
tive methods; which were reviewed by Chamis (C2) in 1972, but more
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recently by Bert (B3). There are now established thedries for pre-
dicting the Tinear-elastic and thermal-expansion behaviour for planar-
random fibre composites. However work still needs to be done to
achieve better agreement with experimental results, and to predict
fatigue and impact properties.

By contrast the approach taken by Dow Chemicals (E4) and Owens-
Corning (D5) has been to mount substantial test programmes to provide
SMC data needed by designers. Denton's work is the first comprehensive
attempt to characterize the mechanical properties of one SMC material
at various temperatures. |

SMC manufacturers have also published guides to product-design
(B10, F4, 03). These give guidelines for shaping ribs and bosses,
stiffening edges, moulding inserts, selecting shapes to avoid flow
faults, positioning flash lines, etc. Table 3.1 shows examples of
these recommendations.

Generally product stress and strain calculations are based on
ciassical methods for Tinear-elastic uniform homogeneous planar-
isotropic materials. Design approaches can use formulae (L8) or
finite-element methods (D3). Generaily over design results from the
former approach, although the latter approach may reduce this. For
example reference (D3) describés how a finite-element computer model
can be used to fix thickness values for the stress distribution, and
then final design modifications (e.g. rib reinforcements) may be
decided from prototype testing.

More work is needed to develop a finite-element method which
incorporates the variation of mechanical properties induced by flow.
Eisenberg's work (E3) at General Motors is a step in this direction;
it predicts preferential stiffness directions from charge-shape
flow.

Therefore it is not surprising that prototype manufacture plays
an important part in proving the initial design dimensions of SMC
products. Moulding prototypes is not only necessary to provide pro-
ducts for strength testing, but also to ensure that desired patterns
of mould flow are achieved. Five different ways of making SMC proto-
types are described in references D1, L8, N2, 04, S5.
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TABLE 3.1
ARTICLE DESIGN RECOMMENDATIONS

Draft angle 1-1.59 for less than 200 mm depth; 2-39 for
more than 200 mm depth and with texture 190 for
each 0.025 mm of texture depth

Corners Minimum inside radius is 1.5 mm; design with
generous radii always

Wall thickness Minimal and constant, range from 1.5 to 25 mm;
normal thickness variation + 0.1 nm and maxi-
mum thickness built-up as required

Component support Mould as column maintaining the nominal thick-
ness
Flanges Make them thicker or with changes in direction

to increase the strength. For wall thickness of
2-3 mm make the flanges twice the wall thickness

Ribs Rib base 2.3-9.4 mm, top of the rib at least
1.75 mn; radius on the rib.0.1-0.25 mm to
reduce sink marks, but low strength. Design
rib shorter and wider in such a way that the
section stiffness is the same along the rib;
height to width ratio recommended 5:1, although
15:1 can be used

Bosses Equal to the nominal thickness, length of the
screw 2.5 x diameter, use safety factors to
determine the dimensions of the boss, strengthen
it with ribs and webs in the case of lateral
loads, but in tension load the ribs and webs
could be the cause of failure. Use self-tapping
screws for the cases when the screw will be
removed less than 4 times, for other cases use
inserts. See reference {g) for holes diameter

selection
Radii of edges Minimum (concave or convex) 0.5 mm
Undercuts Not recommended, however they can be moulded

by selecting the parting line

REFERENCES

a. BTR-Permali RP Ltd, "GRP Technology and Practice", 1974

b. C C Boner, 30th Annual Tech. Conf., SPI, 1975, Section 16-A.

C. C A Charters, Plast. Eng., 32, 2, (1976), 38-40.

d. Freeman Chemicals Ltd., "Freeman Chemicals SMc DMC & You", 1976
e. A Luchini, Int. Symposium on Polyester Moulding Compounds, Genéva

1977, paper 10

F Mandy, Reinf. Plast. Congr.,Proc. Brighton Engl. 1974, p.33-39.
F L Massey, 32nd Annual Tech Conf., SPI, 1977, Section 2-F

C G Nenadal, 30th Annual Tech Conf., SPI, 1975, Section 20-C.
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3.3 SMC Rheology

There has been a considerable amount of work directed towards
the general aim of understanding the nature of SMC compression flow.
This section reviews that work in three parts. Firstly there are the
standard rheological tests which have been developed in an attempt
to measure the viscosity or. to understand the flow behaviour of SMC
during compression moulding. The second part presents work which
outlines how SMC flows during the compression-moulding cycle, and
finally work concerned with modelling flow behaviour is presented
in the last part. (The effects of variations in SMC formulation on
rheology were described in Chapter 2, Section 2.1).

3.3.1 Rheological Tests

The need for improved experimental technigues which can be used
either to analyse the effect of the di%?erent components in the com-
pound or to characterize the rheological behaviour of fibre reinforced
polyester compounds has been emphasised during recent years by the
increased engineering usage of these materials. Rheological measurements
are needed which better describe material characteristics under flow
conditions that are directly relevant to the actual moulding process
(W4). A characteristic of the many conventional flow tests (see Table
3.2) is that none provides such data directly. Additionally they
cannot handle the complications of flow behaviour introduced by long
fibre reinforcement and cross-linking reactions.

Much recent work into the rheological behaviour of SMC has been
done with the Rheometrics Dynamic Spectrometer (RZ2}, which provides
data on the viscous and elastic components at different strain rates.
The testing principle involves subjecting SMC discs to variable fre-
quency oscillatory shear and measuring phase difference between the
shear and elastic components. Early work was by Maker and Ford (M2),
and also Maxel (M3), who did work at compression moulding temperatures.
Powell (P3) is using the equipment to examine effects of formulation.
However the problem remains of linking the results in a meaningful way
to the compression moulding process. The test is not a physical repre-
sentation of the moulding process, and ultimately a less expensive and
simpler test will be needed.



FLOW TESTS FOR SHEET MOULDING

Name of Test

Audrey dielec-
tric spectro-
meter

Brookfield HBT
viscometer

Cup flow test

Dynamic mech-
anical
testing

Paraliel
cylinder shear
rheometer

Parallel plate
plastometer

Platen move-
ment test

Platen displace-

ment flow test

Renault test

Serpentine
flow test

Spiral flow
test

REFERENCES

- WU O o0 o
T NIV LOoOLCLO

Methven, Plastics & Rubber:
Powell, 34th Annual Tech. Conf., SPI, 1979, Section 7-D.

H Thomas, 33rd Annual Tech. Conf., SPI, 1978, Section 19-F.
R Scott, Trans. Inst. Rubber Ind.,7, (1931), 169-186.

Burns and K S Gandhi, 32nd Annual Tech. Conf., SPI, 1977, Section 7-C.
J Thompson, Plastics and Rubber Int., 3, 4 {1978), 159-161.
Okuto, H Hirand and M Yotsuzuka, Plast. Tech., 19, 9, (1973), 43-45.
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TABLE 3.2

Parameters
Measured

Dielectric losses vs
time

Viscosity

Time

Viscosity & moduli
vs time, temperature,
strain and frequency

Shear stress vs
time

Force vs time

Displacement vs
time
Fovcevs time

Flow length

Flow length

Flow length

COMPOUND
Remarks

Relates the dielectric
Tosses with viscosity

Measures viscosity of
SMC without glass
fibres

Measures fiow time for
a given moulding
pressure and temperature .

Tésting often uses a
Rheometrics Dynamic
Spectrometer

Sensitive to fibre orien-
tation in complete SMC

Based on Scott's work (f)
limited to certain
viscosities

Used to determine approxi-
mate gel and cure times

Measures the ability to
flow

Useful for Renault SMC
only

Measures effect of
moulding pressure on

“flow length

Measures effects of
moulding pressure on
flow length

Ref

R .

-

C Hylton and M R McCormick, 34th Annual Tech.Conf., SPI, 1979, Section 23-
T 0'Reilly, 20th Annual Tech. Conf., SPI, 1965, Section 14-B.
Processing, 1, 4, (1976) 149-157.



20

3.3.2 SMC Flow During Compression-Moulding

It is important to know and understand what happens inside the
mouid during the compression process. The nature of the process is
shown by the typical compression-force versus time and platen dis-
placement versus time variations in Figures 3.2 and 3.3 respectively.

The compression of the SMC starts with an increase in the ram-
force and the whole charge is deformed, but as soon as the material
is plasticized on the surfaces in contact with the mould (hot layers)
the ram-force decreases {(02). The hot layers of SMC will flow filling
the cavity while the cold layers present a resistance to flow (M2).
The flow of SMC is more like a sheet than a liquid. Hence the way
in which ribs and bosses are fiilléd in a compression mould is by
folding the material into them. Initially the ribs and bosses are
by-passed by the flow front and when the cavity is filled the material
will be forced into the ribs and bosses (M2).

During moulding the material will pass through three stages: the
first one is an endothermic reaction. The material is plasticized and
expands thermally in the areas of plastification. The second stage is
the polymerization and géliing of the material after which no further
homogeneous flow can take place. The gel time (see Figure 3.4) can be
identified on a temperature-timeé curve as the first knee (F2). The
second stage is an exothermic reaction and finishes at the end of the
polymerization. This time is known as the curing time, and it can be
jdentified on a temperature-time curve at the time of the maximum recor-
ded temperature (see Figure 3.4). Immediately after curing the material
shrinks, but in thg case of LS or LP SMC's the thermoplastic will come
out of solution and compensate for the shrinkage. This corresponds to

the third stage.

These stages can also be approximately determined in time by
recording the movement of the ram during moulding (M7, T8), but platén
displacement recordings are difficult to relate to gel and cure times
(B13).

The way in which the material cures inside the mould is from the
edges towards the centre, because of the way in which the material flows
due to the method of heating (M2). A problem associatledy with this
phenomenon is the difference in density through the moulded article.




A

1EMP.

o DCISPLACEMENT

dWIL

M

')
w
~

~

JWIL Jdait)

-

-

MOULD

g
Y

FORCE

START

CLoszD

EN T
£

By

A=

1c



22

‘However if the heat required during mouiding is calculated for
different sections from the edges of the mould to the centre, thermal
equilibrium can be achieved for the final article (H3). The combina-
tion of a heat conduction equation, a curing equation, and suitable
boundary conditions will make it possiblie to predict product curing
and determine the optimum thermal equilibrium (W4). Unfortunately
this has not yet been thoroughly explored.

The flow of SMC during compression-moulding is aiso affected by
the material's viscoelastic nature (S6). Sieglaff fournd that if the
moulding process is fast, the flow stresses and strains become important
near curved sections. Voids and residual stresses may be created because
of the dependence of elastic response on moulding speed. If the moul-
ding is slow the elastic response may be disregarded and a more complete
and uniform flow will be achieved.

Another important flow consideration concerns the choice of the
charge area. Two completely opposed theories exist: one suggests
choosing a small charge area - between 11 to 50% (G4, T8) - and the
other a large area, between 70 to 84% (D4, H3, M7, S7).

Using a small charge area helps to expel trapped air, thus reducing
blister formation (G4), but the variation in the mechanical propérties
js increased (S11}. Also longer flow lengths give better surface finishes.
On the other hand thermal equilibrium is improved by increasing the charge
area (H3).

Therefore the choice of one or the other theory depends on the
requirements of the final article. However, the optimum compromise
between random fibre distribution and blister and voids formation can
be achieved with a charge of 74% (D4).

3.3.3 Mathematical Modeis for SMC Flow

One of the first workers to recognise the viscoelastic nature of
SMC flow behaviour was Sieglaff (S6); Maxel's later work (M3, M13)
confimed this, but neither worker tried to estabiish an equation of
state for their SMC materials. Thomas (T4) used a parallel cylinder
shear rheometer to establish a mathematical equation of state with elastic
and viscous components {based on a Voigt model) for matured SMC at room
temperature, but that work was not mathematically rigorous.
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Gandhi and Burns (B12, G1) were the first to apply the mathema-
tical theory of squeeze flow to the problem of determining an equation
of state for a fibre reinforced polyester resin compound. They used
a parallel plate plastometer and assumed a power law equation to
characterise the behaviour of a dough moulding compound (DMC) at room
temperature for limited shear rate conditions.

One of the ideas proposed by the work of this thesis is that the
parallel piate plastometer provides a good physical representation of
the compression moulding procéss when moulding flat components from
SMC. Chapters 4 and 5 (and also 58) show how a mathematical analysis
for the squeeze flow of SMC discs between parallel plates can be
developed and used to determine the equation of state at room tempera-
ture. Extending that analysis to actual compression moulding conditions
- with all the attendant SMC material changes - is at the moment mathe-
matically too complex; however the squeeze flow experimental technigue
itself may be used to provide data which show the relationship between
moulding-process conditions and SMC gel and cure times (see Chapter 5
and reference S8).

But the work of this thesis has also developed a way of modelling
SMC compression-flow during moulding at 1600C. By assuming that the SMC
flow is Newtonian, a mathematical analysis has been derived which can
be used to predict charge shapes for moulding two-dimensional SMC com-
ponents free from weld-lines (see Chapters 6, 7 and 9, and also reference
S7).

The only other reported modelling work has been by Smith (S10)
who made a similar Newtonian assumption when he recently established
a mathematical model for the flow of SMC into ribs, in order to investi-
gate the formation of sink marks. - He obtained good agreement between
theoretical and experimental work.

3.4 Moulding Production Problems

An important part of the success of an SMC article is the design
of the mould. Two types of moulds can be used: either a positive one
or a semi-positive one. Positive moulds close onto the SMC itself and
do not produce flash. However they are difficult to operate, so geﬁera11y
SMC compression moulds are now semi-positive. Moulding is usuaily off-
the-stops. The advantages of the semi-positive moulds are that they are
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cheaper and last longer than the positive ones. Principles for the
design of SMC moulds are given in references B14, L8, 03. Table 3.3
summarises the main points.

Initially SMC was moulded using compressionmoulded presses for
thermoset materials, but as the technology has developed, special
presses have been built to meet the requirements of the SMC moulding
process (B14, L8, 03}. The ram initial speed must be fast (500 mm/sec)
to avoid a possible pre-curing of the SMC, but the mould closure speed
must be relatively slow (0 to 25 mm/sec) to avoid material segregation
problems. Table 3.4 lists other desirable p ress characteristics.

To speed up press cycle times, semi-automatic (R4) orcompletely
automatic (W6) press loading and unloading is being used. The idle
- time during curing has been bypassed by using a compression-mould trans-
fer line system (Y]), although this new technology is only economic
at high production rates {(e.g. 700 000 parts/year).

It is important that press operation is repeatable from the set
moulding conditions; therefore it is recommended to monitor process
conditions by installing pressure and speed transducers (W6). Platen
parallelism will tend to decrease with use (from about 0.3 mm/m when
new), but Todd (T9) at General Motors has developed a servohydraulic
" programmable force/velocity control (PVFC) which maintains the parallel-
ism of the mould surface during closure, and also controls the speed
and force on the SMC such that the flow during closure is laminar.
PFVC has been used both at General Motors and also General Tyre and
Rubber Company, Akron, Ohio, together with an in-mould coating system
to improve moulded article surface finish (Y1).

Additional considerations to those of mould design and press
operation are moulding process conditions. Correct setting of these
conditions to avoid variability in moulded article physical properties
usualily calls for good moulding experience. The conditions which need
to be considered are:

~ the mould temperature must be kept within the required
tolerances

- the pressure build-up must be fast and high enough to ensure
the compaction of the material



Material

Block
thickness

Flash

Flash
Clearance

Telescopic
Length

Shear edge
taper
Wear plates

Stops

Surface
Finish

Guidance

Ejection
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TABLE 3.3
MOULD DESIGN RECOMMENDATIONS

P-20 steel pre-toughened to 300 Brinnel (Ni-steel),
but Just (d)} suggested the use of AISI-4041 cast steel
for which porosity can be controlled. Cast steel is
used with large and complex moulds

The mould cavity must be surrounded by enough material
to avoid any possible deformation during mouiding

Vertical flash is“always preferred although in some
cases it could be necessary to use a horizontal one.
The disadvantage of a horizontal flash is that it
wears out quickly (e).

Between 0.05 to 0.1 mm

Between 8 to 40 mm depending on the size and complexity
of the article

A 2-30 taper for semipositive moulds aiong 3-10 mm
depending on the complexity of the cavity

The areas with important wear, such as shut-off faces
should be made from separate inserts {e)

The mould must be equipped with stops, but moulding
of f-stops

A surface finish of 800 grit must be achieved. The use
of chrome plating increases the mouid-life and eases
the extraction of the moulded article, it does not
increase surface finish. A mould cavity blasted with
80 grit glass beads can produce a uniform flow (f).

Use nickel-plating in deep moulds

Use guide-pins with bushes. In the case of }arge moulds
(more than 450 mm square) rectangular guides aré placed
beside the guide-pins to increase rigidity. These
rectangular guides have hardened shoes fitted into the
mou1d

Ejector-pins aré the more common method, but in some
cases it could be necessary to use ejector-plates.

The number of ejectors depends on type of article and
material. Ejectors permit the escape of air and gases
avoiding voids-formation.

(CONTINUED) -
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TABLE 3.3

MOULD DESIGN RECOMMENDATIONS (Continued)

Heat Three types.of heat can be used:

steam: it is cheap, but limited in temperature
and it depends on the pressure variations
of the system.

otl: it is cheap, it does not depend on pressure
variations and it has unlimited temperature
possibilities

electric: more uniform and unlimited in temperature
possibilities, but expensive

See references (g) and {h) to evaluate the required
heat.

Isolation Use silico-aluminate to reduce the heat Tosses of
.convection and radiation (i}. Such losses are about
60 to 70% of the total losses

REFERENCES

a. M J Buttler, Int. Symposium on Polyester Moulding Compounds,
Geneva 1977, paper 11,

A Luchini, Ibid, paper 10 _

C. Owens-Corning Fibreglas, Pub. No. 5-TM-6991-A, 1976.

d. H A Just and W H Englehart, 33rd Annual Tech. Conf., SPI, 1978,

Section 21-D.

e. Polyester Comp. Group, Reinf. Plast. Cong., Brighton 1978,
32/211-215.

A J Rudy, 33rd Annual Tech. Conf., SPI, 1978, Section 4-D.

J H DuBois and D W Riley, Nat. Symp. Plast. Mould/Dies-Des/Const.,
SPE-1977, paper 11

E A Herman, 33rd Annual Tech. Conf., SPI, 1978, Section 14-F.

I J Cati¢, Plast. & Rubber: Processing, 3, 1, (1978) 21-23.
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PRESS
Paralielism of

the piatens

Sufficient moulding
pressure

Pressure build-up

Bending deflection

Opening force

Slow opening speed

Fast opening speed

Ejection system

REFERENCES
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TABLE 3.4
CHARACTERISTICS

The parallelism must be about 0.3 mm/m

The moulding pressure varies from 4 to 15
MN/m? depending on the mould complexity

The pressure build-up must be in 2 seconds

The maximum bending deflection must be of
about 0.1 mm/m

A 20% of the moulding force is requ1red for
opening the mould

A slow opening speed of about 1 mm/sec is
required to avoid any damage on the final
article

A minimum of 500 mm/sec is required to reduce
the mouiding cycle

An ejection system in both top and low platens
is recommended

a. M J Buttler, Int. Symposium on Polyester Moulding Compounds,
Geneva 1977, paper 11.

b. A Luchini, Ibid, paper 10 )

C. Owens-Corning Fibreglas, Pub. No. 5-TM-6991-A, 1976



Probliem

Blisters

Cracks

Delamination

Orientation

Porosity

TABLE 3.5
MOULDING PROBLEMS

Cause

Fracturing process due to low interlaminar
strength where air and gases are trapped (a)

During flow the fibre glass migrates to the mid-
thickness of the article creating regions of
the article poor in resin (d)

Nen-shear stress between two layers (f)

Fibre glass tends to orient during flow (f)

During flow the low profile additive migrates

to the surface of the SMC and the f.g. to the

mid-thickness (d).

It can also be due to excessive styrene (white
areas) or losses in styrene (black areas) (c)

(CONTINUED)

Findings

Use vacuum moulding and reduce the charge up
to 11%, use vinylester as binder and low
solubility roving size (a). 74% of area
covered is the optimum compromise between
blister formation and fibre orientation (b)
Use high pressure to eliminate blisters,

but increase macroporosity due to excessive
styrene (c) '

Use liquid rubber, copolymer of butadiene
and acrylnitrile with terminal and pendant
reactive vinyl groups (e)

Use always an odd number of layers for the
SMC charge. An even number of layers has
zero shear stress between the mid-thickness
layers (f)

Use between 60 to 80% of charge area covered (f)
Use Prepreg-Harzmatte-SMC instead of SMC (g)

Use an acrylic primer to improve surface

finish (d).

Use the mould coating system immediately after
curing {h)

Use vacuum moulding to reduce white areas, but
it increases black areas. Slow closing increa-
ses also black areas, while high pressure
increases white areas (c). Change the order
at which the SMC components are mixed and
substitute some of them also.

8¢



Problem

Sink marks

Voids

Warpage

Waviness

Weld lines

TABLE 3.5

- MOULDING PROBLEMS (Continued)

Surface depression, generally opposite
to massive areas (e.g. ribs) where a
non-uniform shrinkage has taken place

Air trapped between SMC layers

Non-uniform curing

Non-parallel compression moulding
Where two flow fronts meet forming a resin

rich line and there are not f.g. crossing
the line

(CONTINUED)

Use moulding temperature of about 1500C, apply the
pressure in two steps (5.76 and 2.72 MN/m?) and

select accurately the position and shape of the

SMC charge. Use SMC sandwiches, placing long fibres
with high viscosity in the finish surface and short
fibres with lTow viscosity in the rib side (J)

Use the optimum heat transfer in the mould (k)

Reduce the fibre length from 25 to 12 mm, increase

the fibre content from 20 to 35% or more and use ©
short thick ribs with minimum radius (1)

Use the mould coating system immediately after curing (h)
Determine the shape of the rib and wall thickness with

a mathematical model. Use protruding rijgs, but only

in cosmetic applications (m).

Use a maximum of 74% charge area to increase flow (b)

Use either Cu-Be inserts or determine the heat
transfer required for a uniform curing (k)

Use a programmable force/velocity control system (n)
Use the mould cavity blasted with 80 grit-glass

beads (o).

Use Prepreg-Harzmatte-SMC to produce a turbulent flow

g).
Predict the shape of the SMC charge using a mathematical
model (p}.
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- the charge must be positioned correctly in the mould

- the amount of charge material must be always the same.
Multi-layer charges should consist of an odd number of
Tayers.

- the shape of the charge must be carefully studied

- the compression speed must be compatible with the material
viscosity, and gel and cure times

The problems associated with SMC moulding are blisters, cracks,
delamination, fibre orientation, pofosity; sink-marks, voids, warpage,
waviness, and weld-lines., There are many techniques which are used to
detect these moulding faults; six of the more common ones are listed
below (Table 3.5 Tists the mouiding problems):

1)  None-destructive radiography - used to detect voids, porosity,
entrapped air, fibre orientation and microcracks (E2, P2).

2) Cross-section radiography - used to detect delamihation, and
blisters (E2, P2).

3) Contact photography - used to analyse the fibre-structure (E2, P2).

4) Silver coat process - used to detect resin separation, microcracks,
porosity, glass fibre filaments, flow lines, waviness and internal
voids near the surface of the article (E2, P2).

5) Burning technigue - used to analyse the fibre orientation due to
flow (N1).

6) Non-destructive infra-red thermography - used to detect weld-lines
and subsurface cracking (M6).

3.5 Design Applications

The applications of SMC are in the transport, electrical and
business equipment, building, chemical and furniture industries. The
most important is the transport industry, with applications mainly in
the automotive field.

The following 1ist shows examples of applications of SMC (L7, M1,
N3, T10).
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Transport industry. The applications are for cars, trucks,
trailers, motorcycles, trains, buses, caravans, boats and planes,
such as: ERF - truck-cab, front ends, bumpers, hard tops, hoods,
spoilers, doors, boots, wheel openings, wheel covers, drip pans,
radiator housings, boat motor housing, seat sheels for trains,
snowmobile and shrouds.

Electrical and business equipment industry. Switch boxes,
etectrical cabinets, telephone cabinets, lamp-housing, insulators,
battery racks, computer terminal housing, motor interior components
and housings for cash registers, scientific recorders, medical
testers, typewriters, air conditioners and humidifiers.

Building industry. Window frames, doors, ciadding panels, walls,
water containers, tubs, shower trays, sinks, basins and bath tubs.

Chemical industry. Storage tank panels and load-bearing struc-
tures with concrete bases.

Furniture industry. Chairs, tables, desks and stadium seats.

Not all these applications use the same SMC forﬁuiation. For

- example, load-bearing applications tend to have high fibre glass content
(or even use unidirectional reinforcements. Reference WSdescribes the
development of the compression moulded RP/C (reinforced plastics and
composites) wheel for which a 50% fibre glass content with either

polyester or vinyl ester resin systems is being used. Reference M4
describes the 1980 bumper system, for which the face and diagonal mem-
bers of the bumper are of 65% fibre glass SMC. Reference H5 describes
the development of RP bumpers mouided using a 50% glass vinyl ester
resin system. Reference $14 describes the use of SMC with 26% of con-
tinuous fibres and 9% of random fibres (SMC-C26/R9) in bus wheel wells.
Reference Al describes the advantages of a 26% chopped glass plus 49%
continuous glass XMC (total glass content is 75%) and the possible
applications due to the high mechanical properties of this material.
However for general use, in low stressed applications, a conventional
LP SMC with low percentages of glass fibre is suitable (see Chapter 10,
Case Study).
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This analysis of design applications shows the success which SMC
has enjoyed over a relatively short period of time. The reason for
this success is the number of advantages offered to the designer when
compared with other materials. The following two lists show the
advantages and disadvantages of SMC materials.

3.5.1 Advantages of SMC

- design flexibility

- dimensional stability

- parts consolidation

- high strength to weight ratio

- light weight {(compared with steel and aluminium)

-+ low tooling cost (4 of the price for steel and aluminium)

- chemical corrosion resistance

- moderate finishing costs

- good electrical properties

- good thermal properties

- semi-automatic manufacturing process

- less dependence on 0il prices, due to its compoéition

- self extinguishing fire properties

- easy to glue or drill

- easy to repair

- possibility of formulating the SMC material to suit the
final product

- SMC can be pigmented and moutlded

- SMC is economic when annual production is in the range of
15,000 to 300,000 parts (A6).

- comparing the price on a weight basis for SMC with respect
to steel and aluminium, SMC 1s more expensive; but comparing
the price on a volume basis, steel and aluminium are about
13% more expensive than SMC (L1).

3.5.2 Disadvantages of SMC

- high raw material costs

- low flexural modulus

- long production cycle times compared with thermoplastics
- viscosity variation with age of the material
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not economic for production runs smaller than 15,000
parts or more than 300,000 parts

special surface treatment ﬁeeded before painting

higher density than thermoplastics

styrene losses during manufacture and consequent poliution
problems |

residual styrené after moulding

isotropy dependence on flow

special storing conditions needed

maturation requirements before moulding

strict quality controlvduring SMC production and product
moulding

formation of weld-lines during moulding

non recycleable material

economical only for articles with ribs and bosses. For
very simple articles the use of a continuous strand mat
technique is cheaper.
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CHAPTER 4
RHEQLOGICAL CHARACTERIZATION OF SMC

4.1 Introduction

The increased engineering use of SMC during the last 15 years
has hightighted the need for an improved understanding of SMC flow
behaviour. Part of that need is for improved experimental techniques
which characterize SMC behaviour in a straightforward manner under
conditions directly relevant to the compression moulding process (W4).
Chapter 3 has explained that some of the many presently used conven-
tional flow tests have this problem.

A physical representation of the compression-moulding process
for producing flat parts is the squeeze fiow of material between
parallel plates, and it was for this reason that the squeeze flow
technique was chosen in this work as a method for characterizing SMC
behaviour. The aim was to gain further understanding of the rheolo-
gical behaviour of SMC during moulding, but also to determine the form
of the equation of state since this information can be used to improve
the charge shape prediction procedure described in Chapters 6 and Z.

The basis of the squeeze fiow method of flow characterization is
given by Scott's original work {S1, $2); many workers (B4, B7, B12, L5,
L6, G5) have followed his approach to examine the squeeze flow behaviour
of Newtonian. and non-Newtonian materials. Although Scott was the first
to establish the equation for compression squeezing of Newtonian and
non-Newtonian materials he did not define the range of applicability of
his work.

Attempts by subsequent workers (B7, L5) to define the range of
applicability have been in terms of the characteristic relaxation time
(A) for the fluid. X has been defined by Leider (L5, L&) in an equation
form, the parameters involved in such equations were measured with a
Weisenberg R-16 rheogonibmeter. Brindley et al (B7) used a parameter
called Deborah number (De) to characterise the flow behaviour of the
fluid. De = A/ti’ where té is the time needed for the plates to attain
half their initial separation, under a constant compression force.

A power law equation of state can be wused as the equation when
De<1, i.e. when the material is submitted to a light load (B7) or slow
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squeezing (G5). Then the material behaviour is purely viscous.

De >1 indicates viscoelastic behaviour, for example during fast
squeezing or for heavy compressive forces. Unfortunately, it is
not possible to use this characterization technique directly with
fibre reinforced polyester compounds because their viscosities are
too high for the delicaté‘equipment used to determine A.

Nevertheless by assuming dough moulding compound (DMC) was a
power law fluid, Burns and Gandhi (B12) used Scott's equation for
the rheological characterization of DMC. They showed that this was a
realistic assumption for the low fibre content, short fibre Tength DMC.
However applications of squeeze flow theory to the higher fibre content,
long fibre length SMC need to account for the significant viscoelastic
response shown by these materials during the compression moulding pro-
cess (M2, S6).

Thus the basic jdea behind the work reported in this Chapter,
and Chapter 5, is that the squeeze flow of SMC discs between two
parallel plates (one fixed and one mobile) provides a good foundation
for the theoretical and experimental analysis of the rheological beha-
viour of SMC during compression moulding. The approach of the squeeze
flow analysis is to characterize the flow behaviour by the time varia-
tion of compressive force during squeezing, using an equation of state
which describes the viscoelastic nature of SMC flow. This mathematical
analysis has been developed here only for flow at 209C (room temperature).
At the higher temperatures used for compression moulding, SMC flow
becomes more complex, for example, due to non-uniform temperature and
viscosity distributions within the SMC. Mathematical modeliing of flow
is therefore more complicated.

4.2 Equation of State

Fundamentally the flow analysis for the plastometer dépends on
knowing the equation of state for the SMC. At present such an equation
does not exist. The concept for the equation of state used in this
work was formulated from ideas reported in the literature together with
the interpretation of the flow behaviour shown by some preliminary work
with the parallel plate plastometer,



37

The three main aspects of the time dependent behaviour of the
material during compression flow which.the equation of state needs to
take into account are the viscoelastic nature of flow, the breaking
of molecular bonds formed during thickening, and the increasing resis-
tance to deformation which is shown as the fibre bundles become com-
pacted together. The concept of viscoelastic flow is mentioned by
Siegiaff (S6) and Maxe]h(M3), and Thomas (T4) has suggested the
following equation of state from his empirical studies with a parallel
cylinder shear rheometer:

T=u "+ Ky

shear stress

where:

viscosity modulus
shear strain (¥ i5 shear rate)

I

elasticity modulus

3 x < T A~
I

exponent

I have introduced a yield element into this equation to account
for the effects of fibre interaction and molecular bond breakage
during the later stages of compression flow. Thus:

T=u i + Ky + f (4.1}

where: f = yield stress

In general it has been found that the physical interpretation of
f is not straightforward (S8). For example, the experimental work
shows f to have a small negative value at the beginning of compression.
This may be attributable to the compression of voids in the SMC.

Figure 4.1 shows the analogue for the equation of state. Linear
viscoelasticity is assumed, and since there is equal strain in each
element, the total compression force is the sum of the forces acting on
each of the viscous, elastic and yield elements. This is the basis for
the analysis.

F

TEF tFHFy (4.2)
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Fig. 4.

ANALOGUE MODEL FOR SMC
EQUATION OF STATE.
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where: FT = total compression force
FV = viscous force
Fe = elastic force
Fy = yield force

4.3 Compression Force General Analysis

The anatysis begins by using the momentum and continuity equations,
which-have .the following general form (T1):

DV =
pgp = - W - (V.1) *pg (4.3)
3 .
S5+ (V.pv) = 0 (4.4)
where: = density
= time .

= differential operator
= velocity tensor

= stress tensor

= pressure

0 vV A < < & D
[}

= acceleration due to gravity

These equations may be written in cylindrical coordinates (T1) for the
system shown in Figure 4.2, where the origin of the axes lies in the
surface of a rigidiy fixed lower plate.

To apply equations 4.3 and 4.4 to the analysis of compression flow
of SMC in the parallel plate plastometer, the following assumptions were
made

1) The material is uniform, homogeneous, isotropic in the r-0 plane,
and incompressible. Body forces have been disregarded.

2)  The Reynolds number is very small and hence the inertia terms of
the momentum equation have been disregarded.

3) The plate separation is smalier than the diameter (D>H}, i.e. not
greater than about one quarter of the diameter.



FIXED PLATE
Fig.t2 CYLINDRICAL CCORDINATE SYSTEM

O0f
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4) thé material flows radially outwards in layers.

5) There is no surface-slip effect during flow, i.e. the thin layer
of SMC which touches the plastometer plates has zero speed.

6) Fibre reorientation due to flow is small, which usually applies
-when the final compressed thickness is not less than about 70%
of the SMC original thickness, (D4, M7).

Using these assumptions, equations 4.3 and 4.4 may be written

as:
av
1
F% (rv,) + —Z£=0 (4.5)
aT
rz _ _ 9p
9z or (4.6)
where: Vi = radial speed
v, = normal speed
Tpr™ sheaf stress
p = pressure
For constant volume of SMC, equation 4.5 becomes:
h{t)/2 h(t)
hr _ V., dz + v_, dz (4.7)
7 oj rl h(t)/2 '@
where: h{t) = instantaneous value of plate separation
h(t) = H - ht
H = initial plate separation
h = plate speed
ViapsVipo = radial speed
The radial shear strain Yy is related to tﬁe piastometer plate
closure by:

Y, = an(r/r)) = (1/2) 20 (H/h(t)) (4.8)
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The governing equation for the force variation vs time is obtained
by combining equations 4.1, 4.6 and 4.7, for the conditions of con-
stant compressive speed and constant SMC volume. (These were the
conditions for the tests reported in this thesis).

For simplicity of derivation, the analysis for the time variation
of compressive force equatidn was carried in three parts. Firstly
equations 4.6 and 4.7 were combined with the viscous element only of
equation 4.1, then with the elastic element, and finally the anaiysis
was for the viscous and yield e1qunts together.

The boundary conditions for the three analyses are as follows:

0at t<0 for all r and z

v
r

V. = Qat z=0and z=H for t>0

Ve = Vinax at z = h(t)/2 for t > 0

p = atmospheric pressure at r = R for alil t

h(t) = Hat t=0

avr ) o B Bvr
=7 s neg]1g1b1e compared with =7 -

4.3.1 Analysis for a Viscous Element

This analysis is based on the principles outlined by Scott's
work (S1), but with one important difference: Scott's work was for two
plates moving towards the mid-thickness, but for the work reported here,
one plate is mobile and one fixed. This fact alters the force equation.

At this stage it is instructive to point out that some workers
(e.g. L5) have used Scott's theory (i.e. the theory for two plates
moving towards the centre) but applied it to experimental work with
one plate fixed and one mobile.

The three equations required are 4.6, 4.7 and the equation of
state 4.9 together with the boundary conditions:

n v

_ N N
Ty, =Y =u(57) (4.9)
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Assuming that 1, is the shear stress at z = h

T, =21, (2 - h(t)/2)/h(t) h(t) > z > h(t)/2)

(4.10)

., =121, (h(t)/2 - z)/h(t) h(t}/2 3230

Substituting 4.10 in 4.9 and integrating v.

2 T
= Gy G L2 ™M = ngey2)™hy)
(4.11)
Substituting in 4.7 and integrating
(2 tp/u 0(1) /M = (2neny(2rn(e) DM Cheszn(ey)
(4.12)

Substituting 4.12 in 4.11

= I3 h(t)) CAONIE (ﬁ%%y - DMy g9

Derivating 4.13 in z and substituting in 4.9

T, =l ﬁﬁ;ﬁ§£i11~a“ [(22/h(t)) - 11 (4.19)
-

Using equation 4.6, 1ntegrat1ng it and then equating it to 4.14.
Integrating the pressure

B R (2ne1)"

- -2
P o e 1) (h(£)) 20

L0 - (r/R™T (a.8)

Evaluating the force:
R .
F=2r [prdr=-2 m
0 n(n+3)(h(t))

A0 RM3(2ns1)

Zn+1 (4.16)
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Knowing that the speed of compression and the volume (V) are constants:

F=uf(t) (4.17)

2 (N y(M3)/2 opupyD

F1(t) = -
10 R gy 72 (1))

5RT5Y72 (4.18)

4.3.2 Analysis for an Elastic Element

The three equations required in this analysis are 4.6, 4.7 and
the equation of state 4.19 together with the boundary conditions

T, = Ky (4.19)

Equation 4.19 may be written as

Ty = K 2n (r/ro) (4.20)

Assuming the equation of radial speed of the form:

V.= Az? + Bz + ¢ (4.21)

Combining equation 4.21 with the boundary conditions

v =4

- Vomax (ZR(t) - z2)/h(t)? (4.22)

Substituting equation 4.22 in equation 4.7 and integrating, v

rmax
is found as a function of r, h, and h(t). Then substituting Vimax 11
equation 4.22
v, =3 rh (zh(t) - z2)/h(t)? (4.23)

Equation 4.23 may be written as:

dr = 3r (zh(t) - z2) dh/h(t)? (4.24)
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Integrating equation 4.24 and then substituting in equation 4.20
;= 3K fz (1/H - 1/h(t)) + z2(1/h(t)? - 1/H*}/2] (4.25)

T
r

Differentiating 4.25 in z, substituting in equation 4.6 and integra-
ting gives:

p = 3K [(1/H -~ 1/h(t)) + h (1/h(t)2 = 1/H2)/2] (R - r)
(4.26)

Integrating the pressure, as in equation 4.16, and considering that
the volume of material is always constant:

F= K fy(t) (4.27)

Fp(t) = [V¥/2/(xd h(t)*/2H) (h(t)-H) + (H2-h(t)?)/2h(t)]
(4.28)

4.3.3 Analysis of Viscous and Yield Elements Together

This analysis is based on the work of Oka (01) and on the analysis
of section 4.3.1. 0Oka has developed an equation for the force variation
vs time of a Bingham body.

Tosuytf (4.29)
3. V2 h 2 yi/2

Fo.l3, P24 (4.30)

W2 s 3w (o)

Equation 4.30 is the one obtained by Oka. This equation can be written
as:

(4.31)
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The viscous force obtained by Oka is the same as the one
obtained in section 4.3.1 when n = 1. Assuming that the strain in
both elements is the same, the equation for a viscous and yield ele-
ments with variable n can be written as follows:

Fuy =1 (E) + £ £4(t) | (4.32)

£4(t) = (2 v¥/2)/(3 «} n(t)*/?) (4.33)

4.4 Final Equation

The governing equation for the compression force has the following
form:

Fr=ufi(t) + K fy(t) + f f5(t) (4.34)

where fl(t), fz(t) and f3(t) are the time dependent factors defined
in equations 4.18, 4.28, 4.33,
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CHAPTER 5

EXPERIMENTAL WORK ON RHEOLOGY

5.1 Experimental Work

There were two main aims for the experimental programme. One
was to check if the three element model for the equation of state
provided a realistic mathematical basis for characterizing the rheo-
logical behaviour of SMC at 209C and at 1609C. The other aim was to
show how the parallel plate plastometer can be used to give data
which characterize SMC flow behaviour under conditions similar to
"those of the actual moulding process.

The experimental work involved squeezing discs of SMC between
parallel plates mounted in an Instron TT-CM machine. Fiqure 5.1
shows a general view of the parallel plate plastometer in the Instron
machine, Figure 5.2 shows a close-up of the plastometer and Figure 5.3
shows the drawing for the manufacture of the plastometer.

The experimental work was split into two main parts, depending
on the temperature at which the tests were carried out. The first
part was carried out at 20°C. Discs of |40 mm diameter were cut from
a LP-SMC {SY-19/25L, see section 9.1 for material composition). One
month old and 3 month old batches of SMC were used for the tests. The
discs were stacked in 1, 2 or 3 layers and compressed at constant speeds
ranging from 0.1 cm/min to 5.0 cm/min. The compression tests were
stopped when 70% of the initial thickness was achieved. The second
part was carried out at 160°C. Otherwise the material was tested under
the same conditions as in the first part. '

The following equipment was used in addition to the parallel plate
plastometer. Cr-Al thermocouples measured the temperature of the
plastometer and also the temperatures of the SMC discs. The movement
of the mobile plate was measured by one displacement transducer (DC-
LVDT type). A Digital Equipment PDP-11/05 16 bit length computer
collected displacement, compressive force and temperature {(of the SMC
discs) data on-line durihg each test (Appendix 1 shows the program
used to record the data).






Close-up of plastometer
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5.1.1 Squeeze Tests at 20°¢

Figures 5.4 to 5.6 show the time variation of compression force
for tests at 20°C. The curves in these figures have been fitted
using the model of equation §.34. Fﬁgure 5.6 compares the flow beha-
viour of one month old and three month old SMC, stored under manufac-
turer's recommended conditions (in a cool place, and out of direct
light).

The variation of the compression force with shear strain for the
data from Figures 5.4 to 5.6 for different volumes of SMC and plate
closure speeds is shown in Figure 5.7 for the one month old SMC.

Although most of the discs were squeezed to 70% of their initial
thickness, some tests were carried out further than 70%, some samples
were squeezed to 40% of their SMC initial thickness. Figure 5.8 shows
the force variationwith time up to a 60% reduction of the initial
thickness. Figures 5.9 to 5.11 are photographs of sections through
the SMC discs taken at points 1 to 3 respectively in Figure 5.8, '
showing how the fibre spacing varies during compression. (Appendix 3
explains the sample preparation for cross-section analysis with reflec-
tive light).

5.1.2 Squeeze Tests at 1600C

For these tests, the temperature of the plastometer plates was
controlled to 1600C + 1.25 deg C. Disc compression started immediately
after the discs had been placed on the lower plate. SMC temperature
for each test was measured by a Cr-Al thermocouple in the middle of
the disc.

Figures 5.12 to 5.1@ show the experimental force versus time data
for these tests, and temperature-time variation is shown in Figures
5.15 and 5.16.

Marker and Ford (M2) found that the SMC in contact with the
mould flows easier than that at mid-thickness (see Figure 5.17). Figure
5.18 shows the flow front profile of a sample compressed at 1600C. Such
a flow front profile is due to the difference in temperature from the
surface to the mid-thickness.
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Fig.S.4  FORCE-TIME VARIATION AT 20°c
(1 LAYER OF 1 MONTH OLD SMC ).
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FIGURE 5.9 Cross-section of SMC disc at point 1 in Figure 5.8
(2 layers of 1 month old SMC). Magnification x 6.3
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FIGURE 5.18 Compressed sample at 1600°C, showing the flow front

profile. (2 layers of 1 month old SMC).
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Two similar tests were run to measure the temperature variation
through the SMC disc thickness during compression, in order to check
if the SMC temperature could be considered to be approximately uni-
form. For each test two thermocouples were placed at the centre of
the disc, one approximately 0.3 mm from the SMC surface and the other
at the mid-thickness. Figure 5.19 shows the results. For one test
the thermocouples were directly in contact with the SMC, while for
the other they were between cellophane discs 0.2 mm thick (following
the technique described by Okuto (02}).

5.2 Determination of Material Parameters for 200C Tests

The viscosity, elasticity and yield parameters u, K and f (see
equation 4.34) were determined from the experimental data by using
a least-squares solution to an over-determined set of equations (D7).
The force-time experimental data for each test were substituted in
turn into equation 4.34 and the functions f,(t), f,(t) and f3(t) were
evaluated for a range of values of n, the exponent of the shear rate.
The functions f1(t), fz(t) and f3(t) were each standardised to the
range 0 to 1 for the fitting. The computer program used for the curve
fitting is outlined in Appendix 2.

From the basis of the best fit to data, one value of n was chosen
for the complete series of tests for the one month old SMC and one
value was chosen for the series of tests with 3 month old SMC. These
values of n were equal to unity for both batches of SMC. Previous
work (T4) has shown that n is generally close to unity.

General relationships for the parameters u, K and f were developed
by fitting log-log plots to the values of u, K and f given for each
test by the fits to experimental data. For a range of shear strain,
the parameters depend on shear rate and SMC initial thickness (see
Figure 5.8). The standard error of fit was almost zero for low
ranges of shear strain, e.g. from 0 to 0.04, but increased to about
20 when fitting was made over the complete strain range covered by
the tests.

The values of u, K and f for 1 moqth old SMC for a strain range
of 0 to 0.04 are given by:



- - -
. -t
2 = ~
£ Ny '_‘

o 5 4 ’

e 3 C3- SR I

s N ‘h - - ) "

’-‘ - T

"F WITH . asse- [NTERNAL @
CELLOPHANE ?UFEFAEAE

SHEET

DIRECT eoo0ee [NTERNAL
CONTACT e SURFACE

T 203050 TS G 0 B0 TIME (sec)

F1g.519 TEMPERATURE-TIME VARIATIGN THRCUCH SMT THICKNESS
COMFRESSION AT 1£0°%¢(2 LAYERS OF 1 MONTH OLD SMC AT Z2cm/min).




69

u = (2.485 x 10°7 H®'%+ 9,027 x 10-3)/y0-5189 (5.1)
K= (8.730 x 10-% H2"% + 8,067 x 10-2)/y° 3875 (5.2)
f =

(-3.653 x 107% H5*7 - 1,425 x 10-1)y0-3141 (5.3)

Figure 5.20 shows the variation predicted by equations 5.1 to
5.3 for the shear rates used in the tests. For the range of strains
covered by the experiments, the u and f relationships gﬁve log-log
lines with approximately the same‘s1ope but which give decreased
values of u and f as the strain range over which the fitting is made
is increased. On the other hand, the K relationships give values
of K which decrease with shear rate for small ranges of shear strain
(e.g. Figure 5.20), but which increase with shear rate when fitting
is over larger strain ranges, e.g. from 0 to 0.1 and dbove.

5.3 Discussion of Results

5.3.1 Tests at 200C

The time variations of compressive force at the various shear
rates for 1 month ol1d and 3 month old SMC were predicted from equation
4.34 using the appropriate values of H, h, SMC volume, and u, K and f
(e.g. obtained by the curve fitting program of Appendix 2). The pre-
dicted flow behaviour, shown by the curves in Fiqures 5.4 to 5.6,
compares well with the experimental data. The standard error of fit
varies with the strain range over which the fit is made. 1Its value
increases from zero for the range 0 to 0.04 up to 20 for the range 0
to 0.16. Appendix 10 show the force obtained in the experiment, the
fitted force using the program of Appendix 2, and the predicted force
using the equations 5.1 to 5.3.

The shape of the force vs time responses is similar for com-
pression of three different volumes of SMC at various shear rates
{or plate closure speeds). SMC viscosity is shear rate dependent, and
hence compression force is a function of shear rate. The force response
is also a function of SMC age, Older SMC is stiffer (see Figure 5.6)
because of styrene Tosses and the incréased structure formation which
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has occurred with age.

The general concept of resistance to biaxial elongation has
been put forward (M2, W4) as an explanation of the fiow behaviour of
"cold" SMC during squeezing. The work here suggests that this resistance
arises partly from the glass fibre network, but mainly from the pro-
visional network of bonds within the mature SMC created by the thick-
ening agent {see section 2.2). The effect of adding thickener is to
produce a high viscosity paste, whereas the viscosity (and hence resis-
tance to flow) of a resin/fibre mixture alone remains low. This
explanation is important for the following interpretation of the squeeze
flow test data (S8).

Although insufficient evidence exists at present to provide a
full understanding of matrix-fibre interaction during flow, a four
stage physical model of flow can be used to explain the flow behaviour
shown in Figures 5.7 and 5.8. The points 1 to 3 on the 0.5 cm/min
curve in Figure 5.8 mark the beginning of these stages. Figures 5.9 to
5.11 show respectively the spacing between fibre bundles at these points
during disc compression. Disc thickness at point 3 is approximately 70%
of the initial thickness. |

The initially flat or slowly increasing part of the curves in
Figures 5.7 and 5.8 is the voids compression stage - for example, see
the white "clouds” on the photograph of Figure 5.9. This behaviour is
shear rate independent.

The next stage, between points 1 and 2 in Figure 5.8 is the visco-
elastic biaxial elongation of the fibre and matrix networks together.
In this work it has been called normal squeezing. Material stiffness
increases with shear rate (see Figure 5.7), as implied by Marker and
Ford (M2). It has been found also that this behaviour is dependent on
SMC thickness. ‘ )

The next stage from points 2 to 3 in Figure 5.8, is marked by a
fall in the resistance to flow. Figures 5.10 and 5.11 show the fibre
spacings at points 2 and 3 respectively. A yield effect starts at point
2 in Figure 5.8 and towards the end of the curves in Figure 5.7. This
yield is associated mainly with the metal coordination complex bonds
breaking due to increased shear strain. That this[Yield effect depends
primarily on bond strength is shown by the curves in Figure 5.6 where
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higher forces are needed to break the stronger bonds of the older SMC.
The effect is strain rate dependent, as indicated by the curves in
Figure 5.8. Another effect associated with lower flow resistance,
perhaps towards the end of this flow stage, would be fibres beginning
to align with fiow direction. Bond strength probably aiso contributes
to the layer dependent stiffness behaviour in Figure 5.7. The lack of
prepolymer bonds between the layers of multilayer discs makes flow
easier and hence give these discs lower stiffnesses than for the single
layer material. However a reduced stiffness would also be expected due
to the series connection of individua] layer-stiffnesses. '

During the fibre interaction stage of flow after point 3, com-
pressive stiffness increases rapidly due to fibre bundies coming into
contact with each other. The disc thickness at point 4 in Figure 5.8
corresponds to a 60% reduction of initial thickness.

It is likely therefore that the parameters u, K and f have different
values for each of the four stages of flow, and that general equations
of the form shown by equations 5.1 to 5.3 (see Figure 5.20), should be
derived for each stage of flow behaviour. It is also important to
notice that due to the non—homogeneify of SMC, when composed of two or
moré layers, the parameters obtained by curve fitting were different
for every case (e.g. 1, 2 and 3 layers). The main difficulties of
obtaining general equations like those shown by equations 5.1 to 5.3
which describe the parameters p, K and f for all the squeezing condi-
tions, arise because of the stage behaviour (see Figure 5.8) as well
as the non-uniform layer behaviour - i.e. 3 layers of SMC behave
differently to 1 layer of the equal thickness. The discrepancies
which can arise by using equations 5.1 to 5.3 to calculate compression
force compared with the experimental and fitted forces are shown in
Appendix 10.

5.3.2 Tests at 1600C

No modeiling of this high temperature behaviour was attempted.
The aim is to show empirically the interrelation of the time variation
of plate closure speed, temperature and compression force with SMC
gel and cure times.

Compression of the SMC discs for these tests started immediately
after the SMC discs had been placed on the lower plate of the plasto-

R .
el T i o T
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meter. Figures 5.12 to 5.14 show the force vs time variation for 1,
2 and 3 layers of SMC. The general shape of the curves follows that
given by Okuto (02). The small peaks at the start of each curve
result from compression while the SMC is at 200C, before heating has
taken effect. The initial effect of heating is to decrease the visco-
sity of the material immediately adjacent to the hot plates. This is
shown by the fall in force before the steep rise associated with com-
pression. The final plateau region of all the cufves occurs when
plate closure is stopped (at 70% of initial thickness for all tests).
The associated drop in force is due to material relaxation.

Greater compressive forces will be needed to compress to a given
thickness if the gel time occurs during compression. The gel time
for this SMC material is about 25 seconds (see Figure 5.15). For
example, a high force is needed to achieve a 30% thickness reduction
for the 0.1 cm/min test in Figure 5.12. If the compression speed 1is
increased, the 30% thickness reduction occurs before the gel time and
hence the overall force level is less. However the compressive force
does not continue to decrease with increase in closure speed, e.g. see
1.0 cm/min curve in Figure 5.12. Figures 5.13 and 5.14 also show this
behaviour

The explanation for this behaviour 1lies in the variation of visco-
sity through the SMC thickness due to heating. Heat transfer from the
plastometer plates forms layers of low viscosity SMC next to the plates
and these layers can accommodate the majority of flow (and hence thick-
ness reduction) if the heat transfer rate and compression speed are
so matched. The compression force will be low if the gel time is not
exceeded, and discs flow with deeply concave edges due to the outer
layers flowing more easily than the centre ones (see Figures 5.17 and
5.18). If the heat transfer rate is not rapid enough, not only will
the low viscosity layers flow but also the higher viscosity layers (i.e.
colder material in the middle) will undergo more deformation, thus
requiring higher compression forces. Then disc edges advance with a
jagged but fairly uniform shape during flow.

The different temperatures at the middle and surface of the SMC
discs (see Figure 5.19) during compression are evidence for the thick-
ness variation of viscosity. Figure 5.15 shows how tangents drawn to
curves give gel times. The internal layers have slightly longer gel

times than the surface ones, but the temperature becomes uniform through
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the SMC sample towards the end of the cure time. Okuto's technique
(02) of sandwiching thermocouples between cellophane sheets enables
thermocoupies to be reused, but it has been found in this work that
the temperature measurements were in error compared with those
measured by thermocouples placed directly in the SMC material.

Gel and cure times decrease with increasing closure speed (see
Figures 5.15 and 5.16) for a given SMC thickness because the disc to
plate contact area increases more quickly at the higher speeds. Con-
sequently there is a higher heat transfer rate into the SMC.

Finally, the interrelation bétween the time variation of com-
pression force, SMC temperature and plate closure displacement is
shown in Figure 5.21 for the compression of 2 layers of SMC at 2 cm/
min. The temperature vs time curve shows the gel and cure times.
For correct moulding, the end of compression (for 30% thickness
reduction) must be reached before the gel'time. The force-time
graph gives the approximate magnitude of the required compression
force for the particular speed of closure, temperature and material
used. (Note that for this test, plate closure stopped at the end of
compression and the consequent drop in force is due to relaxation of
the SMC).
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CHAPTER 6
THEQRY FOR TWO DIMENSIONAL COMPRESSION-MOULD FLOW

6.1 Introduction

One of the engineering ﬁeeds associated with designing components
from sheet moulding compound (SMC) is to understand more completely
the flow behaviour during compression moulding. Initial considerations
before moulding, such as geometry, size and positioning of the charge
relative to the mould cavity shape; are important in determining the
formation of weld-Tines and the reorientation of fibres within the SMC
matrix during flow. Therefore it would be very useful to be able to
model SMC flow, so that these effects might be predicted and the struc-
tural properties of SMC products improved.

In Chapter 3 it was pointed out that apart from the work of Marker
and Ford (M2) and Thompson (T8), there is little work in this area;
no unified approach to modelling SMC flow exists. Certainly the problem
is complex. To be useful in an engineering sense, a flow model must
realistically describe the effects of moulding-process variables on
the SMC material, e.g. pressure, temperature, mould closure cycle etc.
The equation of state must take into account the effects of SMC com-
position and the extent to which the rheological behaviour of SMC is
modified during flow.

Thus a rigorous approach to providing a theoretical basis for
SMC flow is compliex. By contrast, the approach taken here is mathe-
matically more straightforward. The model for flow developed in this
chapter, assumes that SMC flow behaviour is essentially Newtonian, and
that the fibre reorientation effects are small. It analyses the case
of compression flow for flat parts of uniform thickness, without bosses,
ribs or 1ips. Even though bosses, ribs and lips are formed during com-
pression fiow, the way in which the SMC flows into these features is
different to the way in which SMC flows for flat parts.

A main reason for assuming Newtonian flow was to make the mathe-
matical analysis sufficiently manageable so that the feasibility of
flow modelling could be examined. The actual nature of SMC flow is
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viscoelastic and it has not been disregarded by the work in this
thesis (see Chapters 4 and 5). At the moment however, the state-of-
the-knowledge is that the exact contributions of the viscous and
elastic elements during mould flow are not yet fully understood.

6.2 Flow Theory for Compression Moulding

The analysis begin's. by using the momentum and the continu{ty
equations, for the Cartesian coordinate system shown in Figure 6.1,
where the origin of the axes lies™in the surface of a rigidly fixed
lower platen. These equations may be written using tensor notation
(B2, L2):

Dv . T.:
p—ml=pf1-+%—,-(% (6.1)

[we)
o
(=B
-

where: velocity

time

1

density
body forces

In

1
3

H

v
t
Y
f
Tji stress tensor
x. = distance

ﬂgﬂnk = directions x, y, z

xx? Uyy, 0, and Tij = Txy, etc. then equations

Defining Tii =g
6.1, 6.2 may be written in Cartesian axis form for the velocities

U, V, W in the x, y, z directions.
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DY XX Y X 1ZX (6.3)
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3o ot T

OV _ » Yy Xy zy
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30 oT T
DWW _ 2z XZ yz - :
PR TPt T Yy (6.5)
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and:

Dp ol oV W _ A
AL T 3y +p 37 ° 0 (6.6)

6.3 Assumptions

To apply equations 6.3 - 6.6 to the analysis of compression flow
of SMC, we have made the following assumptions:

The material is homogeneous...

The material is uniform

The material is planar-isotropic in the X-Y plane
The material is incompressible

There are no body forces acting on the material

[+ 2T S 2 B TN U BN o B

The material has constant viscosity during moulding and the flow
is Newtonian, i.e. n is nearly unity in the power law equation.
The constant viscosity assumption is justified if the moulding
temperature remains constant during mould closure.

7. The surface of the lower plate remains rigidly fixed. The
origin of the axes lies in the surface of the lower plate and
only the upper plate moves.

8. The area covered by the material before moulding (AI) must be

between the following limits to prevent significant fibre re-

orientation during flow:

65% AF < AI < 100% AF (6.7)
where: AI is the area covered by the charge
A- is the area of the cavity mould.

F
Therefore the limits for the thickness of the charge are

1.42h. > hy > hl(where hy is the final thickness and h; is the
initial one). The limitations of the plate separation can be
ignored if hI<<ry where r is the charge shape radius. Diens
(D6) found that if hI < 0.1r the effect of pliate separation can
be disregarded, which is the case for SMC mouldings.

Also, it should be mentioned here that there is a compromise
for the selection of percentage or-area covered by the SMC
charge. This compromise is between the amount of fibre orienta-

tion occurring during flow and the quality of surface finish
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required. The work of this thesis is more concerned to avoid
fibre reorientation during flow.

The speed of moulding is constant and very small (10 mm/sec)
compared with other manufacturing-processes for plastics.

There has to be a compromise between the segregation of the SMC
matrix and the cycle time. Fast cycle times cause segregation
of the SMC matrix . Since the speed of the upper plate of the
mould is small, and the distance that the upper plate has to
pass through is very small, the acceleration of the upper plate
can be disregarded.

The Reynolds number (r) is very small. Therefore the inertia
terms of the momentum equation may be disregarded.

Knowing that ® = p L U/ : (6.8)
where: p = density
u = viscosity
L = a parameter which characterises flow length
U = radial speed

A typical value for SMC density is 1.8g/cm? (03) and viscosity

~(without fibres) is 15 - 70 mm cps (03). Even for large values

of L, Rwill be always small. This inertia terms may be ignored.

It is assumed that as soon as the SMC touches the mould surface

a thin layer with zero speed will be formed (zero wall-slip)

and that the flow front will be convex (see boundary conditions
equation 6.23). However it should be pointed out that during
moulding the flow front tends to have a concave form because

the speed of the material near the plates is high and the speed.
of the mid-thickness is aimost zero (depending on the compression
speed). However the zero wall-slip and convex flow front assump-
tions were made to reduce the complexity of the mathematical
model.

The material flows in layers as Marker and Ford have demonstrated
(M2), and as we have shown in Chapter 5. Thus:

ot

aT
Xz _ ¥z _
% - By 0 (6.9)
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6.4 Theoretical Analysis

From all these assumptions eguations 6.3 - 6.6 become:

Boxx . aryx . asz - (6
ax 3y ?z
R AR L .
= g
~%¥ + %% + %% =0 (6

From assumption 6, the stress for Newtonian fiow may be expressed
in tensor notation as (B2):

Tij = -p 5ij + 2 ”(eij - (1/3) A 6ij) (6.
avi avj
; J 3
oV .
.
A - aX_i (6'

.10)

A1)

12)

.13)

14)

15)

16)

Using equation 6.14 the normal and shear stresses may be defined as:

4 Iv.

-
|

A R T

T..=10 o g
ii XX’ Tyy’ “zz

! , (6.17)
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av,i avj
T1J = Txy: .

Expressing equations 6.10 -.6.71 in tensor notation and substituting
into 6.17 - 6.18

3%v, 9%v, a%y.
9D - (4/3) ! 1 J
= - + u( + ) {6.19)
o, axiz Loax,? 9%y axj
J
From the continuity equation sinceip is constant:
avi
;
Equation 6.19 becomes
2B -y vry, - (6.21)

axi

This equation is called the equation of creeping viscous flow. In
order to solve eguation 6.21, it will be expressed in Cartesian form.
In the x direction the equation is:

2 2 2
By Y202, (6.22)
ax?  ay* az?

To integrateir equation 6.22, let +3p/3x = G and use the following

boundary conditions:

atz=0U=0
(6.23)

at z = h/2 dU/ez = 0
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Note that h is the thickness at the instant of mould closure
and is time independent. Assuming that the two first terms at the
right hand side of equation 6.22 are small compared with the last
one, equation 6.22 becomes

U=~ G (hz - z%)/2u (6.24)
Integrating U along the thickness (from 0 to h)
T=-6h%/12u ; (6.25)

where U is the average velocity in the x direction.

Evaluating the maximum speed (at z = h/2)

- . 2
Uay = - G h2 /4y (6.26)
- - [ 2 -
G=-4U_  u/h (6.27)
U = 37 (6.28)

max

Integrating equation 6.22 from 0 to h (since h is constant it
is independent of x and y).

h

3 h h
ﬁd”pdz

2 2
3 Judz+® [udz+ [%%f‘) (6.29)
ax? 0 ay? 0 0

1)

u(
Knowing that p = Poeh = Pyope equation 6.29 can be expressed as:

2 2 h
= (B) = u(E= (WD) + & (D)) + 55 (6.30)
0

ox ox? Ay

Then:
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§E=U(BZU+ azU) _ 12wl (6.31)
X ax2  ay? h?
= 2 2
§E=U(BV+BV) _]E:ZV (6.32)

ay 3)(2 ayz

Integrating the continuity equation 6.20 in z, and using average

values:
ol | oV oW _
x "oy Tz 0 (6.33)
h h
oM oU |, 8V
- f s—z—dz= I(?)Y’Lé_y) dz (6.34)
Knowing that W= 0 at z = 0, W =-wh at z = h and that wh = constant.
(6.35)

<1
+

[+3; N eb)
<1

W
-
Combining equations 6.31, 6.32, 6.35 after first differentiating
equations 6.31, 6.32 with respect to x and y respectively

2= T 3

3%, AU, 2T )_ﬁ%g (6.36)
ax? ax3  ax ay? h?

3%p 3y 3%, 12p &V

Ix% oy ay?
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3%F 32 U . oV 2 U 12
. 23 R P LA L R A
3% 2 ayz 3% 2 a3y 8y2 h 2 3y

(6.38)

Equation 6.38 is the govern%ng equation for the pressure distribution
over the mould cavity. It has the form of Poisson's equation:

25 2
8°p L 9°p . 12uW, /h? (6.39)
ax?  ay?
V2P = -12u W /b (6.40)

6.5 Boundary Conditions

The approach for solving equation 6.39 has been to assume a
free surface boundary condition up to the instant before completion
of mould closure, i.e. the SMC flow meets all edges of the mould
simultaneously. We have taken the boundary preSQUre value as atmos-
pheric, with pressure acting normal to the SMC free surface. There
are no other boundary forces.

This approach neglects the effects on boundary conditions of
material viscosity and friction of the flow front. (See example in
Chapter 7).
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CHAPTER 7

THE PREBICTION OF CHARGE SHAPES FOR
TWO-DIMENSIONAL PRODUCTS

7.1 Introduction

The idea of using an equation which governs'compression mould
flow to predict charge shapes for moulding flaw free SMC products
was originally suggested by Thomas (T7). The work of Chapter 6 of
this thesis shows that this gover;ing equation for mould flow des-
cribes the mould pressure distribution at the instant of mould closure.
The equation applies to the compression moulding of flat parts of uni-
form thickness. The step by step procedure suggested here shows how
this equation may be used to calculate a charge shape for a given mould
geometry. The fundamental hypothesis is that the resulting mould flow
from the charge occurs without the formation of weld-lines, and with-
out significant fibre reorientation if the charge area is not less
than approximately 70% of the mould cavity area.

7.2 General Approach

The method of calculating the charge shape is to evaluate the
pressure distribution over the mould-cavity area at the instant of
mould closure by solving equation 6.39 over this area. Then knowing
the pressure contours and the velocity distribution, the stream-lines
can be drawn. The flow is "reversed" along the stream-lines, taking
into account the pressure gradient, to obtain the position of the flow
front during the SMC flow.

Figures 7.1 and 7.2 show schematically the steps which would be
followed for a finite difference solution of the equations, to deter-
mine the ¢harge shape for moulding a square plate. These steps are
outlined below for a hand calculation to show the general approach.
Computer solutions can be used, and because the sclution of the set
of finite difference equations is likely to be straightforward a
matrix inversion approach to their solution can be used rather than an
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iterative one {see Section 7.4). The following eight steps outline
the approach for a hand solution by iteration: )

1. Form a square mesh pattern over the component. If the component
has one or more axes of symmetry, then only the part of the com-
ponent lying between axes need to be covered by a mesh. If the
component does not have axes of symmetry, then it has to be
covered completely. '

2. Number the rows and letter the columns.

3. Assume a pressure of 1 bar at the boundary. This constitutes
the boundary condition.

4. Solve the finite difference form of Poisson's eguation by itera-
tion (S4)

V3P = 124, /h? (7.1)

In finite difference form equation 7.1 at node n of the mesh
shown in Figure 7.2 becomes:

p] + Ps + p3 + Py - 4 po = (-12uwh/h3) h* (7.2)

whete: Py is the pressure of the node n
Py1s Po» P3s Py 8FE the pressures on the four surrounding
nodes '
h s the distance between nodes

Move through the mesh points in order, row by row (or column by
column) starting from the centre. Iterate until the difference
between pressures at a node on successive iterations is not
greater than 0.5,

5. Plot the pressure variation for each column (as a percentage of
pressure at the centre) and interpolate from this graph to obtain
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the pressure contours on the component, e.g. 80%, 60%, 40% etc.

Draw the stream-lines perpendicular to the pressure contours.
Calculate the pressure gradient at selected points (about 3)
along every stream~line and use the form of equation 6.25 to
determine the velocity at each point. For the x and y direc-
tions this equation gives:

T = (h2/124) -g-;P_- s (7.3)
V = (h?/12u) g_g | (7.4)

Combining equations 7.3 and 7.4 the resultant velocity at each
point. Check that the stream-lines do follow the directions of
the resultant velocities. Stream-lines need only to be drawn over
the part of the component which is of interest. It is not neces-
sary to draw them to the centre since the work here uses a minimum
charge area of 70%.

Calculate a fiow front positipn for each stream-1ine using the
following procedure. The form of equation 6.25 shows that the
resultant velocity at a point on a stream-Tine may be written:

-
T, o EE (7.5)

R

Thus along two stream-lines a and B, the resultant velocities
may be expressed (without the 'R' subscripts):

U a3l (7.6)
Ty G0, (7.7)
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Take the stream-line a as the reference, and define a factor

KaB as:

kog = Ua/T, (7.8)

Hence, since at an instant of time the constants of proportionality
(see equations 7.3 and 7.4) have the same value along each stream-
line:

(7.9)

Let da be a small distance between points O and 1 on the stream-
line a, where point 0 is at the edge of the mould cavity and point

1 is inside the cavity. If Aﬁ& is the pressure difference between
these points, (aﬁ?as)a may be approximated to Aﬁ&/da. By "reversing
the flow", the flow front will move back to point 1 from point 0;
there will be correspondingly small movements along other stream-
lines. As the first step in calculating thesemovements it is
necessary to estimate the associated values of 3p/9s. For example
for the stream-line B ap/9ds may be approximated by Ap /d where

d, is.a small distance along the stream-line from the mould

B
cavity edge.

Hence a value for KaB may be calculated by using equation 7.9

in the form:

Ko = D)o/ (8P (7.10)

Thus the actual value of dB’ which gives the flow front position

on stream-line 8, is given by:

d =x.d (7.11)
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Repeat this procedure for the other stream-lines, keeping da

as the reference distance. Draw the locus through the calculated
points to obtain the flow front position. When the flow front
position has been determined, the pressure fieid must be corrected
for subsequent calculations by assuming that the new flow front
now has the pressure boundary conditions of 1 bar.

8. Repeat the procedure from steps 4 to 7 until 70% of the mould
surface is covered by the SMC. When this is so the last fiow
front defines the charge shape which will give moulded products
without weld-lines. In the case of hand calculations, it will be
difficult to evaluate the pressure field for a new flow front
because the mesh is a pattern of squares, whereas the flow front
will usually be curved. Then the procedure is to repeat step 7
but with a difference d_, until 70% coverage is obtained. (In
the cases analysed in this work the calculations have always
been based on the first pressure distribution, i.e. the pressure
gradients referred to the product edge).

Note: This method may be used to predict the shape of charges
less than 70% mould cavity coverage: In such cases significant -
fibre reorientation may occur because of increased flow. This
will causelvariations in mechanical properties throughout the
moulded item, but weld-lines should still not form. For the
calculations of less than 70% area it is recommended to evaluate
the pressure distribution for every new flow front.

7.3 Computer Solution

#_computer program was written to ease the calculation of the

]
ch?rge shape geometry. The program is outlined in this section, but
a more complete description of the program is given in Appendix 4.

7.3.1 Structure of the Program

The computer program is divided into four sections:

1. Calculation of pressure contours
2. Calculation of $tream-lines
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3. Calculation of flow-front position
4. Calculation of the area covered by the new flow front.

The computer program requires input data at the beginning of every
section, It prints the results at the end of every section. The

reason for this program structure is that it was more straightforward

in this project to carry out by hand the interpretation and refinement
associated with data interpolation before passing into the next stage

. of calculation. The additional work which would have been needed to
computerise compietely the calculation procedure could not be justified
in the context of the work for this thesis. Thus the practical approach
of using the computer as an aid to calculation has been followed.

7.3.2 General Description of the Method

The program follows the method outlined in section 7.2. The
general step by step procedure for using the computer program is shown
in Figure 7.3 for the example of calculating the charge shape of a.

square plate. This is given as a numerical example in the next section,
' but the general procedure is as follows:

1. Use steps 1 and 2 from section 7.2. These steps are carried out
by hand. Supply the node characteristics, the boundary conditions
and the moulding conditions as specified in Appendix 4. The com-
puter will generate the finite difference equations of the Poisson's
equation 7.1 for every node and solve this set of equations by
matrix inversion {W3). Then the pressure contours will be evalua-
ted by interpolation. The computer will print the pressure dis-
tribution at each node and plot the pressure contours. The contours
surround the centre of pressure.

2. By hand draw the stream-l1ines perpendicular to the pressure contours
and select a number of points (about 3), on every stream-line. By
hand calculate the pressure gradient from the results of step 1 for
the x and y directions for every point. Supply these data to the
computer. The computer will evaluate the resultant flow speed with
its direction at every node.
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3. By hand, piot the directions of velocity vectors from step 2,
and check that the stream-lines foliow the velocity vectors.
Supply to the computer the distances du], dBI and so on (see
step 7, section 7.2), and the pressure differences AE&1, 5531,
and so on (see step 7, section 7.2). The computer will calculate
the point on each stream-Tine of the new flow front using equa-
tions 7.10 and 7.11.

4. By hand plot the new flow front. Position the points calculated
in step 3 on their corresponding stream-lines and joint the points
to obtain the flow front 1ing. Locate the origin for a set of
x-y axes at the centre of pressure of the charge shape (the cen-
tre of pressure was given from step 1) and supply to the computer
the y-coordinates of points on the new flow front for constant
intervals Ax. The computer will evaluate the area covered by the
new flow front and the percentage of area covered related to the
mould cavity area.

There are four calculation routines to choose depending on the
number of axes of .symmetry (from four axes to unsymmetrical shapes,
see Appendix 4).

5. It will be necessary to repeats steps 3 and 4 if the percentage
area does not correspond to that required. Increase or reduce
the distances da, d
in Apa, ApB, etc.

3 and so on, taking into account the variation

As a general comment, it is appropriate to mention here that the
difficulties associated with using the finite-difference method with
curvilinear shapes have not been overlooked by this work. For such
cases it may be more convenient to use finite-element methods (M10,
V1), aithough no attempt was made to use finite-element methods for
this work.

However, the computer program has been written to deal with
unsymmetrical articles, for which the regular form (star) of the
finite-difference method becomes irregular at the boundary (S4) as
shown in Figure 7.4.
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7.4 Numerical Example

In this section the calculation procedure outlined in Figure 7.3
is applied to determine the charge shape for a square plate.

7.4.17 The Problem

Determine the charge shape for the square plate shown in Figure
7.5. The plate is to be made from a low profiie sheet moulding com-
pound (LP-SMC) which has a viscosity of 0.03 N-sec/mm® (30 x 10° cps)
and is to be moulded at a speed of 0.83 mm/sec. The plate thickness
is 3.0 mm. The percentage of the cavity area covered by the SMC charge
should be 70%.

7.4.2 Calculation Procedire

As the square has 4 axes of symmetry, only the shaded area in
Figure 7.5 needs bé considered. Make a 10 x 10 mesh over one quartér
of the plate and rumber all nodes except those on the boundary (see
Figure 7.6). Take the value @f the pressure at boundary as 100 KN/m?
(1 bar). Table 7.1 shows the node characteristic {as specified_ in
Appendix 4) for each node of Figure 7.6. '

The x and y coordinates of every node at which the pressure
value needs to be calculated must be supplied as input data. The
computer will print the pressure values and plot the préssure contours
(see Figure 7.7).

Use the pressure contours to determine the pressure gradient in
the x and y directions for some points along the stream-lines (see
section 7.2 step 6). Supply the pressure gradients (see Table 7.2)
as input to the second section of the computer program.

The computer program evaluates and prints the resultant speed
and direction at every node supplied. Figure 7.8 shows the resultant
speeds with their directions (plotted by hand).

The next step is to select the reference stream-line (a). For
this example, select the stream-line which coincides with row 10 and.
supply the distances d, (including the reference da and initial esti-
mates of dB’ dY , etc), and the associated pressure differences of
each stream-line. These data are shown in Table 7.3 for the stream-
lines of Figure 7.8.
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TABLE 7.1
Node Number 1 3 4 6 7 8
Characteristic| 0. 0 0. 0. 0. 0.

ol vtz 13014 115116 17 ] 18
0.1 oO. 0 0. 0 0. © 9, 3.
19 { 20 | 21 22 | 23 { 268 | 25 | 26 |27
0 0. 0.| %o0. 0. 0. 9.1 1.1 3.
28 | 29 | 30 | 31 32 | 33 | 34 | 35 |36
0. 0. 0. 0. 0. 9.1 1.1 11. | 3.
37 1 38 | 39 | 40 | 41 | 42 | 43 | 44 {45
0. 0. 0. 0. .1 11.| 11.{ 11.1 3.
46 | 47 | 48 | 49 | 50 | 51 52 | 53 |54
0. 0. 0. 9. .| M. f | 1Ly o3,
55 | 56 57 | 58 | 59 | 60 | 61 62 |63
0. 0. 70 R O T A 1 R A I O O s T I
64 | 65 | 66 | 67 | 68 | 69 | 70 | 71 |72
0. 9. { 11.0 1.4 .| o v 1.3,
73 | 74 | 75 | 76 | 77 | 78 | 79 | 80 |81
13. 1. 1. 1. 1.] 1. 1. 1. 4.
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Fig?.7 PRESSURE CONTOURS IN PERCENTAGE
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Streamline

op/ax (%/mm)

ap/ay (%/mm)

.05
.05
.08
.08
.15
.21
.y
A7
.26
2

.43

o o o o ©O o o o o o o o

.52

2.0

1.53
1.25
1.66
1.42
1.25
1.66
1.33
1.05
1.25
0.95
0.83
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Fig.7.8  STREAM-LINES AND PRESSURE
CONTOURS
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Stream-1ine dl{(mm) BP[(%)y
(Refegence) e5 43

R 26 43

¥ 28 43

é 32 43

£ 40 " 43

z 60 43

The computer will revise the estimates dB’ d etc to their correct
values for a flow front which passes through the point defined by da'

Figure 7.9 shows the flow front.

The next step is to measure the distance from the x-axis to the
flow front at intervals ax of 11.15 mm (the value selected for this
case) to supply the-data for the last section of the program. Table
' The selection of the width Ax depends on the

7.4 shows these data.

degree of variation in the flow front shape.

TABLE 7.4

Interval
No

y Distancel{mm)

— O W W NN B W) -

ol ad

96,
97,
99,

100.

101.

103.

105.

106.

109.

1n2.

114.

50
50
00
75
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The area obtained for the complete charge is 5166 mm? which corresponds
to 70% of the mould cavity area. Generally the desired value of area
is not obtained from the first calculation. The distances d and the
pressure differences Ap have to be either increased or reduced res-
pectively, according to whether the charge area needs to be reduced

or increased, and the new position of the flow front formed. It is
usually possible to obtain the required area to within £ 2% from two

or three calculations.
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CHAPTER 8

DESIGN OF COMPRESSION-MOULD AND
ASSOCIATED INSTRUMENTATION

8.1 Introduction

A semi-positive compression mould, together with associated
instrumentation and control equipment, was designed and manufactured
as part of the experimental programme to test the charge shape calcu-
lation method. The mould was equipped with pressure transducers to
measure the mould cavity pressure distribution, since the governing
equation for flow is in terms of the pressure distribution (see Chap-
ter 6). The moulded plates were also X-rayed to give further informa-
tion on flow.

The mould instrumentation provided data which enabled comparisons
" to be made with previous moulding-process investigations (M2, T8).
These checks on the moulding-process conditions for the work in this
thesis ensured that realistic compression moulding conditions were
maintained during the experiments even though a compression moulding
press was not used. Compression moulding was carried out using the
compression crosshead of a 500 kN capacity Denison hydraulic materials-
testing machine.

The variables which were measured (in addition to mould cavity
pressures) were mould cavity temperature, platen parallelism during
closure, and closure speed. These data were collected on-line using
a Digital Equipment PDP-11/05 16 bit length computer. Figure 8.1 shows

a general arrangement of the mould and the instrumentation. ©

The following sections give specific details of the mouid design
and instrumentation:

8.2 Mould design consideration

8.3 Mould instrumentation and control equipment

8.4 Calibration procedure before moulding

8.2 Mould Design Considerations

Figures 8.2 and 8.3 show the mould in the closed and fully open
positions with the electronic control box next to it. A drawing of



General view of mould and instrumentation



the mould clos
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the mould is in Appendix 9 together with the set of plans required
for its manufacture.

Mould selection was based on the type of moulds commonly used
in industry. Therefore a semi-positive mould was selected with a
shear-edge with 59 slope and a fit between the punch and cavity of
gbH7. This fit must be maintained. If excessive clearance develops
between the punch and cavity side, flash will result during moulding
and preferential orientation of the fibre glass will be induced in
the material near the shear edges.

The mould was designed to mafe four different plate shapes.
These shapes were based on considerations of symmetry and positions
of centre of area (see Figures 8.4 to 8.7). The relationship between
symietry and shape are:

square 4 axes of symmetry
rectangle 2 axes of symmetry
triangle and .

square 1 axis of symmetry

trapezoid unsymmetrical

This versatility of being able to manufacture differently shaped
plates with one mould was achieved by using mould inserts, so that the
cavity shape could be altered by adding or taking out inserts. The
punch was made from steel plates screwed to a top plate so that its
shape could be altered correspondingly.

The cavity was made from two plates (one plate for the cavity walls
and the other for the base of the cavity) plus the inserts. Figures
8.8 to 8.11 show the arrangements of inserts to make the four different
mould cavity shapes. There are four matching punch shapes.

Although it is possible with this tool to mould four differently-
shaped plates, the manufacture problem was that all the inserts had
to fit perfectly into the cavity to avoid flash during moulding and
fibre orientation near shear edges. The necessary closeness of fit
was achieved by machining the inserts approximately to their dimensions
(about 1 mm oversize) and then grinding them to the required cavity
shape. When the cavity was finished the punch was fitted to the cavity.
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Fig. 8 8 INSERTS FOR SQUARE CAVITY
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Fig.8.9 INSERTS FOR RECTANGULAR CAVITY
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Fig. 611 - INSERTS FOR TRAPEZOIDAL CAVITY
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Such fitting was also checked at 1600C. The steel used on the cavity
was the same as for the punches (21 Mn'Cr 5), to avoid problems of
different expansion coefficients.

Other manufacturing considerations were associated with the
fact that the mould was not going to be used in a compression-moulding
press for moulding the SMC plates; thus attention had to be given to
the following points.

Firstiy to guide the punch and also to ensure parallelism of
the punch with the base of the mould cavity during closure, the guide
pillars had to be thicker than for the usual moulds and had to pass
through the top plate to ensure guidance when the mould was fully
open. Thus the top plate was in contact with the guide pillars during
the whole cycle. (This is not the case when a mould is designed for
a compression moulding machine).

Also the mould ejection system had to be activated manually.
Therefore a simple taper-wedge and ejector-pin was ihcorporated into
the mould design.

~'The mould was equipped with its own electric heaters. The size
of the heaters for moulding was determined by calculating the amount
of heat required to heat the mould from 20°C to 1600C din 30 minutes.
This calculation took into account the amount of heat lost by convec-
tion and radiation, the heat required by the SMC for curing {for a
moulding cycie of 120 seconds) and the heat generated during the exo-
thermic reaction. The calculation was carried out following the work
of Herman (H3). Syndanyo plates on the top and the bottom of the
mould were used to insulate the mould from the Denison testing machine.

Since the-Denison testing machine could only be used in compression
the mould was fitted with four 16 mm diameter screws to open the mould
after curing. The opening procedure was to 1ift the punch 4 mm with
the screws and then use a small hydraulic crane to contihue the opening
of the mould. The 1ﬁght weight of the top plate helped this procedure.

The mould is equipped with itwo l1ifting rings for tranéport pur-
poses, and also to help with opening the cavity. It also has two safety
bars which should be screwed together, fixing the top part to the lower
one, every time that the mould is required to be moved.
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Because of the lightness of the mould design, it would be
advisable for future work using a compression moulding press to screw
one plate (396 x 396 x 12 mm) to both the top and bottom of the mould.
Also, attaching the electric heaters to this top plate would make it
easier to remove the pressure transducers and mould cavity inserts.

Finally, the mould cavity surface has not been chromed because
of reasons of time and cost. However, this is not a limitation when
comparing the moulding work of this project with that under the moul-
ding conditions in industry. This work was not aiming to mould plates
with high quality surface finishes: the surface finish of the mould
affects flow only slightly (M3). 1In this case the mould cavity sur-
face was polished as much as possible in order to avoid possible
surface friction forces. The surface finish used was a mean rough
surface of 10u.

The mould has been equippedwith stops, but the actual moulding
-was done off the stops by placing slightly more material in the cavity
than that needed to completely fill it.

8.3 Mould Instrumentation and Control Equipment

The mould is heated electrically by two sets of heaters, one set
in the top platen and the other in the bottom platen. Approximately
1.1 kW of heat per platen is provided, with temperature control at
1600C + 1.25 deg C.

The control box (see Figure 8.2) contains the four heat controllers
{Eurotherm model 101-003-03-020-19-2]-00), two for each platen. For
the bottom platen, one of them controls the heat for the external part
of the cavity and the other is for the centre of the cavity. Figure
8.12 shows the'1ayout of the heat supply. The control box also contains
the amplifiers for the mould-cavity pressure transducers and the ampli-
fier voltage supplies (3 suppiies of 30 volts each).

Together with associated amplifiers, the mould instrumentation
consists of 6 piezo-electric pressure transducers {Kistler type 6153),
3 displacement transducers (R.D.C. Electronics DC-LVDT-D5/1000C),

8 Cr-Al thermocouples per platen for controlling the heaters, and 5
Cr-Al thermocouples for measuring the temperature near the cavity.
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Figures 8.13 and 8.14 show the positions for the square and trapezoid
plates of the pressure and displacement transducers, and the thermo-
couples for measuring the temperature near the cavity. Similar
arrangements apply for the rectangle and the square plus triangle
plates.

The mould has 34 holes for changing the positions of the 6
pressure transducers in the mould cavity. The holes are filled with
pins when they are not used for the pressure transducers. This solu-
tion has been taken, due to the high price of every pressure trans-
ducer (about £250.00 each in August 1978).

During moulding, the pressure, temperature, displacement and
mould compression-force data were collected on-line using a PDP-
11/05 computer. There were 15 channels of input data. The mould
compression-force was measured on-line from the Denison testing
machine load scale indicator. The voltage range for the displacement
‘and pressure transducers were 1V/1 cm and 0.21 V/bar respectively.
The thermocouple volitage range was from 0.76 mV to 6.54 mV for a
temperature range from 0°C to 160°C.

8.4 (aliibration Procedure, Before Moulding

The experimental work of this project was carried out for one
set of moulding-process conditions (see Chapter 9). Thus to obtain
repeatability of these moulding conditions from one test series to
another, it was important that the correct sequence of steps for the
experimental work was followed in each case. Part of that sequence
involves checking the calibration of the instrumentation by folilowing
manufacturers' instructions, as well as ensuring that the moulding
process conditions (for example, moulding temperature, force and
closure speed) remained unaitered.

Checks on moulding temperature, force and closure speed for each
mould closure were made from the data collected on-line during the
tests (see section 9.2). To ensure that the mould and instrumentation
were correctly set-up for each test series, the following setting-up
procedure was followed: '
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Place the mould in position

Unscrew the safety bars to.allow the punch to be lifted
With the mouid closed, check the zero level of the mould
with a spirit level

Take the mobile hydraulic crane and attach the Tifting
rings of the mould to the hook using a rope sling. Open
the mould and check the zero level of the cavity.

Check the linearity and calibration of the displiacement
transducers alone by using steel slip-gauges and plotting
output voltage against displacement. Allow at ieast 30
minutes for the LVDT transducers to warm up

Fasten the displacement transducers to the mould and
connect them to their respective amplifiers.. Connect
the amplifiers to the mains supply and switch on

Zero the LVDT transducers with the mould closed. The top
plate should be in contact with the moulding stops.
Check the displacement of the mould as measured by the
transducers, using steel slip gauges.

Connect the pressure transducer terminals from the mould
to the ampTifiers in the control box ,
Before connecting the control box to the mains supply,
check that all the switches on the box are in the off-

- position, especially for the pressure transducer amplifiers.

THESE AMPLIFIERS COULD BE DAMAGED if thé switches are on.
Now connect the main supply to the control-box.

Switch on the amplifiers of the pressure transducers,
Leave the pressure transducers and amplifiers for at least
30 minutes to warm up and stabilize.

Open the mould and check that all the pressure transducers
are working properly by pressing each one and observing
the voltage variation.

Close the mould, select the 160°C moulding temperature

and switch on the heaters. Leave the mould for a minimum
of 30 minutes to reach the required moulding temperature
Check the temperature readings of the five thermocouples
that are located in the punch, using an electronic thermo-
meter.

Open the mould and check the temperature on the cavity and
punch surfaces with an electronic-thermometer. Close the
mould again. .
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Connect the Denison ram-force plug, the {six” pressure
transducers, the five thermocouples and the three LVDT
transducers to the computer scanner terminal. Connect
also the remote control switch to the scanner terminal.
This remote control will send the signal to the computer
to start the scanning

Load the computer program which controls the on-line
collection of the moulding data (a suitable computer
program is shown in Appendix 7, with full explanation
for its use). Run theé program setting the scanning time
to about 10 seconds.

Press the remote control and check that the readings of
the scanner printed by the teletype correspond with those
set during calibration, for example:

Equipment : Readings

3 LVDT Transducers = 0.0

& Pressure Transducers = 0.0

5 Thermocoupies 6.5 mV = 160°C
Ram force = 0.0

If the readings correspond with the calibration settings
then the equipment and the mould are ready for moulding.
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CHAPTER 9
EXPERTMENTAL WORK

8.1 Introduction

The main aim of the experimental programme was to check that
flow from appropriately calculated charge shapes does not form weld-
lines during SMC moulding. To do this the experimental programme
was designed in which a series of square and trapezoidal plates were
moulded. There were three parts to the experimental work.

The first part of the work involved checking the initial assump-
tions (see section 6.3}, of material uniformity, homogeneity and
planar isotropy (before moulding) by measuring the glass fibre dis-
tribution in the SMC matrix. The second part was to mould the plates
from the prédicted charge shapes while recording the moulding-process
variables, such as pressures in the cavity, temperatures and closure
speeds. The last part of the work involved checking that no weld-lines
were present in the plates moulded using the predicted charge shapes.
The planar isotropy of the moulded plates was also checked in this
fast part, to see if flow from 70% charge area induced anisotropy.

The first material to be used in this experimental work was a
2.5 mm thick general purpose SMC {type No. SV273), but the initial
analysis showed that this SMC had a non-uniform fibre distribution and
anisotropic properties in the plane of the sheet before moulding.
Thus another material was selected. This was a 2.5 mm thick low pro-
file SMC (type SY-19/25L). Its approximate composition (without fibre
glass) by weight is:

Unsaturated polyester 23%
(diluted in styrene)

Low profile additive 15%
(diluted in styrene)

Filler (calcium carbonate) 57%

Thickening agent ' 1.5¢%

Release agent 2.5%

Catalyst 0.3%
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The percentage of fibre glass is 25% by weight for the whole
mixture. The fibre glassstrands are 25 mm long, and made from
bundles of 108 strands.

During the experimental work for moulding plates the material
used was always 30 days old (* 5 days).

9.2 Analysis of the SMC Before Moulding

The aim of this section of the work was to check that the supplied
SMC was uniform, homogeneous and isotropic in the plane of the sheet.

Samples were cut from fresh SMC sheet. Figure 9.1 shows the
three positions in the SMC manufactured sheet, from where the sampies
were cut. Sample size was 233 x 156 mm, which completely filled a
rectangular cavity mould. To cure the samples, a force of approxi-
~mately 10 kN was applied to the mould while its temperature was held
at 1600C for orie minute. Theré.was no flow of the SMC matrix during
]Eﬁ??ﬁgﬁ. This technigue was selected to avoid changing the fibre-

glass distribution. Therefore it was possible to check not only the

initial assumptions as explained above, but also to establish a ref-
erence for the mechanical properties of the SMC without flow.

Three experimental techniques were used to analyse the material
homogeneity and isotropy. Firstly, tensile tests were made using
specimens taken from the samples, and cut parallel and perpendicular
to the SMC manufacture direction. The maximum strength of the speci-
mens before failure was determined using the test procedure described
in BS 2782 (B8). The tastswere carried out in an Instron TT-CM machine
with a force range of 10 kN, at 0.016 mm/sec test speed. Room temperature
was at 200C.

Table 9.7 shows the results for the LP-SMC, while Figures 9.2 and
9.3 compare the results for the two types of material used {general
purpose SMC and LP-SMC).

Secondly the orientation of the g]éss fibre in the cured SMC
samples was determined using an X-ray technique with a Cambridge S2A
Stereoscan (H2). Specimens between 0.25 mm and 0.5 mm thick were cut
to examine the through-the-thickness fibre orientation (along a section
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TABLE 9.1
\ Stress Mean
Left side i%; *22'8
parallel 113 55.6 :
to the flow 131 55'7 57.78 2.24
132 58.0
133 61.0
. 2
¢l 71.0
Centre .Ci12 59.5
parallel C13 71.5
to the flow c21 59.3 63.88 5.89
- Cc22 59.0
€23 63.0
Right side gg% gg'g
parallel R33 59']
to .the flow R11 57:0 57.62 1.02
R12 -*4(.8
R13 58.3
141 70.6
Left side 142 59.6
perpendicular 143 58.5
to the flow 151 60.9 61.41 4.78
152 57.2
I§3 61.7
Centre C51 64.1
perpendicular Egg gg‘g
to the flow 61 61.1 58.01 5.61
ce2 50.5
ce3 52.0
R41 50.4
Right side R42 57.4
perpendicular R43 55.0
to the flow RS ] 5.3 58.65 6.86
R52 65.3
R53 68.5

*  Values not considered for the calculation of the mean.
point was in the grips.

The breaking
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perpendicular to the manufacturing direction}, and also the fibre
orientation in the plane of the SMC sheet. Figures 9.4 and 9.5 show
the orientation of the glass fibre bundles in the general purpose
SMC and Figures 9.6 and 9.7 show the orientation in the LP-SMC.

Finally the percentage.weight of glass fibre per-unit-area of
SMC sheet - neglecting the effects caused by variations in SMC sheet
thickness - was determined using Whybrew's experimental technigue
(W2), see Appendix 6. Checks were made for each sample position of
Figure 9.1. Table 9.2 shows the results obtained for the LP-SMC,
and Figure 9.8 compares the fibre glass variation for the two materials
analysed.

9.3 . Measurements during SMC Moulding

A compression mould was designed, manufactured and instrumented
(see Chapter 8) to provide the experimental data for testing the charge
shape calcuiation method, and also to enable comparisons to be made
with moulding process data - cavity pressure and temperatures, platen
displacement, closure speed and ram forces - from previous work (M2,
T8). Full details of mould design and instrumentation are given in
Chapter 8.

Four different plate shapes can be mouided by using mould inserts,
although only two shapes - the square and trapezoid - were moulded
for this work. The following plates were moulded using differently
shaped charges:

Plate Shape Charge Shape % Mould Cover
Square Circle 57%
Square Two rectangies 60%

(placed at opposite
sides of the mould)

Square Calculated (see Fig. 70%
9.9)
Trapezoid Calculated {see Fig. 70%

9.10)
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TABLE 9.2
. Wt/Area % Fibre
Location Ref (kg/mmz) Glass Mean S.D.
L1 4.25 x 10-% 27.0
L2 4,18 x 10-¢ 26.3
Left Side L3 4.86 x 10-¢ 26.2 26.36 0.37
L4 4.76 x 10-% 26.0
L5 4.69 x 10-°% 26.3
1 4.52 x 10~6 28.4
ce2 4.89 x 10-8 27.0
Centre C3 4.72 x 10~° 27.0 27.42 0.57
Ca 4.77 x 107° 27.4 .
cs 4,71 x 10-% 27.3
R1 4,68 x 10°° 25.1
R2 4.72 x 10°¢ 26.9
Right Side R3 4.26 x 10-° 26.3 26.20 0.67
R4 4.46 x 10-% 26.5
RS 4.60 x 10-© 26.2
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FIGURE 9.5 Fibre distribution in the SMC sheet thickness (general
purpose SMC)



FIGURE 9.6 Fibre distribution in the plane of the SMC sheet (LP-SMC).
Magnification x 6.



FIGURE 9.7 Fibre distribution in the S

IC sheet thickness (LP-SMC)
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%

the moulding temperature was held approximately at 160°C and the
curing time was 1 minute. Figure 9.11 shows typical ram-force and
platen displacement traces, which follow the form shown in previous
work (M2}. There was no‘significant out-of-parallelism of the platens,
and therefore the displacemént trace is the average of the readings
from the three LVDT's. '

Pressure readings from the transducers for the moulded square
plate are shown in Figure 9.12 compared against the calculated
pressure distribution given by equation 6.40.

Figure 9.13 shows the variation of pressure at various positions
during moulding cycle for the square plate. These data follow the
form shown in previous work {M2). Figure 9.14a shows the pressure
variation during closure for the square plate and Figure 9.14b shows
the pressure variation during closure obtained by Marker and Ford
“(MZ) when moulding a circle with 32% of area covered.

9.4 Analysis of the Moulded SMC

The aim of this part of the experimental work was to test for
weld-line formation, and also check that there was no significant
fibre reorientation due to fiow, i.e. that moulded SMC material remained
uniform, homogeneous and isotropic in the plane of the moulding flow.
The three experimental techniques described in section 9.1 were used.
Only the X-ray technique was changed, because the sample size of the
technique used in section 9.1 covers only a very small area (approxi-
mately 625 mm?). Another X-ray technique was used (E2) which allowed
a bigger area (approximately 62500 mm?) to be examined.

Figures 9.15 and 9.17 show the position of the tensile test
specimens, together with the results of the tests, for the square and
trapezoidal plates moulded from calculated charge shapes. Figure 9.16
compares the strength of specimens cut from the edge of each of the
three square plates.

The percentage weight of fibre glass per-unit-area of moulded
SMC was determined (W2) for the square plate moulded from the calculated
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charge shape. The position of the samples for this test together with
the results are shown in Figure 9.18.

The X-ray technique for examining glass fibre orientation was used
to check the moulded piates for weld-l1ine formation. A weld-line was
found across the centre, from edge to edge, of the square plate which
had been moulded using the two SMC rectangles, i.e. where the two
flow fronts met. Figure 9.20 shows this weld-line in a sample taken
from the plate edge. Also a weld-line was detected in each corner
of the square plate which had been moulded from the circular charge
shape. This is shown in Figure 9:%1.

By comparison, no weld-lines were found in the square and
trapezoidal plates moulded from the calculated charge shapes., X-ray
phofographs of glass fibre orientation at the region of longer flow
path of the two calculated charge shapes are shown in Figures 9.22 to
9.23.

9.5 Discussion

9.5.1 Analysis of the SMC before Moulding

The results presented in Figqures 9.2 and 9.8 justify the assumption'
that the LP-SMC material is uniform, homogeneous and planar isotropic
in its uncured state. This assumption does not apply to the general
purpose SMC used in this work.

Figures 9.2 and 9.3 show that the unflowed but cured LP-SMC
material has almost constant tensile strength parailel and perpendicular
to the SMC manufacturing direction. Across the SMC sheet there is a
variation of about 5% from a nominal 60 MN/m? maximum strength value.
Although Figure 9.8 shows for the LP-SMC that the weight of glass
fibre/unit area can be slightly higher in the centre than at the edges,
this variation does not significantly affect tensile strength.

On the other hand the variation in the tensile strength of the
general purpose SMC is of the order of 8% from a nominal 36 MN/m?
maximum strength value. The variation in the amount of fibre glass
per-unit-area is not significant except at the left hand side, where
the variation reaches a value of 27% from the mean. This variation is
due to one sample having a very low fibre content, otherwise the varia-
tion would be 10%.
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FIGURE 9.20 Weld-1ine across centre of square plate, moulded with a

two rectangle charge shape. Magnification x 6



Weld-line at corner of square plate, moulded with a

FIGURE 9.21

Magnification x 6.

ge shape.

circular char




FIGURE 9.22

Fibre distribution for square plate, moulded using
calculated charge shape. Magnification x 6.




FIGURE 9.23

Fibre distribution
calculated charge shape. Magnification x 6.

for unsymmetrical plate, moulded using
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Figures 9.4 and 9.6 show no preferential orientation of glass
fibre bundles in the x-y plane of the general purpose SMC and LP-
SMC. Figures 9.5 and 9.7 show the alignment through-the-thickness
for the general purpose SMC and LP-SMC. The white spots in Figures
9.5 and 9.7 are voids in the material formed from air trapped by
curing tﬁe SMC under low pressure. The three-dimensional picture
obtained by combining the distributions in the x-y plane and the
through-the-thickness direction for each material indicates no pref-
erential orientation of the fibre bundies Tying in the plane of the
SMC sheet. 2

9.5.2 Measurements during SMC Moulding

The moulding parameters followed the same pattern of variation
as those reported in previous work (M2, T8). Figure 9.11 shows a
typical analysis of ram-force and platen-displacement experimental
data during moulding. The ram-force starts increasing when the mould
punch touches the material. During mould closure the force increases
siowly, but when the mould has filied the force increases rapidly
because of the compaction of the material and the thermal expansion
of the SMC. The platen displacement curve shows this expansion.

Figure 9.12 compares for the square mould the discrete experimental
pressure measurements with the theoretical pressure distribution given
by equation 6.40 at the instant ¢f mould closure. The data have been
plotted as a percentage of the pressure at the mould centre. There is
good correlation for the four pressure measurements along the diagonal
of the square (see Table 9.3). The correlation is poor for one of
the other two pressure measurements. I do not have an explanation for
this. (Even so, it is perhaps relevant to mention here that the cal-
culated charge shapes do mould weld-line free plates, see section
[9.533).

Figure 9.13 shows the time variation of pressure in the square
cavity during the complete moulding cycle. This figure is different
to the one obtained by Marker and Ford (M2} for the mould closure part

- of the cycle (see Figure 9.14). The curves of Marker and Ford (Figure
9.74b) show a higher pressure at an intermediate radius than at the
mould edge and centre. ‘This may be because Marker and Ford used a



156

TABLE 9.3
. Theoretical Experimental Correlation
Distance Pressure Pressure Factor

(mm) (%) (%)
0.0 100.00 100.00

37.5 81.17 77.35 0.995
60.8 52.05 57.05

115.0 "3.52 N 1.00

smail SMC charge area (32%). This required an increased mould closure
time, which is the 1ikely reason for the difference in the last part
of the mould-closure pressure measurements. Comparing only the initial
part of the Marker and Ford curve (Figure 9.14b) with the whole of

- Figure 9.14a shows that both curves follow a similar pattern (the
percentage of area used in Figure 9.14awas 70%). For the work hére
the centre pressure was always the greatest, which adds validity to -
using equation 6.40 to describe the mouid pressure distribution.

9.5.3 Analysis of the Moulded SMC

Figure 9.16 shows the variation in tensile strength for specimens
cut from the three square moulded plates. The plate which has the
weld-1ine across its centre gives the lowest strength: the specimen
broke at the weld-line. The reason is that no fibres are crossing
that line; they are oriented parallel to the weld-line. The tensile

strength results for the other two plates show almost equal values of
tensile strength because the weld-1ine formed from the circular charge-
shape did not lie in the specimen test section.

There is more variability in the tensile strength distribution
for the plates moulded from the calculated charge shapes - see Figures
9,15 and 9.17 - than for the cured but unflowed SMC sheet (see Figures
9.2 and 9.3). The range of variation in strength values is not large
- about 10% of the nominal strength value (see Figs. 9.15 and 9.17) and it is
probably due to the effect of flow on glass fibre distribution.

For example, Figure 9.18 shows results for the percentage weight
of glass fibre at various points in the square plate moulded from a
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calculated charge. There is a scatter in the results at the plate
centre, but along the edge the fibre content increases slightly towards
the corners from the middlie. This can be understood by observing the
shape of the calculated charge. Such a charge induces less SMC flow
at the cavity corners than on the middle of the cavity edges.

Figure 9.19 shows the place where the weld-lines were expected
to form for the squareplates moulded from the two rectangle charges
and the circular charge. (Figures 9.20 and 9.21 show the actual posi-
tions of the weld-lines). There are qualitative explanations for the
formation of the weld-lines shownwin Figures 9.20 and 9.21. For the
weld-line formation shown in Figure 9.20, since pressure in the mould
is higher towards the centre, most of the early SMC flow would be
expected to occur along the mould edges. Flow fronts would meet at
the middle of the edges and then move towards the mould centre, thus
forming a weld-line across the square plate. For the circular charge
~shape, material flows outwards to meet the middle of the cavity edges
first and then move towards the corners where four weld-linesare formed
when the flow fronts meet (see Figure 9.21).

A similar explanation applied to the calculated charge shapes
(see Figures 9.10 afd 9.11) would predict least flow at the mould
corners, and most flow in the middle regions of the mould edges.:
Qualitatively it therefore seems reasonable to expect the flow front
to meet the mould edges simultaneously thus giving weld-line free
mouldings; as indicatéd by the results in Figures 9.22 and 9.23.
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CHAPTER 10

CASE STUDY USING CHARGE SHAPE
PREDICTION PROCEDURE

10.1 Introduction

In addition to designing the experimental programme in Chapter
9 to test the validity of the charge shape prediction procedure,
it was decided to test the prediction procedure by moulding an engi-
neering product under industrial production process conditions.
The experimental programme had shown that for realistic moulding
conditions in the laboratory, it was possible to mould plates without
weld-Tines, and without significant reorientation of fibres during
flow. Thus BTR-Permali RP Ltd, Gloucester, were approached and
arrangements made to use predicted charge shapes to make trial moul-
dings of "Teresa” grills. (see Figure 10.1) for the Ford Cortina car.
' The Teresa grill was an appropriate product to choose because it is
essentially two-dimensional in shape (disregarding the small bosses)
and because it was being produced usirng production presses. This
allowed evaluation under compression moulding conditions as used in
industry.

10.2 Charge Shape Prediction

The charge shape for the Teresa grill has been determined using
the computer program outlined in section 7.3. Figure 10.2 shows the
mesh used for the ca]dulation of the charge shape, the general dimen-
sions of the Teresa grill, and the position of centré of area.

The parameters of equation 7.2 used for the evaluation of the
pressure contours are:

Viscosity 0.02 N-sec/m? (20 x 10%cps)
Thickness 3.0 mm

Moulding Speed 2.5 mm/sec

Distance between nodes ' 29.2 mm

The first three parameters were supplied by BTR-Permali; the
fourth one was selected according to the limits of the computer program.
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Table 10.1 shows the production process conditions being used at

the time.
TABLE 10.1
PRODUCfION PROCESS CONDITIONS

Moulding speed 2.5 mm/sec
Moulding pressure 250 tons/pair
Moulding temperature » 1500 - 1600C
Opening time ) 30 - 40 sec
Charge weight 3149
Material LP-SMC
Press capacity 250 tons

Figure 10.3 shows the pressure contours for the grill at the
instant before completion of closure, together with stream-lines.
The centre of pressure dictates the position of the charge in the
mould cavity.

The percentage cover of the mould by the charge shapes was
governed from constant volumeé conditions required by the final thick-
ness (3 mm) of the Teresa grill and the initial thickness (2.8 mm)
of the SMC. Two layers of SMC gave charge cover of 54% and three |
layers gave 35% cover. Figure 10.4 shows the predicted shapes for
these charges. It was not possible to use a charge area of about 70%
because this would have given a finished thickness greater than 3 mm
(using two layers}, which was not possible in the production situation.
Also, grills were moulded with the charge completely covering the mould.
This needed a single layer of material which covered 107% of the area,
to ensure that grill bosses were filled and final thickness attained.
Table 10.2 shows the charge thickness, charge areas and volumes of
material in each case.
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Charge Charge Charge Area Samplies
Thickness Area Volume Covered Moulded
{rm) (mm?) (rm*) (%)
2.8 63957 179082 *107 4
5.6 31978 179082 3.5 4
8.4 21319 179082 35.7 4

* The area of the mould cavity = 59694 mm?

10.3 Discussion of Moulding Results

To examine the effect of flow on fibre orientation and weld-
line formation, X-ray photographs of moulded grills were made using
"3 System 125 Rank Xerox X~ray machine at 50 kVa with 3 second exposure
time for System 125 Rank Xerox film material. Figures 10.5 to 10.7 show
the photographs for grills moulded with the 107% charge area and the
54% and 35% predicted shapes respectively.

Figure 10.5 shows the orientation of fibre glass without flow,
and Figures 10.6 and 10.7 show the effect of progressively increasing
the amount of flow. Most flow occurs at the centre part of the charge
shape - this is the narrowest part of the charge shape with the Tobes
going into the mould cavity corners - and fibres have aligned with the
direction of flow across the grill width. As expected, this effect
is more pronounced with the 35% charge area mouldings. Structurally
this gives a greater tensile strength in the transverse direction
than the longitudinal direction. Single tensile test specimen results
cut from the 107%, 54% and 35% charge area mouldings in the transverse
and longitudinal directions at the centre section are shown in Figures
10.8 and 10.9 respectively. Test specimen size was 3 x 25 X 95 mm and
cross head speed was 0.016 mm/sec. The sampies cut from the Teresa
grill (TG) moulded with the charge shape used by BTR-Permali show the
highest tensile yield strength in the longitudinal direction and the
lowest in the transverse direction. This is due to the high degree
of orientation paraliel to the flow direction, i.e. the 1ongitud1na1
direction, produced by flow.



FIGURE 10.5 X-ray photogra;r_{of_ the Tm:esa grill, moulded w-i—t_h a charge
of 107%



FIGURE 10.6 X-ray photograph of the Teresa grill, moulded using
calculated charge shape of 54%



FIGURE 10.7 X-ray photograph of the Teresa grill, moulded using
calculated charge shape of 35%
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The samplies cut from the TG moulded with 107% show a high tensile
yield strength in the longitudinal direction and a low in the trans-
verse direction. This is due to the way in which the charge has been
placed on the mould. Approximéte]y 90% of the mould area was covered
and the other 17% extra were strips placed on top and along the_90%
(see strip marks in Figure 10.5). Such strips reinforced the material
in the longitudinal direction, but reduce the strength in the trans-
verse direction.

The samples cut from the TG moulded with the 54% predicted charge
shape show high tensile yield stréngth in the transverse and longitudi-
nal direction, although in the longitudinal direction some data present
a ltow tensile yield strength. This low strength 1is in the area of
high orientation (see Figure 10.6).

The samples cut from the TG moulded with 35% predicted charge
shape show a low tensile yield strength in the longitudinal direc-
“tion and a higher strength in the transverse direction. This results
from a high orientation in theé transverse direction due to flow (see
Figure 10.7).

Because of the orientation effects indicated by the yield strength
test results, the method for predicting the charge shape is at the moment
perhaps more useful for load-bearing applications where thé percentage
of area covered is about 70%. For the cases of cosmetic applications
a smaller charge is required, and then the method is useful for pre-
dicting the position of the charge shape. But despite these expected
orientation effects; the grills have been moulded without forming
weld-1ines. It is most 1ikely that if mouldings had been made from
70% charge areas they would have shown no significant fibre reorienta-
tion, as did the laboratory plate moulding test (see Chapter 9).

Two other aspects which are important from the compression moul-
ding production process point of view are the cutting of charge shapes
and the surface finish of moulded products. A lot of waste is asso-
ciated with cutting the predicted shapes although this should not be
a limitation for the future use of this method since some of the
charge's curved shape could perhaps be transformed by using straight
cuts,

The charge shape given by the computer prediction process is very
different to that actually used during production. A main reason for
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this s that qualities of surface finish and appearance are more
important for this "cosmetic" component thah its structural qualities.
Unfortunately for reasons of commercial security the shape of the
production charge cannot be given in this work. However, its shape
does promote more mould flow.than that given by the predicted charge
shape of corresponding area. This leads to a better surface finish,

a technique which has been described in the 1iterature (G4, T8).

Nevertheless, the trial-and-error procedure which was used to
determine the shape and position 0f the production charge to give
acceptable mouldings took a long time, and wasted a lot of material
that could not be recycled. The interesting point which emerges
from this work is that the centre of pressure for the predicted charge
shape is exactly coincident with that for the production charge shape.

Qualitative assessments of the surface finish of the moulded
grills were made and compared with the surface finish of the produc-
~tion grill. The grill surface finish given by the predicted charge
shapes were slightly inferior to that of the production grill, probably
because of the previousiy mentioned reason but also because a longer
mould opening time was used - 80 seconds compared with the 30 to 40
seconds production process time. This would have Caused a sTight
decrease in the mould cavity and punch temperatures.

10.4 Conclusions

The use of the charge shape prediction procedure with a flat
product shows that mouldings can be produced without weld-lines.
However, the surface finish of the mouldings are not class A which
is required for cosmetic parts.
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CHAPTER 11
GENERAL CONCLUSIONS AND FUTURE WORK

A method has been developed for predicting and characterising
two-dimensional compression-mould flow for unsaturated polyester
resin SMC.

_ The method for calculating the position and geometry of the
SMC charge has proved to produce weld-line free mouldings, despite
of the fact that it assumes an essentially Newtonian behaviour.
This method can be used to predict the position and geometry of

the SMC charge for load-bearing applications using an area covered
by 70% or moré. However the method can also be used to determine
the position of the SMC charge in cosmetic applications.‘Furthek
work is needed to determine the geometry of the charge for cosmetic
appiications.

The squeeze flow method of flow characterization, using a
parallel plate plastometer, gives a good understanding of the basic
rheological behaviour of SMC for the compression moulding of flat
parts. This conclusion is based on tésts at 20° and 1609C using
one formulation of SMC. The squeeze flow behaviour of discs at 209C
is predicted accurately by the mathematical model which describes the
time variation of compression force, but the model does not take into
account variations due to number of layers, different physical stages
through which the material passes when compressed, and age of the
material. The model is based on an equation of state with equally
strained viscous, elastic and yield elements. Satisfactory explana-
tions of flow behaviour are given in terms of four-stage physical
model of flow.

Experimental data provided by the parallel plate plastometer
from 160°C tests show how the moulding force, closure speed, SMC
temperature, and gel and cure times are interrelated during compression
moulding.

The recommendations for future work are as follows:

1. Develop the mathematical analysis for the compression-injection
mode of flow during compression moulding, and integrate this
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analysis with that for .the compression-compression mode.
This development will be necessary for the charge shape pre-
diction of three-dimensional prodiucts.

Continue the work on the equation of state by applying the
mathematical model to each of the four-stages of SMC flow at
200C, and develop a mathematical model for 160°C. However such
work may prove not to be directly applicable to the charge shape
prediction procedure because the resuiting eguation of state will
be more complicated than the already assumed Newtonian one and

it will involve a more difficult mathematical analysis to predict
charge shapes.

Study ways of relating the flow behaviour to the mechanical prop-
erties of moulded pfoducts. One approach would be tomodel fibre
alignment due to flow, combined with the charge-shape prediction
procedure, and tse flow factors to scale the values of the mecha-
nical properties of the moulded article from those of moulded

but unflowed:matérial.
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APPENDIX 1
PROGRAM USED TO RECORD RHEbLOGY DATA

COMPUTER PROGRAM (BASAC)

A. Introduction

This program instructs the PDP-11/05 data logger during the
compression of SMC discs (with the parallel plate plastometer) to
record the voltage outputs from the displacement transducer, the
thermocouple (or thermocoupies), and the compression force. These
three readings are recorded every second for a period specified at
the beginning of the program. The program outputs the data to the
teletype and paper tape punch. : '

B. Data

" i

The following variables must be defined as the input:

= Day of the experiment

= Hour of the experiment

Minute of the experiment

= Second of the experiment

= Number of readings required (maximum 80)

LV ¥, B i ol ]
It

C. Variables

A = Matrix where the data is stored (80 x 3)
C,V = Time in seconds
F = Force in volts

Hl = Displacement of the plate in mni

R = Range of scanning speed (set at 25 channels/sec )
T = Time function in seconds (in array form)

TEMP = Temperature of the SMC disc in volts

U = Array

Vi = Speed of compression in mm/sec

W = Variable used as control, to start the scanner

from the test laboratory
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Block scanner function

Array )

Function used for setting and reading the electric
clock

The units used in the program are in mm and seconds. The force

and témperature values must be calculated using appropriate calibra-

tion tables. This facility has not been introduced into the program
because of the storage 1limitations, of the computer.

E. Channels

144
145
146
147

F.. Flow Diagram

This channel s the control to start the computer (W)
Displacement channel
Force channel

Temperature channel

See following page.

G. Program

See following page.

H. Note

To use this program, delete from the compiler the extended and
logarithmic functions (sée manual of the computer). This is to increase
the available memory size.
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DATA | TIME
1
Z2sDAS(2, .0 )
b
Re3
]
READ J
3.
DI, A(80,3),T(80)

$

W=DAS(1,... ) [*

YES
IF we i
h]
NO
Y=4
1Y2d
: AL ﬁ'

| N— U=

Zz=DAS (3 ,... ,v);rm':v
' ¥
‘X:bAS(O, s ) ‘
g
BAS(0,$)51
& .

z:bns(a,...,c)_ 2 '

tF RYrC

END

FzACY, LY 5 Vis (A(Y-1,1)-AC1, 1)) f0.0

2

Hiz ACY,{} a4 {0.0

Y
WRITE
3\ F, VI, HY,

TEMP

FigA11 BLOCK DIAGRAM
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LIST

IMEM PROGRAM TO STORE THE DATA FOR THE PHEOLOGY WODK
A0UTORENTER DATA AND TIME":1IMNOA#31,D.#31.H, #31,M,#31,5
SLETZaDAS(2,D.H, M, S

ALETR=3 , o

QOYTeM NIMBER OF TIMES = J *j;IMefisll.J
1ODIMACR A, 33, T(RM)

1SREM FORPCE IN X6

16T SPEED IN MM/SES
17TREM DISPLACEMENT IN MM
13" EM TIME IM SEKC

SALETaDASC 1, Va4, Ry 2)

251 FY<1.B60TO20

ARFONY=1TOJ

L42LET!a ] |
LILETZ=DASC3, Do Ho M, VI ILETTCY ) 0er
LULETX=DASC A, ACYL 11, 145, 147, R, 4)
ASIFDASC(?, $)=1G0T04S
L4ELETZaDAS¢3, D, Ho M, C)
ATIFT(Y)=2CG0TO046

AANEXTY '

L2OOUITAON T, "Y', 46, "T(Y)Y", #6X, " HE ", 06X,% . UL D, 86X, "
SAOUITOR#SX, "  TEMP v, :

SIFORY=2TO0J

S20UITeRRLX, #81,Y, #5X, #31, T(Y),#ax

SALETF=aACY, 2)

SELETVIa(ACY =1, 1)~ACY, DDI*1A.BILETHI=A(Y, )% 10,7
ﬁGD”TOﬂ#9EaaHI;#hKJﬂQEﬂ;”l;!AY;l?Eﬂ;F;#nY;QOFQ;n(YJS);1
S901ITed!
6ONEMTY
TOLETF=A01,2) .

TP2LETVI=R.tLETHISACI, 1)%IR.0

TH0NTARHSEA, H], #AX, AIEA, VL, AAY; POEH, FinAX, FAL,Y
TALETTC )=

TAFNTY=2T0J

SBILETT(Y)=T(Y=1)+1

B2LETFsA(Y, 2)

AALETVI=CACY -1, 1) =AY, 19100t LETHI=ACY, 1Dx 10,0
AAOUTADRISEA, F, #1SEA L, #1SEAL VL AISEA, TC(Y) !
B6NEXTY

05TOP

19PEND

i

PEADY

F
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APPENDIX 2
PROGRAM USED TO ANALYSE DATA

COMPUTER PROGRAM (FORTRAN)

A, ,Introduction *

The data recorded on paper tape using the pfogram of Appendix 1,
must be reproduced as another paper tape with even parity for every
line qf punched holes. This is necessary to process the data using
~ the ICL-1904S. The data is stored on magnetic-disc of the ICL-1904S.
The program evaluatés the viscosity, elasticity and yield values for
every experimental test for which data‘is stored on the magnetic-disc.

The method used to evaluate the viscosity, elasticity and yield
values for each test is based on the least-squares solution to an
oygr-deteﬁminEd set of equations (D7). The force-time experimental

“data for.each test were substituted in turn into equation 4.34 and
the functions f1(t), fo(t) and f3(t) were evaluated with the para-

- meters of the ;orregppnding test. The functions f1(t), fg(t) and

f3(t) were each standardised to the range 0 to 1 for the fitting.

For the curve fitting, two shbroutines are used: GP2BDF and
GP2CHF (N4). The program will evaluate the coefficients of viscosity,
elasticity and yield for the standardised data (see variables COEFFT).
Those coefficients have to be transformed to cover the real range of
the data (see variables COEFFI). If the data does not start from zero,
a constant (COMP4) must be added in the equation 4.34.

The program evaiuates the theoretical force using the functions
f](t), fz(t) and fs(t). the coefficients of viscosity, elasticity and
yield and the constant COMP4. Then the experimental and theorétical
values for the force (see experimental and fitted force in Appendix 10)
are plotted.

The units of the coefficients are:

" - COEFFI (1,1) kg-sec/mm?
K - COEFFI (2,1) kg /mm?
£ - COEFFI (3,1) . kg/mmn?

The units for the forces F, F1 and F3 are kg.
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B. Block Diagram

see following page for program structure.
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' READ -
EXPERIMENTAL CONDITIONS.
READ
: EXPERIHENTAL DATA .

. " . .
h 4

N .

L i . L - .

CALCULATE

THE FUNCTIONS fit] nit] AND fiti
WITH HQUATIONS:
4.18,4.26 AND 433,

NORMALISE THE FUNCTION FOR THE RANGE
e B 0.0 TO 1.0,
EVALUATE

Ak’ aND ¢ By LEAST SOUARE
SOLUTION TO AN OVERDETERMINE SET OF EQUATIONS,

. T

CALCULATE
. THE VALUE OF A K AND f FOR THE NON-
NORMALISED RANGE , FROM &' K' AND 1",

EVALUATE

THE FITTED FORCE AND PLOT IT VERSUS
TiME,

WRITE
THE FITTED FORCE , A/ K AND

FigA21 BLOCK DIAGRAM
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MAQTER !N!?!AL
DIMENSTION A(BO,4) s AMEANCA) ySTD(L)185P(h, 45, cana:a 4)
DIMENSTON RESULTCIH).CORTFTCL.3),RINV(Y,BY.Cc3, D) W (3, D
DIMENSION T1¢12y.F(R5:12),H(a3, 12>.V(85.1#).v<35t12:.~1¢123 CN2(12)
®,02(85,12),CcaN1¢12) nUN? (12,
DIMENSION VU|<193.HO¢12>.3<123 £1€8SY YI(RS), F3¢8T)
DIMENSTON BLRO, 4).CueFFltﬁaE) .
DYMENSION SR¢12Y .
twtaoagntq*-w*«--tatt*-.
READC(1,5)L
-8 FogMAT(I10)
CailL £1054N
CAIL DEVIELECR.,THN)
Cairl BEVPAP(210.,29%.41)
Calt WINDOW(?) .
REXDCT,103C¢19¢Jy.dut. )
10 FopMaT(8110)
pp 500 x5@#1.,3
CAL L AI!9L0(0-160..200..1;1 §0,90¢04,804,0.:600707171M81 .4yt FORCE!
7,;5)
oo 100 gaier
19¢k5,67,9)G0 To 42 -
READ(S,200¢R2CT ) HCT, J):V(IuJ)‘V(I 'Y, 1a2, 01 ¢
20 FORMAY(4E0.0%
WwRYTEC2, 26}(s2(r J)a u(r J>¢vtt.43'vtr?J),raE 19¢40)
26 FOuMATC1H (4B157%47) : .
READCY,6)AN, uﬂ.u1:M9
6 FORMA?IF10 5.110:F1025,140)
READCY,PICONT (Jy,CONZCY)
7 sonunv:2s10 5)
~ REad(Y, ZR)HOCJ):R(J).N1(J)oNZ(J)
?H FOnMA?t2510.5aZt10) o
RFADCY.BISRCS) :
b FORMAT(F10,5)
vort)detwt/1.83e1000;
URITEL2,30)
30 FORMAY (YW /277 2) .
DO 45 1aMO,E4{) i ;
FOY,d)aCONT (U om2{l ) mcON2 (YY"
LA K A
L5 CONTINUE
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&“v

&b

600

10

L8

L9
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Angl ., 0

ConTinuUEe

Y9¢43 a0, 0

Fit1)m0,0

JOgé

DO 47 TaN1(JY.N2CJ)

FiedOdaptl iy

Y eJ0daHO(UI=HeTeJII)/SCS)
JOan¢1

CONTYINUE

e - e et RS F TR A Y AN S 2
Doptededndiepe

K&o

P Y A LA S LR LA A R T T T L AL T
WRYTEC2,600) AN, ANt

FogMAY(IN j'aNwe, k10,5, 10x.-AN1u-.=10 501211)
LE- T4

Kag

A‘H"O’ﬂﬁ-o

Tan,0

A‘Kl?’ﬂo.ﬂ

LR

A(K'1 ,01

Alws3)ynl,

PRI L R LT PP T AL PR AL L AL L L
DO 48 tuNt{J)Y,N2(d)

Ky _

Atgebymb(tedy -

TaeROCJIoHCT )YV 29C0)
T1aVOL(J)¢ﬂ((ANt3 01/¢.0)

T2al2, 90 AN, ))wC((Z vANIPg duwaN) / ({ANeT, )a((? tauwnwnN):.
TSa(S(J)¢aAM)w0 ‘801

Téat3, 9618 wal{ans1 /2%
Tﬁm(HOfJ)u(be)u?))ﬁo(((S wAN) 05,3725

Al i1daT1oT2eTd/e¢Thetd)

WRYTEC(R,B10)7%,12+78, ?6.75¢VOL(J)08(J3 HOCJ) Li
FORMAY (9 (R12. 5.4&))

Alka2da({VOLc) wel 5 %S cgdar) /(. ??EéaHOtJ)w(H(t Jlew2.5))
Atk , 3 a(vobk(l)wet, 5562, 7¢5,31736a(H(Tsd)an2.5))
wttitﬁttﬁt#tgw#*u*ﬁtﬂ*ﬂtt***ﬂ“ﬁ*t i
CONTINUE .

KONTYoK

DO 49 Ta9,KJINT _

BeY +4YBCACT,9)matT,4))/CACKORNT, 1)=AC] 1))
Bere2)m(ACY,2)waci 200/ CACKONT, 2Y%AC1,2))
Rers3acAatl ;D ma ¢, 3/ ¢CA(KaNT, 3y=ac1,3)
BeriaYasA(l, 4) .

ConTINUE ‘

Mo g

MigN2(JYeNY (J)eg el
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M2aMet

un:TF(?.ZOO)M.11.(K Ko, M)y (T CALT, KD Kud M), et M%)
WRYTE(2:2000M,14 , (KU K™I M) ¢Lr (BT, KYKa1 M) 015K
IsallLod

eea?v§5598

CAIL GOZADRA(MT +M. B BNrAMBAN.STD,89P,47CORRI G IFATL)

1 ¢lFATLYB0,485,580
30 WRITEC2:290)1FATL
G0 Y0 400
89 WRiTE(2,2p0) (1] AHﬁAN(I) gTntl), 1u1*m5
WRYTE€2,230) (IT1wi M), t!;(539<rcx) ka1 ,M), 121, u:
WRrTE¢2,240) (IT191.M), (1i¢CORRCI, K)Y Ko, M), Ta1TM)
260 FOuMAY (S2HONUTaéR 0F vantantbs ¢COLUMNS)Y w, 11;10H NUMRER. NF,
* 23H CASES ¢qQWSY @, 11//717K ODATA NATRIYX 181a//1% &
" 492/ CiK 4 13, 4842.6))
210 FopMAY (22HQROUYINE PAIIS, (FAYLm, 12) :
220 FORMAY (28HOVARTABLE MEAN SY, DEV./(4H , 157 2891.4))
230 FORMAT (46M05U.i8 UF SQUARES AND CROSS*PRDDUCTS ARQUT ZERO/TH
e 4912/701H 4 13, AE12.6)y
240 FORMAY (SONOQORRRLATIONLIKE coauprcteurs;1n e 1727090 . 13,
* 4p12,4))
1hafLad ' ‘
CArL G026MH(MY /N M2,85P,4,CORR, 4, RESULT CAERRT JLTHINV,Y.C, 3,0, 3,1F
101 -

TERT IsOIL

Jrele01LI60,485.40
40 WRYYE(2,23Q)%RQ1L
60 YO 400
65 COpFFIC1,9)anUERFT I, 1)/ CACKONY, RIYYLILE )
COpPF1¢2,100008p27¢2.1)/7CACKANTY, 2)A(5 2) Y
Copfric3, 1 8c0Eet? (3,1 /7 CACKONT, Daact,3)S
CORFFI(1,R2)urQBRET(4.,D) .
COpPF!tzaEEMCOEcwftstJ
CORFRI(3,RINAQBEFT(],R)
COpFFRY(Y . 3IRCOEERT (5, )
CORFFRIC2,3)INC0EFRT(2,)
COpFPI(3,3)an0BERY (Y, 3
WayTEL2,240) (1. ccnnFFrfr.K1.Kw1 3, rat,mdy
WRITEC2,260) (1. ¢CoRrFI (1., KV, Ka1,3),/1a81,M42)
T S A 2 AT A T AL T A )
WRtTE(2,270) (anUer!).:n1 S '
WRYTE(2,280) (K. ka1, /Md) (L CRINVED LK) »KudTM2) oY ad M2
WRITE(2,200) (K?xn12n27 cl.ra;l.x).xa1.nzs Tul.m2)
250 FNRMAY (22HOROUTINE FAIIS, [FOILa, 12/) |
240 FORMAT (43HOVEBLR COrFPPRY 8§70 ERR TuVALUBZ?2CIH
e 1Y, 3g13,.4/y)
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TR X I I TLI Y A T A

270 FOQMAT (32HQANAIYSIS UF REGRESSIDN TABLE 1«//713H SNURAGE,
v §gH SU4 OF QQUARES  D.F, MEAN SQUARE EoVaiUVE//
e 14K DUP YO REGRESSINN, F1&.64+ FA.0, 2F14.4794K ABOUY REGRFS.
o LuSION, Pi&.4., FB.O, F14.4/718H TATAL T B4, 4.
v £a.0/7/7729H STANDARD ERROR nRf ESTIMATE =. FB.4/11H MULYIPLE C,
¢ 1AHORRELATION (n} B, F8.4729H DETERMINATION (& SQUARED) =,
¢ FR, 67294 CORRErTED R SoUARED @, ER_A/1)

230 FoaMAY (SOHOINVRRSE GF CORRELATINN MATRIX OF INNERENNDENT VAQIT,
¢ SNABLESI/ZIH » 3110/73CTH & 14 3F10.4/)) , .
200 FOaMAY (29HOMODYPIED INVERSE MATRIK /1H » 314073010 & 14,
w %p72.4/))Y.
WRITE(?, 3$00)
3n0 FOpHA7t1H t"THE FURCE EVALUATED THEOREYICALLY'//1)
WRYTE(2,310)
340 FOpMAY LN .su.'cnncn',znx.'rlNE'///)
PO 75 fat .41
M3pl
e Y LAl l Al T A A A
COMPIBCLOBPRY(T 12 wlaACt, 123/ (ACKONT/T) AT
COMPRBCCORFFT(21)0(4A(1,2)1)/ CACKONT, 2)2A (1,23
COMPIR(COBPRY(S.1)e(«A(1,3)))/ CALKONT/3)watt,3M
COMPLutOMPY a0 D2 aCAMAS
FStH!)uCUFPF!(1.1JaA<I.1:*CoEFFIt2.1>=A(r 2Y*COFPAL(8,11eA(1,3)«C0
1Mpy
WRYTEL2,325) COmMPi,cOMP2,00MP3,COMPS
. NRrTEtz.szo)FS(qu 1 (MY, M3
325 PORMAT(IN ,4g207%)
320 FopMATCIN o 'p3ei,815.5,5x. 1m0 ,p1575,5%,110)
7?5 ConvINUE ,
t&.tﬁewttttﬁtitnaﬁﬁﬁwttpaﬂ#tﬁttae
LE L 2
CAIL GRAPOLC(YT,EYeMY)
CAIL 6rASYY(v1,PS,/¥1,8,0)
. I A I L i AT A I A A Y 2 A A0 X X
100 CONTINUE
READ(Y,B00)AN
800 ForMAT(FT10,3)
Ca;t preeLd
500 CONTINUE
Car L BEVEND -
SYnP
ENR
FinlIgH
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APPENDIX 3

SAMPLE PREPARATION FOR ANALYSING THE CROSS-SECTION
OF UNCURED SMC BY REFLECTIVE LIGHT

Equipment

Araldite resin  (CY212)

Hardeniér~ (Dodecenyl succinic anhydride)

Accelerator DMP-30 (2,4,6 Tri (dimethyl-amino-methyl) phenol)
Dibutyl phthalate »

Piastic containers, size 8 ml

Hearson oven 00 - 2000C (A4015)

Struers polishing apparatus

Wet and dry abrasive paper types 220, 320, 400 and 600

Hyprez diamond alumina of 6u, lu and 0.05u

Reichert Metavar microscope

Method

Leave the sampies for one month in opeéen air

Cut a section of 10 x 20 mm

Prepare the embedding piastic by mixing 10% of Araldite, 10% of
hardener, 0.5% of accelerator and 1% of Dibutylphthalate

Place the sample in the plastic container and embed it with the
mixture of Araldite

Place the container in the oven at 809C for 12 hours

Polish the sample.using water as a lubricant, starting with the
220 abrasive paper and finishing with the 600

Place a thin layer of 0.1 mm of the Araldite mixture on the
polished area to fill the holes of the sample

Place the sample into the oven at 80°C for 12 hours

Polish the sample with care using the 600 abrasive paper only.
For the final polishing use the 6u, 1y and 0.05u "Hyprez" diamond
alumina

Examine the sample through the microscope.
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APPENDIX 4

COMPUTER PROGRAM FOR EVALUATINQITHE CHARGE SHAPE
COMPUTER PROGRAM (FORTRAN)

A. Introduction

This program calculates the charge shape for two-dimensional
plates, and can be used for either symmetrical or unsymmetrical shapes.

The program is divided into four sections:

Calculation of pressure contours

Calculation of stream-lines

Calculation of flow-front position

Calculation of area covered by the new flow-front.

£ LW N -~

“The following pages show block diagrams of the program structure.
- After each section, input data has to be calculated by hand and then
supplied to the computer for the next caiculation.

B. Method-

1. Caleculation of pressure contours

This section of the program generates the Poisson's equation
(6.1) in finite difference form at every node. This is obtained by
supplying to the computer a number - called the node characteristic
- which will select from 14 typical equations the required one depen-
ding on the node characteristic number {depending on the location of
the node - see Section C). The program analyses a square mesh of
n rows and m columns, therefore for the case of unsymmetrical shapes
the matrix of coefficients will have complete rows of zeros. The rows
of zeros are eliminated before the matrix-inversion. Then the remaining
set of equations is solved by matrix-inversion using the subroutine
FP4ATF (N4). The pressure values of every node are interpolated to
generate the contours of constant pressure. Such contours are calcu-
lated and plotted by using a computer package called GINO-SURFACE (G6).
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2. Caleulation of stream-lines

This section calculates the speed.vector at every point supplied.
The calculation is carried out using equations 7.3 and 7.4. Then
the magnitude and angle of the speed are determined using classical
vector analysis.

3. Caleculation of flow-front position

This section evaluates the positions of the points of the flow-
front on the stream-lines. The evaluation is based on equation 7.10
and 7.11. The flow-front point$ Can be calculated by two methods:
either with'constant pressure difference Apa = ApB, or with constant
-distance da = dB' :

4, Calculation of the area covered by the new flow—front

This section evaluates the area of the charge shape. Four types
“of calculation can be made, depending on the number of axes of symmetry.
In every case the area of each guadrant with respect to the centre of
area is evailuated by dividing the area into small rectangular areas of
length Y (Y is the distance from the x-axis to the flow-front) and
width ax. Then a negative area is cé]culated on the same basis. The
total area is the sum of areas multiplied by twice the number of axes
of symmetry.

Then the program evaluates the percentage of area covéred by the
charge.

C. Node Characteristic Number

This number is used to select the finite difference form of
Poisson's equation at each node. The node characteristic numbers are
as follows:

D(K) = 0 Node outside the boundary of the plate

D(K) = 1 Node in vertical axis of symmetry

D(K) = 2 MNode in horizontal axis of symmetry

D(K) = 3 Node next to the horizontal boundary

D(K} = 4 Node next to the horizontal boundary and node in vertical axis

of symmetry
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next to the horizontal boundary and node in diagonal

of symmetry )

next to the vertical boundary

next to the vertical boundary and node in horizontal

of symmetiy '

next to the vertical boundary and node in diagonal

of symmetry

in diagonal axis

in centre of area when anaiysing a plate with a vertical
and horizonta1 axis of symmetry (for a rectangular plate)

11 Internal or normal node

in centre of area when analysing a plate with a horizon-

tal axis of symmetry (for the "triangle + square" plate),

in the centre of area when analysing a plate with a

vertical and diagonal axis of symmetry (for the square plate)

in an irregular star. In this case the value of the

coefficients must be supplied and calcuiated according to
Section 5 of this appendix.

D{K) Node
axis
D(K) = Node
D(K) = 7 Node
axis
D(K) = 8 Node
axis
D(K) = 9 Node
D(K} = 10 Node
axis
D(K) =
D(K) = 12 Node
D(K) = 13 Node
~D(K) = 14 Node
Note: {a)

(b)

(c)

The no&es‘must always be numbered from bottom to top
and from right to left.

In the case of a square the area to analyse must be in
the first quadrant of the centre of area axes between
the vertical and diagonal axis

In the case of rectangular shapes the area to analyse
must be in the first quadrant of the centre of area
axes.

In the case of a plate with one axis of symmetry the
area to analyse must be the fourth and first quadrants
with respect to centre of area axis.

In the case of an unsymmetrical plate the whole articie
will be considered in first guadrant of an axes of
reference, '

The examples in Figures A4-1 to Ad4-4 show the mesh with the node charac-
teristic number in each node.
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D. Evaluation of Coefficients for an Irreqular Star (54)

Figure A4-5 shows the general equétion and values of coefficients
for Poisson's equation. For the boundary conditions, the pressure
is assumed to be 0.1 N/mm?® (1 bar). Then the general equation may

be written:

2
12 7% u W,

h3

Cp3 + Dp4 - (E+F)p0 = - - [A(0.15 + B(G.1)]

where the coefficients have to begévaiuated by hand and then input
to the computer.

E. Block Diagram

See following page for program structure.



o 0

(ﬁb ia) Ap+Bg+ Cp+Dp—(E+F)
axt

WHERE .

A=2/[ala,+a)]
B=2/[a,(a,+q,)]
C=2/{a,(la,+a,)]

0=2 /{alasaf]
£=2/a,,

F=2/a,a,

a;=h:/h =123 4

Fig.AL.5  COEFFICIENTS FOR

5(12}*W/h)

BOUNDARY

AN IRREGULAR STAR

- E0C -
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READ ,
NODE CHARACTERISTIC  AND
BOUNDARY CONDITIONS

GENERATE

_THE EQUATION FOR EACH NODE

REDUCE Q
THE MATRIX ELIMINATING THE COLUMNS AND
ROWS WHEAE AtL ELEMENTS ARE ZERO

SOLVE
THE BYSTEM OF EQUATIONS BY MATRIX INVERSION

DETERMING o
THE CENTRE OF PRESSURE ICPI

EVALUATE
THE PRESSURE AT EVERY NODE AS % OF THE
cp

L

WRITE
THE PESSURE AT EACH HNODE

INTERPOLATE
THE PRESSURE TO PLOT THE PRESSURE
CONTOURS ’

Fig.Ab.6  BLOCK DIAGRAM

PROGRAM 1
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N

READ
NUMBER OF DATA
PRESSURE GRADIENTS AND
MOULDING CONDITIONS

EVALUATE

AT EACH NODE WITH EQUATIONS 7.3 & 7.4
. kL

THE VELOCITIES IN THE X AND Y DIRECTIONS

& i ——

' CALCULATE .
THE HRESULTANT SPEED AND ANGLE
AT EACH NODE

i

WRITE
THE RESULTANT SPEED AND ANGLE
1 FOR €ACH WNODE

Fig.AL7 BLOCK DIAGRAM
PROGRAM 2 -
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AEAD

ISELECTOR
DISTANCE 6,

Lﬁ

‘! usiss.ecromq

READ

PRESBSURE GRADIENTS

“

iSELECTOR:0

¥

READ
DISTANCES dﬁ d?-' dF'

CALCULATE

tHE DISTANCE YO THE
FRONT WITH EQUATIONY
740 & 7.11

FlLOwW

CALCULATE
THE DISTANCE TO THE FLOW
FRONT WITH EQUATIONS
710 & 7.1

¥

WRITE

THE DISTANCE TO THE NEW FLOW
FRONT ALONG EACH STREAM-LINE

Fig AL8  BLOCK OIAGRAM
PROGRAM 3
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_ READ
NIAXETYPE
‘NAREAS -
"AREA CAVITY
1
e EVALUATE
" THE AREA OF EVERY SECTION IN WHICH
- _THE an"nlae SHAPE HAS BEEN DiVIDED

kY

SELECY W
YHE TYPE OF AREA DEPENDING ON THE
NURMBER OF AXES OF SYMMETRY.

[ IAXETYPE |
]AJ('EWPE‘: 1 IAXETYPE: 2 j  tAXETYPE:3 IAXETYPE :4
TOTAL AREA TOTAL AREA TOTAL AREA TOTAL AREA
| EQUAL EQUAL EQUAL EQUAL
AREA X 8 AREA X 4 AREA X 2 ARE A

)

}

T - I

| ——

EVALUATE .
THE PERCENTAGE OF AREA COVEARED

-

WRITE
THE PERCENTAGE OF AREA COVERED

FigAL9 BLOCK DIAGRAM

PROGRAM 4




A.

208

APPENDIX 5

SAMPLE PREPARATION FOR X-RAY ANALYSIS OF
THE CROSS-SECTION

Equipment

Cambridge S2A Stereoscan

"Struers” polishing apparatus

Wet and dry abrasive paper types 220, 320, 400 and 600
Doubie-sided tape @

Glass slides

Cylindrical cork

Razor blade

Method

Cut a 2 mm thick cross-section from the SMC of size 10 x '3 mm
Stick a pijece of the double-sided tape to one side of the glass-
s1ide and another in the other side

Stick the cylindrical cork to the glass-siide

Stick the sample of 10 X 3 mm area to the other side of the glass-
slide

Polish the sample with the abrasive paper starting from 220 and
finishing with 600, to reduce the 2 mm thickness to 0.25 mm.

The sample is ready to place in the Cambridge $2A stereoscan
(reference HZ).
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APPENDIX 6

METHOD USED FOR THE EVAiUATION OF
FIBRE-GLASS PERCENTAGE
(Copied from Appendix 5, Ref. W2)

Equipment

Safety glasses

Rubber gloves

"Carbolite" furnace (1-2/70/1238)
"Yitrosil" crucibles, 30 ml

“Saint Glass" filter-crucibles, 15 mi, porosity 4
Rubber sealing rings, size 7

Filter flask, 500 ml

Fi]fer-pump

Concentrated nitric acid

Distilied water

Squash bottle

Glass rod

Desiccator Pyrex, knob type, 20 cm diameter
"Belling" drying cabinet (000578)
"Unimatic" balance (5-32961)

Method

Clean all the equipment, dry them in the oven for 2 hours at 1200C.
Allow them to cool in a desiccator and store them until required
Cut the samples of 10 x 10 mn from the SMC

Weigh the "Vitrosil" crucibles and lids (weight (1))

Weigh'. each "Vitrosil" crucible and 1id plus sample (weight (2))
Place covered crucibles cdntaining the samples in “"Carbolite"
furnace at 625%C. Leave the ‘samples for a minimum of 12 hours.
Samples must be white, any greyness in the samples indicates un-
oxidised carbon

When combustion is complete remove the crucibles from "Carbolite"
furnace and allow to cool at room temperature

Remove a filter-crucible from the desiccator ahd weight (weight
(3)). Assemble the filter-crucible, sealing ring, fiiter flask
and filter pump. Start filter pump.
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- Place the "Vitrosil" crucible in a FUME CUPBOARD. Add 5 ml of
water to the "Vitrosil" crucible and then add sufficient con-
centrated nitric acid to Eover the specimen. After 5 minutes
stir with a glass rod and add 0.5 m1 of nitric acid. The diges-
tion of the calcium carbonate is complete when no further gas
is released on adding acid.

- Empty the contents of "Vitrosil" crucible into weighed filter-
crucible. Rinse "Vitrosil" crucible with a jet of distilled
water from squash bottle and empty this into the filter-crucible.
Repeat the rinse several times to ensure all of the residue is
transférred to the filter-crucibie. Filter to dryness.

- Dry. the filter-crucible, "Vitrosil"” crucible and 1id for 2 hours
in the oven at 1200C.

- Cool in desiccator and reweigh the filter-crucible (weight (4)}).

- Evaluate the percentage of glass content with the following
equation:

_ weight (4) - weight 1)
f.9.% = weight - weight x 100

- Reweigh "Vitrosil" crucible and 1id. If all the residue has been
transferred to the filter-crucible, this weight should be the
same as weight (1).

C. Safety

The acid digestion MUST SE performed in a FUME CUPBOARD. SAFETY
GLASSES and RUBBER GLOVES SHOULD BE worn at all times when using
nitric acid.
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APPENDIX 7

PROGRAM USED TO RECORD MbULDING DATA
COMPUTER PROGRAM (BASAC)

A. Introduction

This program instructs the PDP-11/05 data 1dgger to record during
moulding the voltage outputs from the mould thermocoupies, pressure
transducers, displacement transdugers and ram-force. Twenty readings
(one control, 9 thermocouples, 6 pressure transducers, 3 displacement
transducers and the compressive force) must bé scanned simultaneously
during each second. The readings must bé recorded during the moulding
cycle which lasts for approximately one minute.

The program has been written in such a way that when the memory
_of the computer is full, part of the data is released through the
high speed puncher (72 characters per second) and hence more data
can be stored. There is a compromise between the amount of data
released through the high speed punchér and the time spent releasing
the data. During the punching time no data can be recorded.

B. Data

The following variables must be defined in the input.

= Déy of the experiment

= Hour of the experiment
Minute of the experiment
= Second of the experiment

[ 22 B -Gl i o ]
1l

C. Variables

=
n

Matrix where the data is stored (20 x 45)

= Counter of recordings

= Limit for the number of readings and punching data
= Range of scanning speed (set at 25ch/sec)

Time function in seconds (in array form)

= Array :

= Time in seconds

= C — ™ . o
1]
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W = Variable used as control to start the scanner
from the test laboratory
= Block scanner function
=  Array
= Function used for setting and reading the electric
clock

D. Units

The units used in the program\are in mm and seconds. The pressure,
: ) : 8 .-
temperature. and compressive force are in volts and must be transformed
from tables into their proper units.

E. Channel

140 This channel is the control (W)

141 - 150 These are normai channels and can be wused for pressure,
displacement and compressive force

151 - 159 These channels are for temperature

F.- Block Diagram

See following bage.

G. Progranm

See following page.

H. Note

To use this program, delete from the compiler the extended and
logarithmic functions (see manual of the computer). This is to increase
the memory.
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DATA , TIMEg

I

2=0AS(2,... )

g

Re3 : Q=4 : J=45§

$

DIM. A(20,45) T(45), X (45)

¥

w pas(4,... ) =

Z=pAS({3,... )

TY)=v { saconda) ‘

x{(v)= DAS{0, AU4Y),..)

B g=gti

|2 B
J=45 -D@

Fig,A?.T

BLOCK DIAGRAM
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1..1 [ o}

INITANUENTED DATA AND TIMEY,
TINMRARIY , Do 03;;”; ARI,M, 831, q
SLTT?ZaNAS(2, N, Y1, R g
LETPaLETAR LT ™. =S
LANIHAC2A, A8, T (A5 (AS)

oM, TTaDARC 15 1240, M, 2)

ol O AT .mr;n'mqn

AATAPY= TN

HM T .

AL 2aNASC A, DL HL ML ) s LET™ (V) aYt
AALETZ(YI=DASO, ACTL Y)Y, 140, 159, R, 4)
ASMENTY

AILETJ=S

SeFOTYe I TOJAALETR=0+ 11 IFR>=6G60TNTA
LIFANI | TARA
BANTTRADAAL L, AOTAL ATV,

SAHENT

SAENTADIAT L, #31,T(YVI,t

SRMEXTY

APLTT TR+ ] i IFA»s3G0TO80

1250TO4D

BAIFJ>uaSnATOIA

BELETY=s45:60T0504

QaEMND .

>

READY
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APPENDIX 8

USEFUL DATA CONCERNING THE WHOLE
PROJECT

{For future users)

A. Introduction

The aim of this appendix is to supply information that has not

been treated in the thesis, but that can be useful for future users.
)

This data is mainly concerned with the moulding of the four
selected plates. It provides the shape of the charge for every plate
and other useful information.

B. Data

___ The following table supplies the area of every cavity, the
volume of material required and the force required based on a 3 MPa
as moulding pressure.

TABLE A-8
Plate Cavity Volume Mouiding Charge

Area of Material Force Shape
(m?) (m?) (KN}

Square 0.059 1.77 x 10-*% 177 Figure A-81

Rectangle 0.057 1.71 x 10" 171 Figure A-82

Square & = -y . _

Triangle 0.035 1.05 x 10 105 Figure A-83

Trapezoid 0.042 1.24 x 10~ 124 Figure A-84

The LP-SMC (SY19/25) has a density of 1.8 kg/dm®



216

~ 2L3mm

FigAB1 (HARGE SHAPE FOR A SQUARE CAVITY
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| 334mrﬁ

172 .

Fig.A8.2 (HARGE SHAPE FOR A RECTANGULAR
CAVITY |
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2L2mm

FigA8.4 CHARGE SHAPE FOR A TRAPEZOIDAL
CAVITY
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APPENDIX 9
MOULD _DRAWINGS

A. Introduction

The drawings for the manufacture of the mould are shown in
this Appendix.

There are two reasons for including them in this thesis.
Firstly they show the position of “screws, ejectors, etc. so they
are useful for future modifications of the mould. Secondly, the
amount of work involved in drawing them was considerably important
- {4 months).

The general drawing is No. 1: iR this plan all the parts are
referred to with numbers. Those numbers are used in the description
“drawings of the corresponding part.

B. Drawings

The set of 18 drawings is shown in the following pages.
Drawing No T is on the back of this thesis.



. R . SIS, — e —ad
et e e 198 - U - )
| f T o
1]
_ <L 15k
. . F T 4 L N >1!.I_
o " ' < L
POy AT S 11
i . .18 1
N 1 219 ol L
R
R -{rs:id-—
: : im\w..w.-ﬂ.lpuum S
d nm \\.—\\\ ¢ II..H ~ ._
e - RN
w! Py ~ 1
o Ll It N
u u Pty '
7 . ;
- T
Pt FE L] | :
o : Laridi i . i
1> C e v + o
e, _ L L
" Faie) ! 3 y
K \ ' i LX) “
Pl k™ T "
s “ v - i I_ ¥ 1
‘ .- _ a. uq_ ! o_. 1 " / 1
._J—..' II.”... - - .-fr ]lu; te H
. 1
159 g S S |
[ ~T7 23 G -7 b :
i - i 1 oLrs . AR S )
P I et GERTTAFAETI | e
® —( )= g e A==
ik { ; 1< S I R AL '
13 N H LI | “ R
. 1 R ! N
..A'«m i s
- —1 ) —ft —]- T
<, .ﬁ 1 w_. \\. n m .w ¥
ol ~oio ]
_ _ IR “
- . 1 —-. N
] i L
= Spreel—
NG ﬂ . 1 _ i .Ellr/|:.|!lm
S , ' IR J.
).I- - Y . N 1 -
Y
84 Y _ ; ’ ﬁ.rL
fl I, \\ - m -
_I-f"ll - ‘\\ \ /
S LoD |4
e o, * \\‘.\\ / \\ ! ! ,
ST =T
../f/l/... \.\\\t ] _I\H...l.
i B g I 1Iort...
vt e LT
[ . i !
. 385___] J R u
; ! I ,
-k - A R S
Ry R s TN
Ty - ‘0 ._—nll,m.@v.. ei - —] - 1\#1
A . N . 4 ————
L e - Vu
I 3
1 !
l.\h -l

IPT

Pn.D Thew

LR

)
e

~
n

FLAre o

ry

B oA | Srele 1 I A




222

g
7 I
| ey ) yE |
Ty ;
_ o P gt
o 1 “ _
K L e
=] e 2o XY
A
L
~—+
i i
),
S | -©)- _
N + A
it - - *
- \MPN\!.N. - - wmulnr
7] LN&.L[??.J'II..JIMHIIU!I AL T N T !
aﬂ L Bl o -3 . - -t
& s O - _ » &Q ! J@l |
H [ . 1 L}
o E__ . J l~ _ . i
m.. Imm..v [ - f_ “
ot FEX ~or
J - () Sa— e TEReT YT TE —y : A
L8, i ——— =t g —— : —¢— P .
N O 4 A“YI R R
13
. 2" } _
= —
b 27E

—
s T 3 N

1. © 4 -© 4

= a— R R

AT FEr ||&

: f

& L4 o -
—f o y— . . ,,.,\” i - . !QF

4 g g | N L _

- - ¥ \\I'I"L - _

1 . a . _,h ) . FOf _

- —f K

: —

s

~
Y

JEDON
e =

A
H

o
J
1

- N__
o m_
iale )3
[34] £ 10
i “ ot
£

Facll O

44

& IR
LY l.
LY S
Mo ~
R

L M B
[ T BT
i -
€
N
m_ E]
£

[r]




223

P

- II;L. )

ul" H

| dld_ '

; e e e e e e~ e s !

; = : : = eoz For
ol : £ s m | ! _
5“ 25 = ; Lo ! A

| @ O g9 © @

| S ] j

h}
— ~
= P —— 5 :
- v 7 _ $ir3 Io._ * - _
; R .@ s l : : i
R * A 1 . { L
R g’ O+ v ©- _
Y B 3 ! i i
. . |..—
_na.llilt ais
x
%Nku. w2

—p

R

Ao —

.|H TTTRye
K .b _

ST T ep

IPT
Pn D Tn

§ ,’Ho lhes

AAnTEs 2,0

Dim in mad S it [ 0738 [R-i

weas ML }




224

e d

73’

@

4

——— e

- i
e . — SER
96¢ W12
Foo|a ._._ .
— - = .- e[
| 87 ! ) ._ RlElar
| [ ] j
_ _ P >
y
e ) oy 2
_ ! 5 X * mt i B .
i ¢ Lt ) ' * et
! » ,r_. | =
- t o o, ! . -
b _ hae &3 ~ i — »
J S C -
el | ) g N o |2
5 1 : N 8 ; — W
Nt Ty [ To14 . T N i m
s . R __. ;. H i 1. R ] =
- exl oo 1 adi | : 5 - R
£ -3 . Sl N 1! 1.0 " : N Q 3
- [ R YA 190 Vpr v Y o
[ . - e b =t AT s __. =7 ' g -
- .o . L N 1y ' P
H , T r 1oy 1 -nlﬂ. ' !
* 1. H L sl i P r \ RN i —
G Bt L 1 1 1 ' N 1 ._ ST
' hed v . _. + N = _ ] B
LR S 1t [} [ il H e '
FF L 1 AHU [N ] 4 _h L1k,
! B 1 \
K Y AT L & i
o Alad, 1 - -
— sy AT ) y L ¥
;! e SRR S (AR ;
Pl Y R A vl i ' -
(] ' HE F "“
o !n..“ ' A HL 1 —
7 e 2 id .. AP T £




225

. m e A . e b —  ————

—imme— e FEE ol - ! ! m
T T T TR A CrAme— - - = '
T .y T T T T T P R v
sy b e e sl ] T San s )
# _ 2 J T ‘ i _ ; “ ] H _ 3 W _ I ' a‘ ' | ‘w,“\\
RS P S Ty T T “Im ir g s A
— — Y = v .,mu,,i __ PRSI R N 7,
55t v ot ek O B | RGO I R I IR B o e | I 4
iy ﬁxl.m%u. S, JI0S TN SN | AU N o _ ,4 f :__ _ _ rmn.“.u.m ® ‘.,tw.q,
; R . _ . — lﬁlwn—w‘l..f 1 E R
L e _ oy, 1 Of Q- L ¥ -
© O o O O 7O R 6 S c o B ey
dge . o N o Dot

ra8.8

S8

ﬂ.m...wm J-. . 1 )
a0 B ety O R
.13[.2] mllr A j..lsﬁ.ww.ftlﬁ ........ _l_.l.%HM.IH-WwW lllll
| & CRE R ¢ J & &
it h g x5 & " Av |
A - . .@.
O R oS

» ] | EgE — - —

=
&
&
&
-
@
©
<+
&
&
-

- el _
e ] \W\ _ no _ —
_ _ e % O- d
— e — —_ e N ...Oq_ v b @ L@ll*il — .w.-lluu.‘f.“. —
* _ ' S _ _ Imn.mul /. D IJ\-M,.I
: - H : (ST S
...... i S e e | L

TR T T T T T T g

. m‘ sggr T .
; p - ——— et 5 R, . 7 ]

"

"
PLVA

P
Pl D Thesy

2

PLATE &

Dl fa e | Sewl 42t | MES




226

ot i

et orpae s, o

e

£’

N

Bl .

) - T N\th\
O GGG

50—
Nr.r.!

,.
. -o
O
s
tely

- i 1 T quxlnuu“.. T — e I
4 N s S
_ W \\\_
1 |
W ) ec.w, A *a \\
. i g v, rw . v
& aw.n A ﬂ, m " " \
n : ! \\l»mm, H!!. : - P miﬂ o \
7 5 K : R AR
3 IR SN I 89
a2 T - . .“ * _f ! 3 N_ ¥ £ 3 Mﬂ 1
oo M, w i | T LI ,
o {O; FPEETEE /
&~ mget iy o B omial [ s
1, | - - N o0 .23, ¥ &
IO ! 2 | J i o) A s
FTEE = m w i ) .
. Pwmu,.. et m y
- =5 527 » .?.m 1 h b3
(13 ¥ 5
3 o 05 % 5
E L . S Sy S et 2
.. : .
| S - 3} ;
RN 755

/a(d bl d [ 7‘--;,)

.2 '
I P

S n_
eleli|
&7
IP.:,.
0

-
et

'/.-f[

Saete
il

a-‘a-:.,-..l




227

st s

7l S
278

I

®

e
i 7
: T

———

7 ——ts

73 R

IPT

-—— .

Pt ——

Y...i srof ]

[

-mT

g
1.4..-.‘ L3

Py O Thais

RS

NN

j\

PLATE ¥

kel NI

}
|

N
Vi
i
S
!

[] o
T | =7 &
e ¥ | e
— ” - o - . {
!
©) = 7er e -
1 Jhﬂﬁ- —— e
. [W.m 260 -

XS

©,

¥
[l
~




LeL)

AL

228

TPT

Piy D [l

2876 9
Dim ia mm E.’Nn-’t i L,':.'B

- a6 B 266
B |
1“ Al ' i 2.2“-.ﬁm ._ .”.n. T ]
St . ? 124 < |
““ _ I} ,._q hﬁ e !
T | =
' . M ” ﬂ H
i 5 J |
b i
4 “a.ln....h\ = @ h..hﬂN!f|_ : x@l 1 N Imn.. |
: : i - —tELE
.. e ,@ﬁﬁ ©j © 2%
. : & . . .
: g P S .@.. | N 1 \ Pl M..
O i N £ ©
= AL i : # . W
— : @« m ,.@- _“ @ _t 7]
ol P Y. T
] i i Ry i i
]

ToF : P 1y F Y y 52
m_ . e - 4.4 ;

L Jl-.“_nla@‘mgy 0

1

i

R RS, B der, s e

b

: o M - ¥ X
{1 R © © O o
ok 3
e % ]
.am_. T L@
v 7
© ©
| -@L‘ _
) i _ {
A x.ﬁ.yf. ..“i.l.«;@.i .. >_ Iy -
.h £ ] > »;.A.Vl

i ¢y




229

ST

-k

SN

, I p "
. {4
RO N I -
. i—t+1 1
“ w J F
i | e
|
[ oo it B
gl m
i m |
| 1
“ L]
X L
1 E

]
S R
;

It

S N
1
INE
~J -
3
B
-

t
*
b

|
i
> I"..',.H- _f_._l

RN

FLATE ¢

i
aloi:
Hi ol
..V?\L
1
o

[ i o ] Gesle £i4 | N

reeila-s
—-i——i——l--“‘..}‘ |




230

’-f"_--f._i - 9.5 |

7
_é’f'”“"
| T v -

> I —°‘
re— ¥

e 2
J
r

rirs

=

A

F AL ad

2 S

! L ol
TN R

| 11
Haz.

i

. ”6--!1!- .i.”.:fa‘;om

PoNcH A (19)

TPY

Pl D Teni

P tem= | Serte 0 | A5 T[R Gaonct]




231

P vt
&

WIEL
aio M
H Sy
AP
x
n
ﬁ
S—
3 ~
- N
~ .
: &
=2 Vi
* —
b7 £
3 H
R B}
x
)

o L oes™

NN

AN
N

'.:'~ 3 }"-;.

f,{ﬁ.ﬂ. J! imé

- |




232

./ 1
L.
-
£
R
oY SSa-
H.P.I.L.ll - , U A
17 garm—
e
Aw\ﬂw//&

ll&\.‘

Thesy

TPT

Pn.D
R Gt

RPoveNet ¢n)
ine e e l.fu.’. Iy [ IR




#1125

R
-o.arf

233

vs

[Tt

S~

X

_l B S NP |

el

(7

f02.5

o ) i_.. g

a4 bt 2

Ph D The
R.enh

“*rd

Puwer D (18)

Dim if"'_‘""" L




LSRRy

234

QAaviry FOR Pawen "D* er
Ph D Thess
R Sesa bl

Der 4 I decle £ f -I—A'-' /¥




-

—_— ‘

[atmani vy
-

I I S

6.

L
ke

ros _

125

Lng

235

[

NETS
ale
e
" m rr
3
[apes. o597 ;m...,._.w.mwm..l.._ n
\ll.l_n.— wx- b » ]
i ! : _ | ....
| P J y,
.,,u RS
Feo = | ) :
Id : ) | : :
-.@:.;.r«. J & -
N . :
-1 i g &I
-O?-LT: 7 3
s - L . Y 4 .4. .J ml m\.l‘
&/ : 500 u \
1t ;L
L ! S
l@ - II._ 4@(
%
H

i’
R
_éﬁj




236

f—

TRIEMATES ¥9

Foudr mares &v

2/

h---'-

it
o |
Ll Rt B
[+ 9 ¥ ) M
- Hizs"
. . m.v. I .
Qe B 1
5
w32
.
»ope
ot
K
e
<o
I
Z |¢
& it
. J
(=
v 9 o
g9 »
N 2
13 1
O S
3
3
=,
e
. &
1 B
It o
3 o
| ]
i
. _sm wT T & @
T " 1 * —a - — r.14 [
©) L S el v S L
I . ? s | S+
o oo ] - x VPRI 23 3 - " E | t M
> J.. t. m... I— ] h
. -1, -

iy
¢S




237

SOy )
4 .- +

r60. 8.

| 2N
1
L]

o p—

il

IprT
DL D Thus

mafSveb 41 | W77 R

PLATES ¥7, 98

W1 s

o




238

rF
196" o . R~ |
2 ¥ T ' dog, A -,
L ER N %
-- — e xS
‘ ' i ] L A & N
= : -—1
- s H i
P }.;.' S : f.‘tn..l.__..; ‘ l . 8 } :
B | {37 B /¢ : — -
aand rwe rates (5%, STde) HAKr rwo PLares { STd, 5¥5,) @
® |
PPrrrs Wo'n:m,@
f”“‘.ﬂcﬂ)_
. ”__39‘_'
‘:_‘ .
|z |
""”T
e . :-{__.l
. 20 Nrr_
¥
)
| S —
-‘\R:f__
bl
o o
L X
N &
3
AN $
' ! q ]
=] L
oA &
g o le
a 1
A
B
' X A
¥
B
- AR
g _“ TR
-1
emlile
[
yo
Yo Fon Pic£s 57, 59,6034 iev
oo . Phy U, heets
TOeLE Poet Dim in F"‘Ii Seale 1f l 18

ES-Ta




239

APPENDIX 10

COMPARISNN OF EXPERIMENTAL FORCE V, FITTED FURCE AND

PREDICTED FNRCE “

DATA: '

AGE . 1 MONTH OLD

TFMPFRATURE 20

NIIM NF LAYERS 1 LAYER

WEIGHTY 6,332 GRS,

RIAMETER 40,0 MM

COMPRFSSION SPEED 0,9 CM/MIN

THE VALUE OF THE FUNCTIONS OF £QUATION 4,346

T . F1(T) » F2(Y} F3(T)

$,.00000 0.0000E 00 0,0000E 00 Nn.0N0NE OO0
0.94838 0.2814E 01 0.2435E 03 0.5934E 04
1.87275 0.3234E 01 0.5954E 03 0,.636%E 04
2. R6S14 0.3759€ 01 0,8442E 03 0.6858E 0&

THE SYANDARD ERROR OF ESTIMATE FOR THE FITTED FORCE 0, 00

COMPARISON OF FORCES

o FXp, FORCE . FITTED FORCE PREDICTED FORC
0.00000 0.0000€ 00 0.0000E QO 0.0nQ0E 00O
0,96838 0.1957€ 0¢ 0,1956E€ Q2 0.5801€E 03
1,R7275 0.4543E 02 0,4543E 02 0.7230E 03
2.84514 0.9587E @2 0.9587€ 02 0,9263E 03
! LI TI Y EE 22T
NDATA

AGE 1 MONTH OLD

TEMPERATURE 20

NEIM OF LAYERS 4 LAYER

WEIGRT 6,078 GRS

DIAMEYER 40,0 MM

COMPRESSION SPEED 0,9 CM/MIN
THE VALUF nF THE FUNCTIONS OF EQUATION &4.34
T FICT) F2(T) F3(T)
(,00000 0.0000E 0O 0.0000E 00 06.0000E 00
0.99208 6.5746E 01 0.1093E 03 0.5874E 04
0.98439 0.7347E 01 0.5869E 03 0.6642E 04
1.89076 0.9885E 01 0.1308E 04 0.7705E 04
THE STANDARD ERRAR OF ESTIMATE FOR YHE FITTED FORCE .07

COMPARISON OF FORCES

T EXp, FORCE FITTED FORCE PREDICTED FORCIE
0.00000 0_0000E 0O D.000CE GO 0.0000E QO
nN.19208 0.1304E (2 0.1304E Q¢ 0,7694E 03
. 9B4%Q 0.6348E @2 0,6347E 02 0.108HE 04
0. 1628E 03 0.162BE 03 0.14675E 04

1.89076

'TLA2EE X RS 2 EY &K
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AT A .
AGE 1 MONTH OLD
TFMPERATURE 20
NUM OF LAYERS ¢ LAYER
WEIGHTY 12,462 GRS,
nTAMETER _ 40.0 MM
FOMPRESSION SpEED

0,5 CM/MIN

THE VALUE OF THE FUNCTIONS OF EQUATION &, 34

T . E1(T) F2(T FI(TY

Nn.00000 0.0000E 00 0,0000E QU 90,0000 00
0.98439 0.3171E€ Q0 0.9948E 02 0.279%E 04
1.99280 0.34%6E Q0 0.124YE 03 0.29000E 04
3 02521 0.3690€ 00 0.1971E 03 0.3014E 064
3.9855%¢9 0.3969E 00 0,.2693E 03 0,3126E 06

THE STANDARD ERROR OF ESTIMATE FOR THE FITTED FORCE 1,86

CNMPARISON OF fORCES

N T EXp, FORCE FITTED FORCE PREDICTED FORCF
0.00000 0.00Q0E 00 0,0000E 0O 0.0000E 00
0.98439 0.4348E 04 0.3709¢t 01 0.1660E 02
1.99280 0.1065€E 02 0,1244E 02 0.2804E 02
3.02521 0.2897E 02 0. 27788 02 0.4441E 02
3.98539 0.4652€ 02 0,470YE 02 0,.6451E 02

RN AN N R AR R R
\AfAI )

AGE 9 MONTH OLD

TEMPERATURE 20

N1IM OF LAYERS 2 LAYER

WEIGHT 12,547 GRS

NTAMETYER 40,0 MM

COMPRESSION SPEED 1.0 CM/MIN
THE VALUE OF THE FUNCTIONS OF EQUAYION 4,34
T F1(T) F2(T) F3(T)
0.00000 0.0000E 00 0,0000E €O 0,0000E 00
0.9123%6 0_6845E 00 0.114%9E 03 0.2993%E 04
1.R88475 0.7921E 00 0,2554E 03 0.3134E 04
?2.85714 0.9207E 00 0,4174E 03 0.3379E 04
THE SYANDARD ERRNR OF ESTIMATE FOR THE FITTED FORCE 0,27

COMPARISON OF FORCES

r EXp. FORCE FITTED FORCE PREDICTED FORCE
000000, 0.0000E 00 0.0000E 00 0.0000E 00
n.91236 0.1217E @2 0.12¢7€ 02 0.3571€ 02
1.R847S 0.6B70E (2 0.6869E 02 0.7643¢ 02
2. 85714 0.1413€ 03 0,7413E 03 0.1239E 03.

e Y2222

AT A
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AGE ' 1 MONTH CGLD

TEMPFERATURE 20

NI!MBER OF LAYERS e LAYER
WEIGHT 12.343 GRs
NTAMETER 40,0 MM
COMPRESSION SPEED 2.0 CM/MIN

THE VALUF OF THE FUNCTIONS OF EQUAYTION 4,34

T F1LT) F2(T) F3(7T)

0.00000 0.0000F 00 0,000VE QU 0,0000E 00
(0.88436 0.1469E 01 0.22888 035 0.2993E 04
1.77671 0.1936€ 01 - 0,5252E 03 0.3436E 04

THE STANDARD ERROR OF ESTIMATE FOR THE FITYED FQRCE 0,30

COMPARISON QF FORCES

T EXP, FORCE FITTED FORCE PREDICTED FORCH
0.00000 0.0000E 0O 0,0000E 00 0.0000E 00
0.B8883¢6 0.8239c g2 0,823%E 02 0,7412E (2
1.77671 0.3072E 03 0,3072E 03 0.1801€ 03

'R A AR R 8RR R NE N N

DATA;

AGF 1 MONTH OLD

TFMPERATURE 20 _

NUM 0OF LAYERS 3 LAYERS

WFTGHT 18,815 GKs.

NYAMETER 40,0 MM

COMPRESSION SPEED 0,5 CM/MIN
THE VALUF OF THE FUNCTIONS OF EQUATION 4,34
T F1(T) F2(T) F3(T)
0.00000 0.0000E 00 0,0000€ Q0 0.,0000E QO
0.48049 0.9052E=-04 0,1269E 0& 0.1835%E 04
1.45258 0.9489E-01 . 0,3930F Q2 0,1878¢ 04
2.40096 0.993%E=01 0.64648E Q2 0.1922E 04
3.38515 0.1043E 00 0,9604E 02 0.7970E D4
4 44178 0.1100E Q0 0,1294E 03 0.2022E 064
5.28211 0.1147E QU 0.1574E 03 0.2065€ 04
THE STANDARD ERROR OF ESTIMATE FOR THE FITTED FORCE 1.61
COMPARISON OF FORCES :
T EXp, FORCE FITTED FORCE PREDICTED FORCEF
N.00000 0.0000E OO ‘ 0,000UE QO PROGRAM
048049 0. 436BE 01 0.3742F 01 TFATL
1.45258 0.5000E 01 0.6984E 01 PREDICT
2.400964 0.9783E ¢2 0.1694E Q2 NEGATIVE FOR
3.38535 0.3326E pe 0.3264E 02
L. 44178 0.5761€ 02 0,5999E 02
5 287219 0.8826E (@2 0,8759E 02

TR R R AR R XL R PR B
ATA,
AGE 1 MONTH OipD

TEMPFRATURE 20




DATA,

NUM OF LAYERS
WEIGHT

NTAMETER
COMPRESSTION SPEED

THE VALUF 0F THE

y
0. 00000
0.99040
1.95678
2.A0316

242

3 LAYER
19,426 GRS
40,0 MM
1,0 CM/MIN

F1¢T)
0O00OE 00
J1B44E 00
2024E 00
"2219E 00

ODOD

FUNCTIONS OF EQUATION 4,34

F2¢T)
0,0000E 00
0.59243F 02
0.10B5E 03
0.1680E 03

F3C(T)
0.0000F QO
0.1881€ 04
0,1971E Qb
0.2084E Q6

THE STANDARD ERRpR OF ESTIMATE FOR THE FITTED FQRCE 0,27
“; . -

COMPARISON OF FORCES

T EXP, FORCE

n.00000 0.0000E 00
0.99060 0. 9930E 0%
1.95678 0D_4022E 02
2.89316 0.9630F 02

AGE

TEMPERATURE

NUM OF LAYERS
WEIGHT

DTAMETER
COMPRESSTON SPEED

S 222232214

1 MONTH OLD

20

Y LAYER
19,182 GRS
40,0 MM
5,0 CM/MIN

FITTED FORCE

0.U000E 00
0.9130E 09
0.402%E Q4
0.9830€ 02

THE VALUF OF THE FUNCTIONS OF EQUATION 4,34

T
0.00600
1.36685
2.63970

THE STANDARD ERROR OF ESTIMATE FOR YHE FITTED FOKCE

F1(7)
0_.000Ug 00
0. 16656 01
0.3048€ 01

COMPARISON OF fFORCFS

T EXp, FORCE
.00000 0.000NE 00
1.36685% 0.5635€ 03

2.43970

0.7491E 03

F2(T)
0.0000E 00
0.4810E 03
0.1169¢ 04

FITTED FORCE

0.0000E 00
0.5635€ 03
0.7491E 03

PREDICTED FOQRCE

PROGRAM
1FATY,
PREDICT

NEGATIVE FOR

F3(T)
6,CGN0VE Q0
0.2490E 04
0.3389€ 04

0.40

PREDICYED FORCE

0.0000E 00
0.7362¢ 02
0.4272¢ 03
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