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Neil Robert Lewarne Pearce

Process-Property-Fabric Architecture Relationships in Fibre-Reinforced Composites

Abstract

The use of fibre-reinforced polymer matrix composite materials is growing at a faster rate
than GDP in many countries. An improved understanding of their processing and mechanical
behaviour would extend the potential applications of these materials. For unidirectional
composites, it is predicted that localised absence of fibres is related to longitudinal
compression failure. The use of woven reinforcements permits more effective manufacture
than for unidirectional fibres. It has been demonstrated experimentally that compression
strengths of woven composites are reduced when fibres are clustered. Summerscales
predicted that clustering of fibres would increase the permeability of the reinforcement and
hence expedite the processing of these materials. Commercial fabrics are available which
employ this concept using flow-enhancing bound tows. The net effect of clustering fibres is
to enhance processability whilst reducing the mechanical properties. The effects reported
above were qualitative correlations. Gross differences in the appearance of laminate sections
are apparent for different weave styles. For the quantification of subtle changes in fabric
architecture, the use of automated image analysis is essential. Griffin used Voronoi
tessellation to measure the microstructures of composites made using flow-enhancing tows.
The data was presented as histograms with no single parameter to quantify microstructure.
This thesis describes the use of automated image analysis for the measurement of the
microstructures of woven fibre-reinforced composites, and pioneers the use of fractal
dimensions as a single parameter for their quantification. It further considers the process-
property-structure relationships for commercial and experimental fabric reinforcements in an
attempt to resolve the processing versus properties dilemma. A new flow-enhancement

concept has been developed which has a reduced impact on laminate mechanical properties.
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Introduction

The manufacture of fibre reinforced composites has been reviewed by Astrom
[1], Gutowski [2] and Davé and Loos [3]. Resin Transfer Moulding (RTM) [4-
8] is emerging as the most probable route to mass production for composite
components of complex shape. In RTM a mould is loaded with dry fibres, resin
then flows into the dry fabric stack and the resin cures to produce a solid
component. The success of the process is critically dependent on the rate at
which the resin percolates through the fibres. The Darcy equation [9] is
commonly used for simulation of the process. For a fixed geometry, the flow
rate is proportional to the pressure gradient and inversely proportional to the
resin viscosity. The constant of proportionality is known as the permeability of
the porous medium. Summerscales [10] predicted that clustering of fibres
would increase the resin flow rate in the reinforcement and hence expedite the
processing of these materials. Thirion et al. [11] have reported commercial
fabrics which employ this concept using flow-enhancing bound tows.,
Unidirectional (UD) fibres offer the highest mechanical performance when
stresses are primarily in either tension or compression along the fibre axis.
For more uniformly distributed stresses, it is common to use cross/angle-plied
UD fibre composites. However, the absence of transverse reinforcement
within each layer makes these materials liable to splitting parallel to the
fibres. For applications where high stiffness and high strength are required
together with toughness, woven composites can provide a reasonable balance

of stiffness, strength and toughness whilst offering improved processability.
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Conclusions

¢ An understanding of the architecture of woven reinforcement fabrics has
permitted the design of reinforcements in which there is a significant
increase in processability (higher permeability) without the unpredictable
deterioration in mechanical properties associated with bound tows in
comparisons of fabrics at constant fibre volume fraction.

e The University of Plymouth permeability apparatus has been enhanced by
the use of a thicker glass plate giving minimal mould thickness changes
during an experiment.

¢ The University of Plymouth permeability apparatus has been enhanced by
the implementation of a pressure control system giving 2000 mbar (+12/-0
mbar).

e The enhanced permeability apparatus produces results with low statistical
variation. The quality of the data (standard deviation <7%) is comparable
with the best permeability measurements around the world.

e The project used direct measurement of arcas instead of Voronoi
tessellation to quantify complex microstructures.

e This project was the first ever to make use of fractal dimensions for the
quantification of sections of continuous fibre woven reinforcement fabric
laminates.

¢ High-quality laminates were produced during this research which had very

low statistical variation, most notably on compression properties.
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e Processing and mechanical properties can be correlated to quantified
microstructures as detailed below.

Brochier fabrics

e Permeability experiments have been conducted on three Brochier fabrics:
twill, satin and satin Injectex. The architecture of the fabrics differed, but
fibre type, surface treatment and fibre volume fractions were all
equivalent. The measured permeabilities fall in a definite order: twill >
Injectex > satin.

e LSS testing has also shown a definite ranking, but in reverse to that of the
permeability: satin > Injectex > twill.

¢ The satin fabric had the highest number, and highest proportion of small
flow areas (<0.06 mm?), and very few areas of porespace >0.25 mm”. This
is believed to explain the lower permeability and higher ILSS measured.

e Twill had the smallest number of flow areas but a significant number of
large porespaces. The large porespaces were thought to result in the high
permeability but low ILSS observed.

e Unlike the satin and twill fabrics, the Injectex (flow enhanced satin) had a
significant number of porespace areas in the range 0.08 mm’ - 0.3 mm®.
The porespaces in this range were thought to explain the increase in
permeability and decrease in ILSS compared to the satin. (Griffin [36]

attributed the increase in permeability to the introduction of flow areas in

the range 0.10 mm? - 0.25 mm?).
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e The permeabilities for the three fabrics were ranked in the same sequence
as the proportion of larger porespaces and in reverse sequence to fractal
dimensions, and ranked in the same order as descending ILSS.

¢ Of the Brochier fabric laminates tested, the satin weave provided the best
mechanical properties, but the lowest permeability.

o Cross-plied Brochier Injectex (flow-enhanced satin) fabric laminates
exhibited a higher permeability than the satin fabric laminates, but at the
expense of mechanical properties.

e The Brochier twill fabric had permeability significantly higher than both
the satin and cross-plied Injectex fabrics whilst, with the exception of
interlaminar shear strength (this parameter is rarely used for mechanical
design) possessing slightly better mechanical properties than Injectex.

o The slopes of the Richardson plots for the Brochier laminates are ranked in
the reverse sequence to the tensile and compressive moduli and strengths.

New concept Carr fabrics

e In collaboration with Carr Reinforcements Limited, novel fabrics have
been designed, woven and tested. = The fabrics offer increased
permeability. These are the first flow-enhanced fabrics to give predictable
mechanical properties, albeit that the flow enhancement concept causes a
reduction in fabric areal weight. Previous flow-enhanced fabrics suffered

deterioration in mechanical properties at constant fibre volume fraction.
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For the new concept Carr fabrics, the increase in permeability is not
consistent with the proportion of flow enhancing tows, but is ranked in the
same sequence as the fractal dimension determined from polished sections.
The rate at which the elastic modulus of the new concept Carr fabric
laminates decreases is consistent with the reduction in the fibre volume
fraction in the two in-plane test directions.

The weft tensile strength of the new concept Carr fabric laminates is
ranked in the same sequence as the fractal dimension.

The compression strength -of the new concept Carr fabric laminates is
unaffected by the substitution of smaller flow enhancing tows. It is
assumed that the smaller tows have lower crimp angle and thus the larger

tows of the base fabric are the first to fail.

Convergent flow

Experiments were conducted which considered the effects of convergent
flows in RTM (Appendix A3).

Prior to convergence, flow fronts act independently and in a manner which
can be predicted, based on previously conducted permeability experiments.
The angle and location at which flow fronts meet relative to mould edges
affects the way in which they interact:

When flow fronts meet at a mould edge they merge and act as a single
front.

When flow fronts meet head-on there will be increased voidage along the

knit line and at any adjacent corners. Voids formed in this manner may
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retain their position during subsequent flow due to the cancelling of
driving pressures.

C-scan results can provide a useful indication of void distribution.
However, in the absence of reference materials, they can only show
relative material quality, not known levels of voidage.

Void volume fractions were higher from areas of convergent flow and
ILSS results consistently lower, indicating the adverse influence of flow
convergence.

The injection strategy.with two ports on adjacent edges resulted in the
highest detected void volume fractions.

All of the experiments were conducted with vacuum drawn in the mould
cavity. Vacuum reduces the quantity of gas which can be trapped. The

void volume fractions would be expected to be higher where the process is
driven by positive pressure alone.

A good correlation can be found between ILSS and void volume fraction
results taken from adjacent 'specimens, although this is highly dependent
on void distribution.

The three fabrics tested showed a clear ranking in terms of ILSS. This
ranking is believed to be primarily due to the influence of fabric
architecture on crimp, and porespace size and distribution.

Measured values of ILSS and permeability are ranked in reverse sequence.

It is worth noting that multiport injection strategies are possible in which

flows do not converge [45]. Resin can be introduced sequentially into a
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mould from injection ports which have been passed by the global flow
front. This will maintain the pressure gradient between the active injection

port and the flow front, and hence increase flow rate.

Recommendations for further work

e Improve the resolution of the vision system of the permeability apparatus

e The permeability values were derived at nominally constant fibre volume
fraction (subject to the variation inherent in the new concept Carr fabrics).
Given the power law variation in the clamping pressure/fibre volume
fraction response (Aﬁbé;ldix Al) and the non-linear dependence of
permeability on fibre volume fraction [46], it would be appropriate to
establish the permeability vs fibre volume fraction response for the fabrics.

e Establish whether the dependence of permeability on the permeating fluid
is a real issue or an imagined problem [47-49].

e Measure the crimp angles in the woven fabrics and then use the fibre
orientation distribution factor (cos’a) to predict mechanical properties for
the different fabrics

e Establish a set of data for comparable non-crimp fabrics as these are
becoming the preferred materials in civil aircraft.

o The use of new concept Carr fabrics may permit a reduction in the
consumables used in resin infusion under flexible tooling (RIFT) processes
[50] for the manufacture of composites. In the proprietary SCRIMP™

process, resin is flowed over the laminate surface in a flow medium. It

may be appropriate to use the new concept Carr fabrics within the laminate
PhD Thesis Page 27 of 33 N R L Pearce



in place of the flow medium and thus not need the flow medium or peel

ply in the process.

Summary

Routes by which the microstructural features of woven composites may be
quantified have been considered. These techniques have been applied to real
woven reinforcement materials. Permeability and mechanical properties can
be correlated to quantified microstructures, even when no differences can be
discerned by eye. New concept Carr fabrics have been developed which
appear to achieve app-rr'opri-ate process-property-structure relationships for
commercial application, i.e. flow enhancement with minimal reduction in

mechanical properties.
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The Compressibility of a Reinforcement Fabric
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Advanced Composites Manufacturing Centre
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Abstract

The resin transfer moulding (RTM) process involves the loading of dry reinforcement into a mould.
After the mould is closed, resin is flowed into the mould cavity and cured. The RTM process has
traditionally been used to produce low veolume fraction composites. There is now increasing
interest in using the process to manufacture high fibre-volume-fraction composites for structural
applications.

A series of experiments have been conducted to monitor the force required to compress a typical
plain-woven glass fibre reinforcement. The load-displacement curves for monotonic loading, and
for relaxation after repeated re-loading cycles to a maximum load are presented. The loading cycle
responses for the fabric have been fitted to.power law relationships, and the relaxation cycles have
been fitted to exponential decay functions.

Introduction

Resin transfer moulding (RTM) and the variants of the process are primarily used for low fibre
volume fraction components. A limited number of well engineered components using higher fibre
volume fraction have been produced, such as car bodies [1], marine propellers [2], radomes [3], and
aircraft propeller blades [4]. There is increasing interest in utilising the RTM processes to produce
components with high fibre volume fractions.

In a unidirectional array of fibres within a composite, the separation of the surfaces are on average
given by s, which can be written in terms of fibre diameter, d, for a given fibre volume fraction, vf,
as s = d[(p/v)"*1], where g is a constant equal to 0.912 for a hexagonal array and to 0.785 for a
square array [5]. The values of B correspond to the maximum packing fraction for each array.

Kanovich et al [6] have shown that where fibres of different diameters are used, even if the distance
between the reinforcing elements increases, the reinforcement content remains high by filling the
spaces between the main fibres with fibres of a smaller diameter, thus cutting down on 'ballast’
matrix. A greater volume fraction of fibres can be incorporated into the matrix by mixing the fibre
diameters.

In a plain-weave reinforcement fabric it is believed that the degree of nesting of adjacent fabric
layers is dependent on the relative phase relationship between the tows of each layer, and that
nesting will directly affect the volume fraction and hence the mechanical properties of the
composite [7]. The approximation of the path of the tows by a sine wave is no longer considered
appropriate because of fibre movement during processing [7].

The construction of commercial structural composite components aims to maximise the fibre
content to achieve high-performance. However, in practice the processes are constrained by factors
such as mould closing forces due to the compression resistance of the fabric and (for resin transfer
moulding) the reduced permeability of the fabric bed due to the high packing density. In real
structures the limiting fibre volume fractions are typically:
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35% random fibres (eg: chopped strand mat)
55% bidirectional fibres (eg: woven fabrics)
75%  unidirectional preimpregnated materials

It is therefore essential to the prediction of the facilities required for successful RTM that the
compression response of the reinforcement fabric is known. Data has been reported for the
compressibility of textile fabrics and fibrous reinforcements and empirical equations have been
derived for individual data sets [8-17]. The stiffness of a fibre bed is related to the fibre volume
fraction by a power law. Quinn and Randall [16] proposed that the volume fraction (V,) was
related to the square root of the applied pressure (P) by the equation below where K1 and K2 are
constants (see Table 1 for typical values):

V=K1 +K24P

Toll and Méanson [18] have presented a micromechanical analysis which confirms the values of the
exponent (3 for 3-D wads, 5 for the random planar case) and suggests that the power law may also
be applied to aligned fibre bundles (exponent is 7-11 for weaves and 7-15.5 for rovings).

The work reported here confirms the expopent for a woven glass fibre cloth, and extends the
response data to repeated compression cycles of the same fabric stack.

Experimental procedure

Materials

The reinforcement fabric tested was a plam weave of E-glass yarns with an areal weight of 625 gm’
2,310 warp tows per metre and high crimp. Tests were conducted on single layers and on stacks of
two, three, four or five layers to establish the effect of fabric/platen and fabric/fabric interactions.
Tests were conducted on 100 mm square, 71 mm square and 50 mm square samples (one-half and
one-quarter of the largest area respectively) to consider the contribution of edge effects.

No attempt was made to align the fabric layers so that there was perfect nesting of the undulations
in the fabric surfaces. This procedure would be excessively time-consuming and would not be
representative of current commercial practice in RTM processing. However, in order to eliminate
any effects from the natural curvature of the rolled (as supplied) fabric, the samples were aligned
with (reasonable) care such that all warp and weft axes were parallel throughout.

Testing machine and procedure

The samples were placed horizontally between polished steel circular platens of 150 mm diameter
in an Instron 1175 universal testing machine with an Instron 100 kN load cell set to 5 % full scale.
The chart speed was 10 mm/min, and each time the digital displacement indicator changed (every
100 pm) a mark was made on the chart. The cross-head speed was the slowest available on the
machine (0.05 mm/min) to permit accurate control of the target peak load, to maximise the
opportunity to interpolate the cross-head position from the chart and to minimise the chance of
accidental damage to the machine. The interpolation of cross-head position from the chart could
thus be determined to +2.5 pm. The platens were driven to touch to set the zero thickness datum.
Note that in set-up tests, not reported here, the fabric assembly offered greater resistance to
compression at faster loading rates.

In a typical RTM process a one metre square moulding might be clamped by two pneumatic
clamping units (eg Plastech Hypalock) each exerting a force of around 5 tonnes (100 kPa). In order
to conduct realistic compression tests representing commercial RTM practice each combination of
number of layers of fabric, and of fabric size, was tested to 100 kPa, 200 kPa or 300 kPa (see Table
2 for the applied loads at which each test was conducted).
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Once the target peak load had been reached, the cross-head displacement was stopped for five
minutes. During this time the load on the fabric was continuously recorded. After five minutes the
cross-head was restarted until the target peak load was again achieved. Five such fabric relaxation
cycles were recorded for each of the tests. In all 45 different tests were conducted (one to five
layers, three pressure levels and three sample sizes).

The overall size of the fabric samples for each test was measured prior to loading and on
completion of the five relaxation cycles using a vernier caliper.

Results and discussion

The load-time graphs for tests to 300 kPa on a single layer (solid line) and on five layers (dotted
line) of 100 mm square fabric samples are shown in Figure 1. The time for a single layer to reach
the target load is less in the single layer than for the full five layers. However, the time for five
layers to compress to the same target load is only around three times that for a single layer.

The time to reach the (300 kPa) target load is plofted in Figure 2 for each sample size and each
number of layers. The onset of load on the fabric is difficult to discern so the crossing of the 4 kPa
load was taken as the start of the test in each case as this position could be clearly discerned. There
is a linear increase in the time required,to reach the target load for each additional layer. This
increase in time is less than that required to reach target load in a single layer at the loading rate
tested here.

The apparent volume fraction (fibres/fibres-plus-air) was calculated from the position of the
platens. The total volume was taken as the compression plate spacing multiplied by the area of the
test sample. The fibre volume (V) was calculated from the number of layers (j), the areal weight
(W,), the separation of the plates (d) and the fibre density (p) as V; = j. W¢d.p;. The pressure
required to achieve each volume fraction is plotted in Figure 3 for the imtial loading cycle of the
300 kPa tests at each sample area.

The same data is plotted on log-log axes in Figures 4a-c. The data has been fitted to a power-law
equation of the form y = a.x". The variables determined for each curve fitting are given in Table 3,
and the values of 'n' for fabric stacks are in the range 7-11 as reported elsewhere [14, 16, 17]. The
single layer tests have values of 'n' in the range 4.8 to 5.8 and achieve higher fibre volume fractions
than the fabric stacks.

The total fabric thickness for each fabric stack was calculated at the end of the initial loading cycle.

The apparent layer thickness was calculated by dividing the total thickness by the number of
layers. The results from all tests are given in Table 4 and plotted in Figure 5. The lowest layer
thickness is that of the single layer in isolation. The two layer stack has an intermediate layer
thickness, whilst the layer thickness becomes more constant (within experimental scatter) at three
layers or greater.

The single layer is compressed with both fabric faces against the polished steel platens. In the
fabric stacks each additional layer introduces fabric to fabric interactions. It is probable that the
friction between fabric and steel is lower than that between two touching fabric layers where the
two fabric surfaces may act to pin the fibres which they contact in the adjacent layer or be
constrained by cohesive forces between the fibre surface coatings. The constraint imposed in this
manner possibly combined with failure to nest all peaks and troughs of one fabric layer into the
undulations of the adjacent fabric layer results in each additional layer contributing a greater
thickness than the single layer in isolation.

For each test, the residual load and the apparent fibre volume fraction were calculated at the end of
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each of the five relaxation cycles. The residual load (as a percentage of the target load) is plotted

.against fibre volume fraction in Figure 6 (small sample area), Figure 7 (medium sample area) and
Figure 8 (large sample area). These figures exhibit a straight line relationship. The gradients of
each of the lines are given in Table 5.

The dissipation of strain energy stored in a compressed fabric (stack) reduces the pressure on the
plates. The rate of energy dissipation is dependent on the quantity of energy stored and therefore
the rate of dissipation decays with time. The rate of decay was fitted to a single-exponential
equation (y = a + b.exp(ct)) and also to a double-exponential equation (y = a + b.exp(ct) +
d.exp(et)), where y is the proportion of maximum load on the platens, ¢ is the relaxation time and
a,b,c,d,e are variables obtained by curve fitting.

Note that this rearrangement takes place at constant fibre volume fraction (platens stationary) and
the subsequent reloading to target load increases the fibre volume fraction and achieves the target
load in a shorter time. Inevitably at the subsequent higher volume fraction there is a reduced
possibility of fibre rearrangement and a lower fall in the load over the same time period.

The area of the fibre stack after completion of each of the tests was found not to have changed
discernably from the initial value. This, infers that all the movement which occurs during
compression results in rearrangement by internal translation and rotation of the individual fibres
and not by gross outward displacement. Energy may be stored in the system as strain. Yurgartis et
al [7] have previously reported similar results: “across-ply compaction during lamination of a
plain-weave composite, while it does not significantly change the weaves wavelength (yarn
spacings), can substantially affect crimp angles and distort waveforms". This result has important
implications for RTM processes in that it implies that fabric may be cut accurately to size without a
requirement to allow for an increase in area when compressed.

Conclusions
The fabric tested acted as a well-behaved system, with good reproducibility between tests. The
following points were observed:

compression results in through-thickness compaction without measurable lateral spreading

e the initial loading cycle can be described by a power law expression

o the exponent of the power law equation is lower for a single layer in isolation than for a stack of
fabric layers

o there is a linear increase in the time to reach a target pressure with each additional fabric layer

o the gradient of the time-to-target-pressure line is independent of the size of the sample tested
and of the number of layers tested

o fabric-fabric interactions provide a greater constraint than fabric-platen interaction

« after loading, relaxation occurs even at the lowest available compression rate

o the stored energy is dissipated in a manner which can be represented by an exponential decay
relationship

e a higher fibre volume fraction is achieved on each successive reloading to the initial target
pressure

o the degree of relaxation is linearly proportional to the fibre volume fraction increase

o if time permits in the loading of fibres into the mould prior to mould closure, a higher volume

fraction may be achieved by closing to a preset clamping position (and corresponding force),

allowing relaxation to occur and repeatedly moving the mould faces together to re-establish the

maximum closing force.
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AN INVESTIGATION INTO THE EFFECTS OF FABRIC
ARCHITECTURE ON THE PROCESSING AND PROPERTIES OF
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Abstract: The use of resin transfer moulding (RTM) as an economic and efficient means of
producing high performance fibre-reinforced composites is critically limited by the permeability of
the fabrics employed. Commercial fabrics are available where the architecture of their
reinforcement is designed to cluster the fibres, giving higher permeabilities than conventional
fabrics. This has been shown to improve processing times but there is evidence that such clustering
is detrimental to the mechanical performance of the resulting composite materials.

The objective of this work was to retate variations in permeability and mechanical performance to
differences in composite microstructure. This was achieved by producing carbon/epoxy plates of
different weave styles by RTM in a transparent mould. The progress of the resin was recorded by a
video camera during injection, and the images were processed by a frame-grabbing computer,
permitting the permeabilities of the fabrics to be calculated,

Further plates were manufactured using the same fabrics, and sectioned for microstructural image
analysis and interlaminar shear strength (ILSS) testing to CRAG standards. Relationships were
sought between measured permeablities and finished microstructures using a Quantimet 570
automatic image analyser. It has been shown that variations in permeabilities and mechanical
properties can be related to observed differences in the microstructure.

INTRODUCTION

Resin transfer moulding (RTM) is a process for producing polymer-matrix composites. A
dry preform of reinforcement fibres is placed into a mould, which is closed before resin is
injected. Once the resin has cured, the near net-shape component is removed from the mould.
RTM differs from other composite manufacturing processes as it involves long-range flow of
resin through the porespace between the reinforcement fibres. The process and the governing
equations have been well described'”,

Darcy* found that the flow rate of a fluid was proportional to the pressure drop and inversely
proportional to the bed length. The coefficient of proportionality is known as the
permeability. The equation now normally includes a dependence of the permeability on the
fluid viscosity. The permeability must be either measured or predicted. Kozeny’ and
Carman® related the flow rate to the microstructure of the medium using the Blake concept’
of the hydraulic radius of the bed. The equation® uses a mean hydraulic radius which may
only apply if fibres have either uniform or truly random packing.
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Summerscales ’ used a specific hydraulic radius to model the effect of variations in the
reinforcement architecture on the flow rate. The flow rate in a clustered array of fibres was
predicted to be significantly greater than for a uniform distribution of individual fibres at the
same fibre volume fraction. Thirion et al® have shown that the linear flow rate through
similar reinforcement fibres at the same fibre volume fraction was more rapid in commercial
fabrics when clustered flow-enhancing tows were present.

The presence of uneven fibre distribution has been predicted to lead to degradation of the
mechanical properties of continuous fibre reinforced laminates'. This prediction may be
confirmed by recent measurements of the mechanical properties of such laminates. These
show reductions in the longitudinal compressive strength and interlaminar shear strengths
with increasing proportions of clustered tows'. The requirements for good mechanical
performance appear to be in conflict with those of large pore space for rapid manufacturing
using the RTM technique.

The evaluation of real materials requires automated microstructural image analysis. These
techniques for fibre-reinforced composites has been reviewed by Guild and Summerscales".
Quantitative microscopy, using spatial statistics, is capable of revealing subtle relationships
amongst the fibres in the composite. Summerscales et al" have used the Voronoi half-
interparticle distance to study the microstructure of carbon fibre-reinforced plastics
processed by the vacuum-bag technique using different process dwell times.

A series of papers'”'” have reported the effect of substituting flow-enhancing tows into a 2x2
twill weave fabric on the long range flow rates. The effect of fabric architecture on
compression and interlaminar shear strengths has been reported for the same fabrics'?. The
work has recently been published in summary form'*". This paper reports similar results for
a different set of fabrics: a twill, a 5 hamess satin and a flow enhanced 5 harness satin
Injectex.

EXPERIMENTAL

Materials

The conventional and flow-enhancing fabric (FEF) carbon-fibre reinforcements in this study
were obtained from Brochier SA (now Hexcel Composites, Dagneux - France). All three
fabrics had the same areal weight (290 gsm) and were woven from the same batch of fibre.
As the fabrics were of equal areal weight, fibre volume fractions would be the same for a
given number of laminae within a given mould cavity thickness. The fabrics are described in
Table 1 and shown schematically in Figures 1, 2 and 3.

Table 1 Fabrics studied

Designation  Description

E3853 G986 2x2 twill weave 6K carbon fibre fabric

E3795 5-harness satin weave 6K carben fibre fabric

E3833 G963  5-harness satin Injectex weave 6K carbon fibre fabric

Figures 1-3 show the differences between the weave styles and indicate the tortuosity of the
path the tows take through the fabric (crimp). The Injectex fabric has the same weave style as
the satin but a modified architecture to improve its permeability. One in five tows are bound,
(as shaded) this maintains the size of porespace around these tows when stacked with other
layers within a mould.
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Table 2 Unit cell sizes for the fabrics

Fabric Repeat size (mm)
Twill 12
Satin 7
Injectex 7

The maximum repeat distance was 12 mm, measured from the twill fabric. The dimensions
of the microscopy specimens were equal to those of the ILSS specimens (i.e. 25 mm x 15
mm). Therefore, there were at least two repeat cells for each of the ten fabric layers per
specimen. It was therefore believed that each microscopy specimen would be truly
representative of the plate from which it was removed.

The ILSS and microscopy specimens had been marked out adjacent to one another to
facilitate comparison. The edge of the microscopy specimen lying next to the ILSS specimen
was identified so that this edge could be polished. It was assumed that the voidage would be
similar in adjacent microscopical and ILSS samples for the purpose of the subsequent
analysis.

ILSS testing
The thickness and width of each specimen was measured using a Mitutoyo digital
micrometer (serial number 293-766) with a resolution of 0.001 mm, The measurements were
stored in a Microsoft Excel 5.0 spreadsheet.

ILSS testing was performed to CRAG specification 100 using an Instron 1175 Universal
Testing Machine (serial number HO525) fitted with a 10 KN load cell (serial number
UK833). Control of the Instron and data acquisition were achieved using a Strawberry Tree
parallel port data acquisition system and 486DX100 PC. Load cell output voltage was
automatically converted to force in Newtons and logged against time at a rate of 10 Hz. The
data acquired from each specimen test was saved to disk for subsequent processing in the
Excel spreadsheet.

Preparation of specimens for optical microscopy

Specimens were individually potted in an epoxy casting resin. They were then prepared
using a Buehler 2000 Metpol grinder/polisher with Metlap fluid dispenser. All specimens
were prepared following the procedure shown in Table 3.

Table 3 Microscopical specimen preparation

Platen Head
step surface abrasive speed (rpm} direclion speed (rpm) Jorce (ibs) time
1 SiC paper 240 grit 150 complementary 120 15 until plane
2 " 400 grit " " " 20 2 min
3 1l 600 grit L1} " n n "
4 " 800 grit " " " " "
5 nylon cloth  6pm diamond 50 contra " 30 5 min
6 texmet cloth  1pum diamond 100 complementary 60 " "
7 mastertex cloth Al SiO2 50 contra " 5 2 min

As voidage adversely affects ILSS it was decided to measure the void volume fraction of the
microscopy specimens for comparison with the ILSS results. To facilitate this a magnesium
silicate (talc) powder was used to fill the surface breaking voids. This has been found to
enhance the detection of voids in the plane of the specimens, allowing greyscale thresholding
to be adjusted such that voids which lie beneath the surface are not measured.
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A STUDY OF THE EFFECTS OF CONVERGENT FLOW FRONTS ON
THE PROPERTIES OF FIBRE REINFORCED COMPOSITES
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* School of Manufacturing, Materials and Mechanical Engineering,
University of Plymouth, Plymouth, Devon PL4 8AA
+ Department of Materials Science and Engineering

University of Surrey, Guildford, Surrey GU2 5XH

Abstract: The processing speed of resin transfer moulding (RTM) can be improved by using multiple
injection ports. Out of necessity this results in the convergence of resin flow fronts. Such convergence
can result in the entrapment of voids within the composite leading to a degradation of mechanical
properties. A series of carbon/epoxy plates of differing weave styles were manufactured by RTM in a
transparent mould with porting arrangements designed to cause resin flows to converge. The plates
were analysed to determine the effect of injection strategy, injection temperature and differences in
weave style. Analysis was performed by qualitative ultrasound scanning, quantitative image analysis
and interlaminar shear strength testing. It has been shown that there is a marked increase in voidage
in the areas where flows meet and this is correlated to a deterioration of mechanical properties.

INTRODUCTION

Resin transfer moulding (RTM) involves the long range flow of resin through a fibre preform
within a closed mould. The fibre volume fraction of the preform dictates both the rate at
which the resin can fill the mould and also the mechanical performance of the resulting
composite material. At higher fibre volume fractions (>50%), as is the case with high
performance composites, there is a significant decrease in the permeability of the preform and
hence reduced flow rates. In order to improve production times multi-port moulds can be used
where resin is injected at a number of locations. This decreases the processing time but
depending on the injection strategy can result in the convergence of resin flows and an
increased expectancy of air entrapment and therefore voidage within the material.

Prior to investigating the influence of convergent flow on voidage, it is first necessary to
understand the mechanisms with which voids form during non-convergent flow, and the ways
in which this can be minimised. It is also necessary to note the influence of void content and
void distribution on the properties of composite materials.

Void Formation

The void content within a composite material produced by RTM will depend on the void
content of the resin prior to injection and the exient of void formation and growth during
mould filling and cure. Lundstrom et al' have shown that void formation during mould filling
is most prevalent at the flow front and the void content is significantly higher in this area. This
can be caused by obstructions to flow such as stitching in non crimp fabric, or globules of
thermoplastic binder or size resulting in mechanical entrapment. Mechanical entrapment can
also occur due to fingering®*® of the resin at the flow front.
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Fingering occurs where the localised wetting flow is uneven due to differences in permeability
between the fibre tows and the surrounding porespace. Capillary flow will occur within the
tows and channel flow will occur within the porespace. Depending on injection pressure one
flow is likely to lead the other. At low pressures (below those commonly used in RTM)
capillary flow will lead, whilst at higher pressures (those typical to RTM) channel flow will
lead. When the resin in the porespace leads that within the tows, complex transverse
microflows occur, wicking resin from the porespace into the tows ahead of the capillary flow.
This action forms voids within the tows. Further capillary flow causes the volume of the voids
to reduce, increasing their internal pressure until equilibrium is reached.

Once a void has formed its volume can change due to the following effects’:

a)  Changes in vapour mass (solvents, condensation products) and the vapour transfer
across the void/material interface.

b)  Pressure changes inside the void due to temperature and pressure changes in the
material.

¢) Thermal expansion due to temperature gradients in the resin.

Models which take into account the first two of these effects, vapour transport and changes in
temperature/pressure have been developed by Loos and Springer'®'! and by Kardos et al'*",

Voids can also form on curing of thermosetting resins by the reactions of residual solvent,
catalyst, resin, binder or size, causing homogeneous or heterogeneous nucleation and growth
throughout the material. However, this influence on void content is small in comparison to
that of gas/vapour entrapment during flow.

Effect of Vacuum on Void Formation

Regardless of the type of reinforcement or resin and its viscosity, the void content of
composites produced by RTM can be significantly reduced by the application of vacuum to
the mould during injection’”. For voids already present in the resin this influence can be
simply explained by the increase in pressure gradient across the mould reducing void radius,
therefore giving greater mobility'.

With' the case of voids being formed at the flow front by mechanical entrapment, the fingering
mechanism has been modelled'™". It has been shown that if vacuum is applied in the
porespace ahead of the flow, the voids formed will eventually collapse' as they will have no
internal pressure to support them. It follows that voids will still occur by this mechanism
unless full vacuum can be applied®.

Vacuum can have a beneficial influence on void content only if the mould is vacuum tight'. If
this is not ensured, air will be drawn into the resin in the flow region that is below
atmospheric pressure and the void content will be increased.

Vacuum can also have a deleterious effect with vinyl ester and unsaturated polyester resin
systems causing voids to form, commonly attributed to the boiling of styrene within a heated

‘mould®. However, Lundstrom et al' noted that pure styrene boils at 40°C at 90% vacuum, and
140°C at atmospheric pressure. Therefore in many practical instances of RTM this will not
cause a problem.
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Effects of Voids

The presence of voids within fibre reinforced composites can adversely affect the materials
appearance'®, properties'>® and performance®. An extensive review of the effect of voids on
mechanical performance was carried out by Judd and Wright”. They compiled the findings of
47 papers and indicated that voids reduce the following properties; interlaminar shear strength
(ILSS), longitudinal and transverse flexural modulus, longitudinal and transverse tensile
strength and modulus, compressive strength and modulus, fatigue resistance and high
temperature resistance. It has also been shown that the dielectric strength of composites is
reduced with increasing void content™.

Judd and Wright" reported that the first one percent of voidage can result in a decrease in
strength of up to 30% in bending, 3% in tension, 9% in torsional shear, and 8% impact. They
also noted that regardless of resin type, fibre type and fibre surface treatment that the ILSS of
a composite will be reduced by approximately 7% for each 1% of voids up to a total void
content of about 4%.

The relationship between voidage and ILSS has since been investigated by others. Ghiorse”
found that for carbon fibre/epoxy composites each 1% of voids up to 5% decreased the
flexural modulus by 5% and the flexural strength and IL.SS by 10%. Bowles and Frimpong®
found a 20% decrease at 5% voidage for a unidirectional carbon fibre composite (AS4/PMR-
15).

As well as the effects noted above voids can also affect the long term performance of fibre
reinforced composites by increasing moisture absorption resulting in a degradation of the
fibre/matrix interface”. However it should be noted that voids are not always unwanted as
they can improve some properties such as tensile strain to failure™. It may also be possible to
predict failure in the case of high void content materials® as the Poisson ratio approaches zero
at this point.

Stone and Clarke® correlated ultrasonic attenuation measurements on constant thickness
panels of unidirectional CFRP with void content. A simple bilinear relationship was
postulated. At low void content (less than 1.5%) the shape of voids tend to be spherical with a
diameter of 5-20pum. At higher contents, the voids are cylindrical, their length being up to an
order of magnitude more than the diameter quoted above and oriented parallel to the fibre
axis.

The presence of voids in a composite can clearly have a marked detrimental influence,
especially on matrix dominated failure modes such as bending and torsional shear. The level
of voidage will determine the amount of reduction in properties compared with those
predicted for a void free material. Furthermore the distribution of the voids will have a great
effect on performance, as properties will be reduced locally to areas of higher voidage.

Problems associated with poor void distribution are believed to be more likely in the case of
convergent flow. It is feasible that when two or more flow fronts meet, their driving pressures
will cancel each other (either partly or wholly), causing flow to diminish or cease. The voids
previously created by mechanical entrapment at the fronts will then remain in that region
causing an area of high void content. This problem is also expected to be exacerbated by
further void formation when the uneven, fingering flow fronts meet, creating isolated
unwetted pockets.
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A series of experiments have been conducted as part of a BRITE EurAM II project (BE5477)
investigating flow behaviour inside moulds where flow fronts converged due to multiport
injection. The experiments provided digitised video images for the validation of process
simulation software. The resulting carbon fibre/epoxy resin plates were subsequently
‘inherited” by an EPSRC research project and analysed to investigate the effect of flow
convergence on mechanical properties.
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EXPERIMENTAL

Experimental apparatus for flow experiments

The mould used for the multiport experiments had a flat aluminium base (500 mm x 500 mm
x 50 mm), with nine universal inlet/outlet ports: at the centre, four corners and four mid-side
points of a 400 mm x 400 mm square concentric to the base. The upper surface of the mould
was two 10 mm thick glass cover plates, which allowed the progress of the resin to be
monitored during the experiments. The mould cavity was created by means of ground flat
steel stock spacers which were placed around the periphery of the base plate, raising the glass
a known (and variable) distance above it. Vacuum integrity was provided by a rectangular
section rubber seal positioned adjacent to the spacers. The glass was held in position by three
steel clamps per edge, also located about the periphery.

Injection at elevated temperature was possible by heating elements attached to the underside
of the aluminium base with temperature control provided by a PID controller. Constant
pressure injection was used with the resin dispensed from a regulated pressure chamber.

During injection the flow front isochrones were monitored using a Minitron camera fitted
with a Computar V1218 12.5 mm f1.8 C-mount lens (Optimum Vision Limited, Petersfield).
The camera was mounted 1000 mm above the centre of the glass plate on a welded steel
support frame. Illumination was provided by three 500W floodlights mounted to either side
and behind the apparatus. The light was diffused by white fluted plastic sheets attached to the
support frame.

The video signal was recorded as a series of grey-scale digital images using a Synapse video
frame grabber and C Images software (Foster Findlay Associates, Newcastie-upon-Tyne).
The frame grabber has a resolution of 768 x 512 pixels and thus can resolve lengths to less
than 1 mm when focused on the full square flow region of 400 mm edge length (i.e. the error
is of the order of + | pixel or + 1 mm). This is better than the resolution achievable when
tracing the flow front isochrone onto an acetate sheet given the thickness of the drawn line,
the time taken to trace the full flow front and the potential for parallax errors when working
from an edge of the apparatus.

Multiport experiments

A series of flow experiments were conducted at two mould temperatures; ambient and 65°C.
Three fabrics were used: a twill, a 5 harness satin and a 5 hamness satin Injectex, (Figures 1, 2
and 3). Three different multiport configurations were examined (Figures 4, 5 and 6).

Figure 1 Schematic of 2x2 Figure 2 Schematic of 5- Figure 3 Schematic of 5-
twill weave harness satin weave harness satin Injectex weave
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Figures 1-3 show the differences between the weave styles and indicate the tortuosity of the
path the tows take through the fabric. The Injectex fabric has the same weave style as the satin
but a modified architecture to improve its permeability. One in five tows are bound, (as
shaded in Figure 3) this maintains the size of porespace around these tows when stacked with
other layers within a mould.

The three fabrics were chosen as they provided factors which were deemed useful for
facilitating comparisons:

. Their permeabilities had previously been characterised as part of the BRITE Euram
project.

. All three fabrics had the same areal weight (283 gsm) and would provide the same fibre
volume fraction for a given number of laminae with a given mould cavity thickness.

. All three fabrics were produced from the same batch of carbon fibre and had been
processed in the same manner.

. The Injectex fabric is known to have an improved permeability over the satin but is
expected to generate more voids due to increased fingering.

The experimental parameters are outlined in Table 1. The fabric lay-ups were all preformed to
allow more accurate edges to be produced. To prevent edge effects dominating the flow, a 20
mm wide strip of 5-harness satin fabric was placed in two additional layers around the
periphery of the fibre pack. The rubber sealing strip was used as a deformable barrier which,
when compressed, moulded itself to the shape of the preform edge. A mould cavity of 3 mm
depth was used for all the experiments giving a fibre volume fraction of 54%.

Table 1 Experimental Parameters

Fabric  No. Layers Fibre V(%) Mouldtemp Atm.press (mbar) Inj.press (bar)
Two ports an adjacent edges

Twill 10 54 21 1012.0 2
Twill 10 54 65 1021.8 2
Satin 10 54 17 1023.6 2
Satin 10 54 65 1031.4 2
Injectex 10 54 18 1021.8 2
Injectex 10 54 65 1022.4 2
Three ports on one edge
Twill 10 54 23 997.9 2
Twill 10 54 65 988.3 2
Satin 10 54 ambient 997.7 2
Satin 10 54 65 1022.1 2
Injectex 10 54 ambient 1012.8 2
Injectex 10 54 65 1025.9 2
Line gallery and edge port
Twill 10 54 28 1012.0 2
Twill 10 54 65 1016.2 2
Satin 10 54 22 1017.6 2
Satin 10 54 65 1027.2 2
Injectex 10 54 ambient 1019.9 2
Injectex 10 54 65 1026.9 2
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The epoxy resin system (Ciba Composites LY564-1/HY2954) was mixed as detailed in the
Ciba process sheet reference K6b (dated April 1991) in the ratio base-resin:hardener 100:35
parts by weight. In all experiments an injection pressure of 2 bar gauge was used at the
pressure chamber and a rough vacuum (less than 10mbar: the resclution of the gauge) drawn
at the outlet ports. Resin was supplied to the (heated) mould through 1.5 m long tubes at
ambient temperature.

Non-destructive evaluation using ultrasound C-scan equipment

The ultrasound NDT C-scans were acquired on a 1989 Physical Acoustics Limited Ultrapac
water-immersion system with a 5 MHz transducer powered by an Accutron 1010
pulser/receiver (serial number UPKEPR106) controlled by an Everex 286/16 PC (serial
number 16E01-903-10702). The system parameters are given in Table 2.

The tank is 470 mm square and 305 mm deep. The mounting of the transducer does not permit
acquisition of images from the whole area of the tank. This limits the scan area to 292 mm
wide. The second dimension was limited to 178 mm or 216 mm as the acquisition time for the
larger size is approximately 3 hours.

Table 2 Parameters used for ultrasound C-scanning

Ultrapac/Everex Pulser

Scan width (inches) 11.5 Rep rate 2
Scan depth (inches) 8.5 Energy 3
Step size {inches) 0.1 Attenuation (dB) 0+6
Delay (ms) 11.5 Gain (dB) 40
Gate (ms) 4 Damping 10
Parameters M20-18MY Switch 1

Sectioning of plates for interlaminar shear strength (ILSS) and microscopical testing
CRAG Specification 100” was chosen to determine the interlaminar shear strengths (ILSS) of
the plates. The size of ILSS specimens being dependent on plate thickness: for the 3 mm thick
plates, the specimens were 25 mm x 15 mm.

The minimum size of the microscopy specimens was constrained by the repeat cell size of the
fabrics: that of the spacing between tows with identical positioning within the fabric
architecture. It was necessary to meet or exceed this minimum to ensure that each microscopy
specimen was truly representative of the material. The repeat sizes for the fabrics were
measured and are reported in Table 3.

Table 3 Unit cell sizes for the fabrics

Fabric Repeat size (mm)
Twill 12
Satin 7
Injectex 7

The maximum repeat distance was 12 mm, measured from the twill fabric. The dimensions of
the microscopy specimens were made equal to those of the ILSS specimens (25 mm x 15
mm). This ensured at least twenty repeat cells per specimen (2 cells per layer x 10 layers) and
made the sectioning process easier.
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One plate from each of the three porting configurations was marked out to provide pairs of
ILSS and microscopical test specimens along direct flow lines and along ‘knit’ lines produced
by convergent flows. (Figures 4-6). These specimen locations were then mapped on to the
remaining plates such that specimen locations were identical for all of the plates with similar
porting configurations. The position at which flow fronts met did not coincide exactly
between experiments. However, the specimen size was greater than the absolute point of
convergence: a consistent plate position was sampled. The sink marks left by the ports on the
injection face of the plates were used as datum points for the measurements.

The ILSS and microscopy specimens were marked out adjacent to one another to facilitate
comparison. The edge of the microscopy specimen lying next to the ILSS specimen was
identified so that this edge could be polished. It was assumed that the voidage would be
similar in adjacent microscopical and ILSS samples for the purpose of the subsequent
analysis.

The specimens were cut using a Tyslide diamond slitting saw (serial number MB1116) fitted
with a specially constructed attachment designed to ensure repeatability of specimen
dimensions. The edges of the specimens were found to be flat and smooth and required no
further machining, therefore allowing the specimens to be cut to net size.

ILSS testing

The thickness and width of each specimen was measured using a Mitutoyo digital micrometer
(serial number 293-766) with a resolution of 0.001 mm. The measurements were stored in a
Microsoft Excel 5.0 spreadsheet.

ILSS testing was performed to CRAG specification 100 using an Instron 1175 Universal
Testing Machine (serial number HO525) fitted with a 10 KN load cell (serial number UK833).
Control of the Instron and data acquisition were achieved using a Strawberry Tree parallel
port data acquisition system and 486X 100 PC. Load cell output voltage was automatically
converted to force in Newtons and logged against time at a rate of 10 Hz. The data acquired
from each specimen test was saved to disk for subsequent processing in the Excel spreadsheet.

Preparation of specimens for optical microscopy

Specimens were individually potted in polyester resin (Strand Resin A). They were then
prepared using a Buehler 2000 Metpol Grinder/Polisher with Metlap Fluid Dispenser. All
specimens were prepared following the procedure shown in Table 4.

Table 4 Microscopical specimen preparation

Platen Head
step surjace abrasive speed (rpm) direciion speed (rpm}  force (iDs) fime
1 SiC paper 240 grit 150 complementary 120 5 until plane
2 " 400 grit " " " 20 2 min
3 " 600 grit " " " " "
4 " 800 grit " n " n n
5 nylon ¢loth  6pum diamond 50 contra " 30 5 min
6 texmet cloth  1pm diamond 100 complementary 60 " "
7 mastertex cloth Al SiO2 50 contra " 5 2 min
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After polishing, the surface breaking voids were filled with a magnesium silicate (talc)
powder to enhance the greyscale detection of these features whilst avoiding detection of other
voids beneath the surface.

Quantitative microstructural analysis

The microstructural analysis was achieved using a Quantimet 570 image analysis system.
Images were acquired using a Kyowa STZ tri-nocular stereo zoom microscope (serial number
850101) and Fujitsu TCZ-230EA low light level black and white video camera (serial number
20006728). The process was performed in a darkened room using incident illumination from a
Flexilux 150 HL Universal ring illuminator.

The magnification of the microscope was adjusted to give an on-screen field of view which
encompassed the full (3 mm) thickness of a specimen, giving a linear resolution of 4662
nm/pixel. The system was calibrated using a 2 mm reference gauge and checked prior to each
testing session.

The Quantimet was programmed to automatically analyse a 2 mm square frame centred within
the field. Each specimen was therefore analysed to within 0.5 mm of the plate surfaces. This

ensured that plate surface features were not found in the image frame and thus negated arly

possible problems associated with edge detection. Low pass filtering was used to improve the
signal/noise ratio of the image. A minimum area mask of 12 pixels (2.596 x104 mm?2) was
used to eliminate very small features in the image.

Three contiguous frames were automatically analysed for each specimen with manual
movement between frames using a purpose-built slide which restricted travel to only one axis
aligned parallel to the camera axis. The fields were positioned to be reliably contiguous using
an on-screen image alignment reference: a vertical bar of detected features captured from one
extremity of a frame and translated by an on-screen distance equivalent to 2 mm in the axis of
movement. This acted as a template allowing a ‘live’ image of the specimen to be realigned.

The microscopical specimens were analysed for total void volume fraction and individual
void count with measurements of the corresponding areas, aspect ratios and roundness. The
latter two parameters have not been analysed

RESULTS AND DISCUSSION

Flow front isochrones

In the experiments conducted the whole area of the mould cavity was filled with a consistent
number of layers of fabric, except where additional strips were laid to prevent easy flow paths
between the ports. The fibre volume fraction is thus sensibly constant across the area
examined.

Figures 7, 8 and 9 show images just prior to, or at the time of flow front convergence from
representative experiments for each of the three injection strategies (injection times are not
comparable). Darkened areas show the extent of resin flow, light grey the unwetted fabric.
Prior to meeting, the shape of each flow front is that anticipated from previously conducted
permeability experiments (i.e. circular in isotropic fabrics and elliptical in anisotropic fabrics).
At this stage the shape of the isochrones can be predicted by simple line plotting techniques.

Figures 10, 11 and 12 are from the same experiments after the flow fronts have met.

NRL Pearce PhD Thesis Page 10 of 19 Appendix A3
























ACKNOWLEDGEMENTS

This work was conducted within EU BRITE / EurAM Il grant BRE2/CT92/0227 (Proposal
BE 5477). The permission of the Partners (listed below) to submit for publication is gratefully
acknowledged: British Aerospace Airbus Limited, (UK), Brochier SA (now Hexcel
Composites, France), Inasco Hellas (GR), Inasmet (ES), Intracom SA (GR), Royal Institute of
Technology (SW), Short Brothers ple (NI), SICOMP (SW), Sonaca SA (BE) and TNO
Institute for Industrial Technology (NL). NRLP is supported by EPSRC grant GR/K04699
and EPSRC grant GR/J77405 enables the collaboration of FJG.

REFERENCES

1.

10.

12.

13.

Lundstrom, T.S., Gebart, B.R. and Lundemo, C.Y., ‘Void formation in RTM’. Proc. SPI
Composite Institutes 47th Annual Conference, Cincinatti, 1992.

Hayward, J.S. and Harris, B., ‘Effect of process variables on the quality of RTM
mouldings’. SAMPE Journal, 1990, 26.

Hayward, J.S. and Harris, B., ‘The effect of vacuum assistance in Resin Transfer
Moulding’. Composites Manufacturing, 1990, 1.

Parnas, R.S. and Phelan, F.R.,, ‘The effect of heterogeneous porous media on mould
filling in resin transfer moulding’ SAMPE Quarterly, 1991, Jan, 53-60.

Chan, A.W. and Morgan, R.J., ‘Modelling preform impregnation and void formation in
resin transfer moulding of unidirectional composites’. SAMPE Quarterly, 1992, 23(3),
48-52.

Lowe, J.R., Owen, M.J. and Rudd, C.D., ‘Void formation in resin transfer moulding’.
Proc. [CAC 95, Nottingham, 1995.

Williams, J.G., Morris, C.E.M. and Ennis, B.C., ‘Liquid flow through aligned fibre beds’.
Polymer Engineering and Science, 1974, June, 14(6), 413-419,

Bayramli, E. and Powell, R.L., ‘The normal (transverse) impregnation of liquids into
axially oriented fiber bundles’. Journal of Colloid and Interface Science, 1990, 138(2),
346-353.

Summerscales, J., ‘Manufacturing defects in fibre-reinforced plastic composites’. Insight
1994, 36(12), 936-942.

Springer, G.S., * A model of the curing process of epoxy matrix composites’. Proc. ICCM
4, Tokyo, October 1982, Val. 1, 23-35.

. Loos, A.C. and Springer, G.S., ‘Curing of epoxy matrix composites’. Journal of

composite materials, 1983, 17(2), 135-169.

Kardos, J.L., Dudukovic, M.P., McKague, E.L. and Lehman, M.W. “Void formation and
transport during composite laminate processing’. ASTM STP 797, 1983, 96-109.

Kardos, J.L.., Dave, R. and Dudukovic, M.P., ‘Void growth and resin transport during
processing of thermosetting matrix composites’. Advances in Polymer Science, 1986,
80(4), 101-123.

NRL Pearce PhD Thesis Page 18 of 19 Appendix A3




14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kardos, J.L., Dave, R. and Dudukovic, M.P., ‘Voids in composites’. Manufacturing
International, 1988, (IV), 41-48. Proc. Manufacturing Science of Composites, ASME,
Atlanta, April 1988,

Patel, N. and Lee, L.J., ‘Effect of capillary pressure on mold filling and fibre wetting in
liquid composite molding’. Proc. ASM/ESD 10th Annual Advanced Composite
Conference, Dearborn, M1, USA, 1994, 7-10 Nov., 325-333.

Chan, A.W. and Morgan, R.J., ‘“Tow impregnation during resin transfer molding of bi-
directional nonwoven fabrics’. Polymer Composites, 1993, 14(4), 335-340.

Parnas, R.S. Salem, A.J.,, Sadiq, T.A.K., Wang, H.P. and Advani, S.G., ‘The interaction
between microscopic and macroscopic flow in RTM preforms’. Composite Structures,
1994, 27(1-2), 93-107.

Yamada, H., Mihata, I., Tomiyama, T. and Walsh, S.P., ‘Investigation of the fundamental
causes of pinholes in SMC mouldings’, Proc. SPI Composite Institutes 47th Annual
Conference, Cincinatti, 1992,

Judd, N.C.W. and Wright, W.W., ‘Voids and their effects on the mechanical properties of
composites - an appratsal’, SAMPE Journal, January/February 1978, 14(1), 10-14.

Paul, J.T. and Thomson, J.B., ‘The importance of voids in the filament wound structure’,
Proc. SPI Composite Institutes 20th Annual Conference, Illinois, 1965.

Ghiorse, S.R., ‘Effect of void content on the mechanical properties of carbon/epoxy
laminates’, SAMPE Quarterly, January 1993, 24(2), 54-59.

Bowles, K.J. and Frimpong, S., ‘Void effects on the interlaminar shear strength of
unidirectional graphite fiber-reinforced composites’, Journal of Composite Materials,
1992, 26, 1487-1509.

Shenoi, R.A. and Wellicome, J.F., ‘Composite materials in marine structures, Vol. 1,
Fundamental Aspects’, Cambridge University Press, 1993.

Vamna, J., Joffe, R., Berglund, L.A. and Lundstrom, T.S., ‘Effect of voids on failure
mechanisms in RTM laminates’. Composite Science and Technology, 1995, 53, 241-249,

Summerscales, J. and Fry, S.A., ‘Poisson’s ratio in fibre-reinforced polymer composites
with a high void content’. Journal of Materials Science Letters, 1994, 13(12), 912-914.

Stone, D.E.W. and Clarke, B., ‘Ultrasonic attenuation as a measure of void content in
carbon-fibre reinforced plastics’. Non -Destructive Testing, 1975, 8(3), 137-145.

Curtis, P.T., ‘CRAG test methods for the determination of the engineering properties of
fibre reinforced plastics’. Royal Aerospace Establishment Technical Report 88012,
February 1988.

Private communication. Kungl Tekniska Hogskolan, (Royal Inst. Of Technology)
Stockholm, Sweden.

Chan, A.W. and Morgan, R.J., ‘Sequential multiple port injection for resin transfer
moulding of polymer composites’. SAMPE Quarterly, 1992, 24(1), 45-49.

NRL Pearce PhD Thesis Page 19 of 19 Appendix A3



THE USE OF AUTOMATED IMAGE ANALYSIS FOR THE
INVESTIGATION OF FABRIC ARCHITECTURE ON THE
PROCESSING AND PROPERTIES OF FIBRE REINFORCED
COMPOSITES PRODUCED BY RTM

N R L Pearce”, F J Guildt and ] Summerscales”

* School of Manufacturing, Materials and Mechanical Engineering,
University of Plymouth, Plymouth, Devon PL4 8AA

+ Department of Mechanical Engineering,
Bristol University, Bristol, BS8 1TR

Abstract: The use of resin transfer moulding (RTM) as an economic means of producing high
performance fibre-reinforced composites is critically limited by the permeability of the fabrics
employed. Commercial fabrics are available where the architecture of their reinforcement is designed
to cluster the fibres, giving higher permeabilities than conventional fabrics. This has been shown to
improve processing times but there is evidence that such clustering is detrimental to mechanical
performance. -

The objective of this work was to relate variations in permeability, mechanical perfermance and
microstructure. This was achieved by producing carbon/epoxy plates of differing weave styles by
RTM in a transparent mould. Permeabilities were calculated. Interlaminar shear, tensile and
compressive tests were performed and fractal analysis was carried out to obtain fractal dimensions for
the three fabrics. Variations in permeabilities and mechanical properties can be related to observed
differences in the microstructure.

INTRODUCTION

Resin transfer moulding (RTM) is a process for producing polymer-matrix composites. A
preform of dry reinforcement fibres is placed into a mould. The mould is closed and resin
injected. Once cured, the near net-shape component is removed. RTM differs from other
composite manufacturing processes as it involves long-range flow of resin through porespace
surrounding the reinforcement fibres.

Darcy (1) found that the flow rate of a fluid through a porous medium was proportional to the
pressure drop and inversely proportional to the bed length. The coefficient of proportionality
is known as the permeability and must be either measured or predicted. Kozeny (2) and
Carman (3) related the flow rate to the microstructure of the medium using the Blake concept
(4) of the hydraulic radius of the bed (ratio between flow area and wetted perimeter). Williams
et al (5) used a mean hydraulic radius which may only apply if fibres have either uniform or
truly random packing.

Summerscales (6) used a specific hydraulic radius to model the effect of variations in the
reinforcement architecture on the flow rate. Flow rate, under identical conditions, was
predicted to be significantly greater with a clustered array of fibres than for a uniform
distribution of individua! fibres at the same fibre volume fraction. Thirion et al (7) have
shown that the linear flow rate through similar commercial reinforcement fibres at the same
fibre volume fraction was more rapid in fabrics when clustered flow-enhancing tows were
present.

NRL Pearce PhD Thesis Page 1 of 14 Appendix A4



Uneven fibre distribution has been predicted to cause a degradation of the mechanical
properties of continuous fibre reinforced laminates (8). This prediction has been confirmed by
measurements (9) showing reductions in longitudinal compressive strength and interlaminar
shear strengths (ILSS) by including flow enhancing tows in a 2x2 twill weave fabric. The
resulting effect on flow rate from modifying the weave has been correlated to measured
variations in microstructure (10-12).

The evaluation of real materials requires automated microstructural image analysis.
Techniques suitable to fibre-reinforced composites have been reviewed by Guild and
Summerscales (13). Summerscales et al (14) have used the Voronoi half-interparticle distance
to study the microstructure of carbon fibre-reinforced composites processed by the vacuum-
bag technique using different process dwell times.

Fractal analysis may provide a way forward for the quantitative evaluation of microstructures
that are difficult to accommodate by more traditional methods. Worrall and Wells (15) used
fractal-variance analysis to characterise differences in filamentisation between bundled and
filamentised press-moulded long discontinuous glass-fibre/polyester resin composites.
Changes in the slope of Richardson plots (measured length plotted against the size of the
measure on a log-log scale) were used to identify changes in the composite structure using
optical microscope images of polished sections.

A study (16,17) has been made on the relationship between permeability, ILSS and area
measurement of porespace features for a twill, 5-harness satin and a flow enhanced 5-harness
satin (Injectex). This paper extends the study to include tensile and compressive testing and
the use of fractal analysis to determine the fractal dimension of the intra-tow porespace
distribution for each of the three fabrics.

EXPERIMENTAL

Materials

The conventional and flow-enhanced carbon-fibre fabrics in this study were obtained from
Brochier SA (now Hexcel Composites, Dagneux - France). All three fabrics had the same
areal weight (290 gsm) and were woven from the same batch of fibre. As the fabrics were of
equal areal weight, fibre volume fractions would be the same for a given number of laminae
within a given mould cavity thickness. The fabrics are described in Table 1 and shown
schematically in Figures 1-3.

Table 1: Fabrics studied

Designation  Description

E3853 G986 2x2 twill weave 6K carbon fibre

E3795 5-harness satin weave 6K carbon fibre fabric

E3833 G963  S5-harness satin Injectex weave 6K carbon fibre fabric

Figures 1-3 show the differences between the weave styles and indicate the tortuosity of the
path the tows take through the fabric (crimp). The Injectex fabric has the same weave style as
the satin but a modified architecture to improve its permeability. One in five tows (as shaded)
are spirally bound, with a light filament at 250 turns per metre, which maintains the size of
porespace around these tows when stacked with other layers within a mould.
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APPENDIX B1

Reinforcements fabrics tested for permeability in University of Plymouth programmes

Appendix Bl-1: Carr Reinforcements twisted tow flow-enhancing 2x2 twill fabrics

Designation | Areal weight (gsm) Description % bound tows
38166 382 normal 2x2 twill fabric 0
156 382 one bound tow in each eight tows 12.5
150 382 one bound tow in each six tows 16.7
148 382 one bound tow in each four tows 25
126 382 one bound tow in each two tows 50

Appendix B1-2: Fabrics supplied for BRITE EurAM II programme BE5477

Code A CodeB Areal weight (gsm)

Fabric description

Brochier
Brochier
Brochier
Brochier
Brochier
(BAe Airbus Ltd)
Brochier
Brochier
Brochier
Vetrotex

E3910 . G947
E3836  E3836
E3909 G904
E3853 G986
E3833 (G963

nocode nocode
E3795 E3795
EF630  EF630
7781 7781
Unifilo  Unifilo

160
160
190
290
290
290
290
630
300
450

5-harness Injectex satin 6K CF
Injectex glass fibre fabric
Satin weave glass fibre fabric
random-swirl continuous GF

unidirectional 3K CF
unidirectional 6K CF
plain weave 3K CF
2x2 twill weave 6K CF
5-harness satin 6K CF
5-hamess satin 6K CF

Appendix B1-3: Carr Reinforcements new concept flow-enhancing fabrics

Designation unsized Toray 3K twisted Toray 6K Toray 6K Areal weight gsm
DWO-313A x2 x1 313
DWO-313 x1 x2 340
DWO-314 xl x4 353
DWO-315 x1 x6 358
DWO-316A x2 x1 372
DWO0-316 x1 x2 372
DWO-317 x1 x4 372
DWO-318 x1 x6 372
384000 (Russian) 6K weft mixed with Toray (lots of size). 374

The permeabilities of the fabrics with twisted Toray 6K tows were measured, but no statistically
significant difference was found.
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Appendix B2: Procedure for the conduct of a permeability experiment

LENR RN

Confirm temperature constant at 25°C in the laboratory.

Replace the tubes at the resin inlet and the vacuum ports.

Apply release agent to the mould and the glass top.

Cut the fabric (number of layers appropriate to the required fibre velume fraction) using the template,
Place the fabric onto mould within the area defined by the O-ring seal.

Lower the glass top into place and release the vacuum lifing grips.

Draw full vacuum between the inner and the outer O-ring seals.

Position and tighten the clamping framework.

Position the lighting frame and switch-on the fluorescent tubes.

. Position the removable opaque screens on the front and the side of the enclosure to complete the light-tight box.
. Power-up the Viglen computer and launch CARUN.EXE.

. Enter the initialisation data for the frame grabber,

. Power-on the XEN computer and the DATAshuttle and launch PERM.WBB.

. Set up the data acquisition / control system.

. Mix the resin.

. Place the resin inside the pressure pot and tighten the lid with the inlet tubing above the surface of the resin.
. Pull full vacuum at the resin outlet ports to evacuate the mould and degas the resin.

. Degas for two minutes (sufficient time for pressure pot and resin trap to equalise to within 2 mbar pressure).
. Slide the resin feed tube further through lid to below the resin surface.

. Immediately start the process control / data acquisition / frame grabbing systems.

. Observe the flow front on the frame- grabber monitor until the flow front reaches the mould edge.

. Stop data acquisition.

. Stop frame grabbing and remove lhc opaque screens.

. Allow the mould to fill.

. Clamp off the vacuum ports.

. Apply 300 mbar consolidation pressure at the pressure pot.

. Save the process data (temperatures and pressures) to a file (file names characteristic to the experiment).

. Backup / transfer the flow front images as described in Appendix B4.

. Demould the plate after 24 hours and clean mould surfaces ready for next experiment.

The following pages include:

Figure B2.1: Schematic diagram of the permeability apparatus.

Figure B2.2: DATA shuttle worksheet for permeability testing

Figure B2.3: DATA shuttle display during permeability testing

DAT Ashuttle channel/control settings and calculations for permeability testing
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char *filename_ string;
filename_string=output buffer;
do
{
*(output_buffer++)=*(name_buffer++);
}
while {(*name_buffer!='\0"');
itoa {number, output_buffer, 10};
strcat (filename string, "."};
strcat (filename_string, ext_buffer);
return(filename string);

}

void print frame_data{ int frame_number )
{

int y = si.mid;

char temp[1l1];

/* Display data at centre of form. */
print at(y-2, 17, "Frame number”, co.hilitecclor );
print_at{y-2, 37, "Elapsed time (secs)", co.hilitecolor );
y+=2;
print_at{y, 22, (char far *)itoa{frame_number, temp, 10),
co.infocolor ); .
print_at(y, 40, (char far *)time_buffer, co.infocolor };
}

void double to string( double value, int precision, char *output_huffer)
{

char *input_buffer;

int decimal, sign;

input_buffer=fcvt {value, precision, &decimal, é&sign);

if (sign!=0) *(output buffer++)='-';
* {output_buffer++)=* (input_buffer++);
* (output buffer++)='.';

if(*input buffer=='\0"')

* (output buffer++)='0"';

* (output buffer++)=*(input buffer++);
}
while (*input_buffer!='\0"};
}
* (output_buffer++)='E";

itoa(({decimal-1), output_ buffer, 10);

void grab video(void)

{
unsigned int i;
ci live{&framestore); /* Take live video images */
for{i=0;i<49000;i++); /* Empty loop overcomes hardware fault */
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ci_photo(aframestore);/* Freezes image store framestore */

__*/

/* Define and initialise images in framestore and disk */

void init (void)
{

/* Read the framegrabber dimensions structure for image sizes, etc. */
ci_fg data(hInst, BCARD, 0, &framestore_dimensions);
/* Define framestore */

if(!ci def_vidim(hInst, &framestore, framestore_dimensions.grey([0].x,
framestore dimensions.grey(0].y,
WID,
HT,
framestore dimensions.grey(0].lsb,
UCHAR) )
{
printf ("\n Grey video image definition failed"):
printf("\n Error No = %lx: %s \n", (sword) ci get val (GS_ERRNO,
a),
ci errmess(hInst, (uint) ci get val (GS ERRNO, 0}}));
exit (0);
}

/* Set output LUT's for normal grey level display */

cl set lin_out(&framestore, 0, &lut[0]);

if(tci_def vidim(hInst, &binary, framestore dimensions,bin[0].x,
framestore dimensions.bin[0].y,
WID,
HT,
framestore_dimensions.bin(0].1sb,
BIT))

print£("\n Binary image definition failed");
printf ("\n Error No = %lx: %s \n", (sword] ci get val(GS_ ERRNO,
a),
ci errmess(hInst, (uint) ci get val (GS _ERRNO, 0)));
exit (0);
}

/* display grey image on monitor */
if(!ci_display(&framestore))
{
printf("\n Image display failed"):
printf ("\n Error No = %lx: %s \n", (sword} ci get_val{GS_ERRNOQ,
0),
¢i_errmess(hInst, {uint) ci_get_val (GS_ERRNO, 0})};
exit (0);

}

void calibrate image(imptr image_ptr, ptptr ctr_ point, double
*x_factor_ptr, double *y_factor ptr)
{
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point initial point, x_point, y point, x_axis point, y_axis_point;

int button, break loop=0;
int x_length=1, y length=1;

if(calib_image_ flag || !focus flag)
{
if(calib_image_flagqg)
{
clear_form(});
help("Recalibration not permitted”, co.inputcolor);
input_char("Press ESC to ceontinue. ", "\xlb");
return;

else
{
clear form();
help("Camera not focused", co.inputcolor);
input char({"Press ESC to continue. ", "\x1lb"):;
return;

}

/* Set initial point to centre of framestore */
initial point.X=WID>>1;

initial point.Y=HT>>1;

grab_video(}:

ci_define cursor (hWnd, &initial point, image ptr, ARROW CURSOR,1);

clear_form(};
write form(12};
print_at(l, 20, "BRITE Permeability Measurement Program",
co.titlecolor );
print_at (8, 10, "Use LEFT mouse button to define centre of flow
region",
co.infocolor);
print_at{9, 10, "Click RIGHT mcuse button to terminate action",
co.infocolor);
help("Follow instructions.™, co.inputcolor};

do
{
if((button=ci_roam_cursor(&initial_point, image_ptr)) &
LEFT HIT)
{
*ctr_point=ci_where_cursor{);
ci_draw_cross(ctr point, image ptr, 5,0);
)
}
while(button & LEFT HIT);

itoa{ctr_point->X, x_point_buffer, 10);
itoa(ctr point->Y, y point buffer, 10);

ci_draw_cursor(&initial _point, image ptr);
¢i_undraw_cursor(&initial peint, image ptr);
ci_undefine cursor();

X_axis_point.X=WID-1;

X_axis_peoint.Y=ctr point->Y;
y_axis_point.X=ctr_point->X;

y_axis_point.¥Y=HT-1;
ci_draw_line(ctr_point,&x_axis_point,image_ptr,O);
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ci_draw_line(ctr_point, &y axis_point, image ptr,0);
ci_trans_char_to_im({'X', image ptr, WID-20, ctr point->Y-20,1,0};
ci_trans_char_to_im('Y', image_ptr, ctr_point->X-10-20, HT-20,1,0);
ci_define cursor (hWnd, &initial peoint,image ptr, ARROW_CURSOR, 1) ;

clear form(});
write form(12):
print _at(l, 20, "BRITE Permeability Measurement Program",
co.titlecolor };
print _at(8, 10, "Use LEFT mouse button to define known distance on X
axis",
co.infocolor);
print_at (%, 10, "Click RIGHT mouse button to terminate action",
co.infocolor);
help("Follow instructions.", co.inputcoloer);

do
{
if ((button=ci roam cursor{&initial point, image ptr})) &
LEFT HIT)
{
x_point=ci_where_cursor(};
¢l draw cross(&x _point, image ptr, 5,0);
}
}
while (button & LEFT HIT):
cl draw cursor(&initial_ point, image ptr);:
ci_undraw_cursor{&initial point, image_ptr);
ci_undefine cursor();

clear form();
write form{ll);
print_at(l, 20, "Permeability Measurement Program", co.titlecolor
)i
help("Enter known distance on X axis", co.inputcolor);
x_length=input_int("Distance on X axis? ", x_length, 1, 1000};
*x factor ptr = (double)x length/({(double} (x point.X - ctr point-
>X) )i

double to_string{*x factor_ptr, 4, x_factor_buffer);

clear form();
write form(12);
print_at (1, 20, "Permeability Measurement Program", co.titlecolor
Vi
print at(8, 10, "Use LEFT mouse button to define known distance on Y
axis",
co.infocolor);
print_at (9, 10, "Click RIGHT mouse button to terminate action”,
co.infocolor};

help("Follow instructions.”, co.inputcolor};
do
{
if ({button=ci_roam cursor(&initial point; image_ptr}) &
LEFT HIT)

{

y_point=ci where_cursor(};

ci draw cross(&y point, image ptr, 5,0):
}

}
while (button & LEFT HIT);

NRL Pearce PhD Thesis Page 33 of 48 Appendix B4




ci_draw_cursor(&initial_point, image ptr);
¢i_undraw_cursor(&initial point, image ptr);
ci_undefine cursor();

clear form{():;
write form(11l);
print_at (1, 20, "Permeability Measurement Program"”, co.titlecolor

help ("Enter known distance on Y axis", co.inputcolor);
y_length=input_int ("Distance on Y axis? ", y_length, 1, 1000);

*y_factor_ptr = y length/{(double) (y point.Y - ctr point->Y));
double_to_string(*y factor ptr, 4, y factor buffer);

clear form();
write form(12};
print_at (1, 20, "BRITE Permeability Measurement Program",

co.titlecalor ):

print at (8, 10, "X calibration factor: ", co.inputcolor);

print_at (8, 10, "Y calibration factor: ", co.inputcolor);

print_at (8, 35, x factor buffer, co.infocolor);

print_at(9, 35, y_factor buffer, co.infocolor);

help ("Hit ESC to continue", co.inputcolor);

.do
{
if (kbhit (})
{
if (getch()==ESCAPE)
{
break loop=1;
}
}

)
while{!break loop):

/* Set current date in date_buffer */

time (&timer};

time ptr=localtime(&timer};

strftime (date_buffer, 16, "%d $B %Y",time ptr);

ci_clear fg(image ptr);
calib image flag=TRUE;
)

void free_image_ text (imptr image ptr)
{
ci_free imtext (image ptr});
image ptr->TDCOUNT=0;
}

/*************i—******************t*************-kir*-k*-l-********************
LEE R R E R

FUNCTION: void DefROI (psptr ps)
PURPOSE: Interactively define Region of Interest within pointset *ps

************************************************-ir************************
******/
void define roi(psptr ps)
{
point initial point; /* Initial position of mouse & cursor */
int ok;
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/ir
*/

/*
*/

/-k
*/
/-k
*/
/-k

CO.

/*
*/

/*
*/

*/

/* Set mouse to the middle of screen */
initial point.X = WID >> 1;
initial point.Y = HT >> 1;

do
{
if(roi_defined)
{
ci_divest_obj{&roi cbj);

}
The binary image must be cleared to enable us to define an ROI in it
ci_black im{&binary):

Overlay binary image with random colour overlay

col.r = rand(); col.g = rand(}; col.b = rand();
ci_overlay(&binary, &col);

Reduce window size by 1 pixel all around. This allows neightbourhood

operations including object detection, and the resulting ROI can then

be used for neighbourhood operations in the image. */
ci_reduce_ps(&binary.WHOLE, 1, 1):

clear form();
write_form(13);
print_at (1, 20, "BRITE Permeability Measurement Program",
titlecolor );
print_at (8, 10, "Define a region of interest using mouse",
co.infocolor):
print_at(9,'10, "Click LEFT mouse button to start drawing",
co.infocolor);
print _at {10, 10, "Click either mouse button to terminate action",
co.infocolor);
help("Follow instructions.", c¢o.inputcolor);

Define cursor. The cursor is restricted to binyim.WHOLE
ci_define cursor(hWnd, &initial point, &binary, ARROW CURSOR, 1);
Draw with mouse and generate object as boundary and interior pointsets

if (ok = ci_draw_gen obj(&binary.WHOLE, &binary, &roi_obj))
{

roi = roi obj.interior; /* Set the ROI to object
Jjust drawn */
ci draw(&roi, &binary, 0}; /* Clear the ROI
}
else

{

clear_form();

clear help():

help(ci errmess (hInst, (uint} ci_get_val (GS_ERRNG, 0)),

co.inputcolor};

input_char ("Press ESC to continue. ", "\xlb"):
}
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ci_undefine cursor(); /* Remove the cursor from the image */
ci_reset_im(&binrary):; /* Reset binyim.WHOLE */
ci overkill (hinst}); /* Turn off overlay */
roi_defined=TRUE;
}
while {!'ok}:
}

void set_threshold level(void)
{
dyn hgram;
int frame_number=1;
help ("Enter number of frame to retrieve.", co.inputcolor):
frame number=input_int ("Number of Frame? ", frame number, 1, 0);
make filename{filename, name, ext, frame number);

if(!ci_read discim(filename, &framestore, FFA))
{

clear form():

clear _help{();
help("Image not read successfully", co.inputcolor);
input_char ("Press ESC to continue. ", "\x1b"):;
return; :

}

ci_black_im(&binary};
define roi(&binary.WHOLE);

if (ci_im histo(&roi, &framestore, &hgram)) /* Generate a histogram
of image values over a pointset */
{
point p; /* Starting point for cursor */
pointset box; /* Window in which to display histogram */
pointset cursor; /* Pointset to be used as cursor */
pointset cursline; /* Pointset in which to roam cursor */

#define CURS_HT 10 /* Height of cursor */
int ox = WID - 256 >> 1;
int oy HT >> 2;
int hy = oy + (HT >> 1);

/* Define the window in which the cursor can move */
ci_def window(&cursline, ox, hy, 256, CURS_HT);

/* Define a single pixel wide vertical line as a cursor */
ci_def window(&cursor, ox, hy, 1, CURS_HT};

/* Define the box in which histogram will be displayed */
ci_def window(&box, ox, oy, 256, HT >> 1);:
col.r = 255; col.g = 127; col.b = 0;
ci overlay(sbinary, &col);
ci_draw_histo(&box, &binary, &hgram); /* Draw the histogram */
ci_divest dyn(shgram); /* Release dynamic data */

/* Place a tick at the lower end of the cursor range to indicate lower
value for thresholding. */
cursor.PSORIGX~-;
cil_draw(&cursor, &binary, -1);
cursor.PSORIGX++;
p.X = ox + 128; /* Set mouse position to middle of range */
p.Y = hy;
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/* Use the cursor pointset to indicate the position in the histogram. The
call to ci define cursor restricts cursor movement to binary.WHOLE, so
this must be set to the pointset cursline. By using NO CURSOR, no other
pointer will be displayed in the image */

binary.WHOLE = cursline;
ci_define cursor(hWnd, &p, &binary, NO CURSOR, 1);
clear form(};
write form(12);
print_at({l, 20, "Permeability Measurement Program",
co.titlecolor):;
print_at (8, 10, "Select the level at which to threshold ",
co.infocolor);
print at({9, 10, "Click RIGHT mouse button to terminate
action",
co.infocolor):
help("Follow instructions.", co.inputcolor);

ci roam ps(&cursor, &binary); /* Put curser in roam mode */
ci_undefine cursor(); /* Undefine the cursor  */
thresh_val = cursor.PSORIGX - ox;

cursor.PSORIGX = ox - 1

ci_draw(&cursor, &binary, 0): /* Clear low-level marker */
ci_reset_im(&binary); /* Reset binary.WHOLE to the entire image

*/
ci_draw(sbox, &binary, 0); /* Clear histogram
*/
/* Threshold the grey image intec the binary image
*/
ci_slice(troi, &framestore, &binary, 0, thresh val);
]
else
{
clear form():
clear help();
help("Unable to threshold”™, co.inputcelor);
input_char ("Press ESC to continue. ", "\xlb");

free_image_text (&framestore);
ci overkill(hInst});
ci_clear_fg(aframestore);
- ci clear fg(&binary):
return;

}

clear form();

clear help{):;
help("", co.inputcolor);

input_char{"Press ESC to continue. ", "\xl1lb" );
free_image_text {&framestore);
cli overkill (hInst);

ci clear_ fg{&framestore);

ci_clear_fg(&binary);

set threshold flag=TRUE;

}

void generate points(ptptr centre_point, ptptr ptarray, int
num_of spokes)
{

int count;

double alpha, beta, gamma, delta;

ptptr wrkptr;

wrkptr=ptarray;
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alpha=atan((double)centre_point->Y/(double)(WID—l—centre_point-
>X));

beta=PI—atan((double)centre_point—>Y/(double)centre_point—)X);

gamma=PI+atan((double)(HT—1—centre_point->Y)/(double)centre_point—
>X):

delta=2*PI—atan((double)(HT-l—centre_point—>Y)/(double)(WID—l—
centre point->X});

for (count=0; count<num_of_ spokes; count++)

{
angle[count]=(2*PI*count)/(double)num of spokes;

if(((angle[count]>=0)&(angle[count]<=alpha))||((angle[count]>delta)
& (angle [count]<=2*PI)))
{
wrkptr->X=WID-1;
wrkptr—>Y=centre_point—>Y-(int)((WID—l—centre_point—
>X)*tan(angle[count]});
}
else

{
if((angle[count]>alpha)&(angle[count]<=beta))
{ .
wrkptr—>x=centre_point—>x+(int)(centre_point—
>¥*tan(PI/2-angle[count]));
wrkptr->Y=0;
}
else
{
if((angle[count]>beta)&(angle[count]<=gamma))
{
wrkptr->X=0;
wrkptr->Y=centre point->Y-
(int) (centre_point->X*tan(PI-angle{count]));
}
else
{
if((angle[count]>gamma)&(angle[count](delta))
{
wrkptr—>x=centre_point—>X—(int)((HT—
l-centre_point->Y)*tan((3*PI)/2-angle[count]));
wrkptr->Y=HT-1;

else

{
printf ("Theta out of range\n"):

}

}
wrkptr++;

)

veid draw_radii{imptr im, ptptr centre point, ptptr ptarray, int
num_of spokes)
{

int count;

ptptr wrkptr;

wrkptr=ptarray;

for (count=0; count<num_of spokes; count++)

{
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ci_d;aw_line(centre_point, wrkptr, im);
wrkptrt++;
}
}

void gen_spokes(ptptr centre point, ptptr ptarray, psptr psarray, int
num_of spokes)
{
int count;
ptptr wrkptptr;
psptr wrkpsptr;
wrkptptr=ptarray;
wrkpsptr=psarray;

for (count=0; count<num_of spokes; count++)
{
ci_arc_gen(centre point, wrkptptr, wrkpsptr) ;
wrkptptr++;
Wwrkpsptr++;
}
)

void get_spoke_end(imptr im, psptr psspoke, ptptr end point, int
num_of spokes) .-

{

dyn profile;

ptptr wrkptptr;

psptr wrkpsptr;

int found=0, x;

int count;

uchptr data;

wrkptptr=end point;
wrkpsptr=psspoke;

for {count=0; count<num_of spokes; count++)
{
if(ci_im_sample {wrkpsptr, im, &profile))
{
if(ci_reset ps(wrkpsptr))
{
if(CIULOCKDYN(&profile))
{

x=0;
data=profile.ptr;

do
{
if (datal[x]==0)
{

/* found edge of flow */
found=1;
*Wwrkptptr=wrkpsptr->WRKPT;
ci_divest dyn{&profile);
break;

xt+;
}
while{ci next pt(wrkpsptr)):
CI UNLOCKDYN(&profile);

}
CI_UNLOCKPS (&wrkpsptr}) ;
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}

wrkptptr++;
wrkpsptr++;
found=0;
1
}

void draw_cross(imptr im, ptptr ptarray, int num_of_ spokes)
{

int count;

ptptr wrkptr;

wrkptr=ptarray;

for{count=0; count<num_of spokes; count++)
{
ci_draw_cross(wrkptr, im, 5, 5, 0);
wrkptr++;
}
}

void calc coords{ptptr centre point, ptptr end point, double *rad)
{

int count;

double *wrkptr_ rad;

ptptr wrkptptr;

wrkptr rad=rad;

wrkptptr=end_point;

for(count=0; count<NUM OF SPOKES; count++)

{

*wrkptr_rad=sqrt (pow(fabs((double) (wrkptptr->X-centre point-
>X)*x_factor),2.0)

+ pow(fabs((double)(wrkptptr—>Y—centre_point—>Y)*y_factor),Z.O));

wrkptr rad++;

wrkptptr++;

}
}

void analyse image({void)
{
int num_of_spokes=NUM OF SPOKES;
int tag, n=0;
char temp(17]; .
make_ filename (filename, name, ext, frame index);

if(!ci_read discim(filename, &framestore, FFA))

{

clear form(}:

clear_help():

help(ci_errmess(hInst, (uint} ci_get val(GS ERRNO, 0}),

co.inputcolor);
input char ("Press ESC to continue. ", "\xlb"};

return;

}

tag=TIME;
str=(unsigned char far*) ci get imtext(&framestore, &tag, &n);

strcpy(time buffer, str);
frame_time=atof(time_buffer);

itca(frame index, temp, 10};
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ci_string _to_im("Frame Number ", &framestore,5,5,1,-1});
¢i_string to im{temp, &framestore,l110,5,1,-1);

cl _string_to im{"Frame Time ", &framestore,5,25,1,-1);
ci_string to im(time buffer, &framestore,110,25,1,-1);

define roi{&binary.WHOLE);

/* Threshold the grey image into the binary image */
ci_slice{&roi, &framestore, &binary, 0, thresh val);

/* generate_points(&centre point, point_array, num_of spckes); */
/* gen_spokes{&centre point, point array, ps_array, num_cf spokes);
*/

get_spoke_end(&binary, ps_array, end_point, num of spokes);
col.r= col.g= col.b = 255;

draw_radii(&framestore, &centre_point, end point, num of spokes);
draw cross(&framestore, end point, num of spokes);

calc_coords (&centre_point, end_point, radii);

clear_form();

clear_help(); :
help("Analysis completed.", co.inputcolor);
input char ("Press ESC to continue. ", "\xlb" );

print frame results({();
free image_text (&framestore};
ci clear fg(&framestore);
ci clear fg(&binary);:

}
/i—

* Params: None
*/

void print frame_results ()

{
int row = 5, count;
static char *cont =
"Press any key to return to the menu.";
_clearscreen( _GCLEARSCREEN )
strprint_at{row, 20, "Results for Frame Number %d", frame index);
strprint_at(row+=2, 1, "Frame time %.3f", frame_time );
strprint_at (row+=2, 1, "Angle (Rads.) Radius {(mm)
Angle (Rads.} Radius (mm)");
for (count=1;count<=NUM_OF SPOKES:count+=2)
{
strprint_at(++row, 1, "%3.3f %3.2f %3.3f %3.2f",
angle[count-1], radii{count-1], angle[count], radii[count]);}
strprint_at(row+=2, 1, cont);
if( getch() == ESCAPE )
return;

]

/* strprint_at - Format a string, using sprintf() and ocutput to screen
using print_at({).

* Parms: row - Row at which to begin display

* col - Column at which to begin display

* fmt - Format string (see run-time library documentation for
*

correct formation of a format string)
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void strprint at{int row; int col, char *fit,
{ r I

char - tempi[(81] ;

va_list markeér;
va_list save marker;

va_start( marker, fmt ); |
save_marker =‘marker;
vsprintf( temp, fmt, marker )i
va_end( marker .}
print_at(row, col, temp, <1 };
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Program to copy files from Viglen to XEN
and prepare files to be read by the Quantimet 570

CLs

F:

CD F:\PERM\FFA-TIG

CLS

GECHO OFF

ECHO.

ECHO **+* about to delete all old TIG images from XEN ***
ECHO,

ECHO *** have files been processed ? *+**
ECHO.

ECHO *** have files been backed up ? ***
ECHO.

PAUSE

DEL F:\PERM\DOWNLOAD\*.TIG

CLS

ECHO.

ECHO *** copying *,TIF images from Viglen I-drive to XEN F-drive***
ECHO.

COPY I:\NP\RUN\*.TIF F:\PERM\DOWNLOAD

CLS ‘

REN F:\PERM\DOWNLOAD\IMAGEl.TIF IMAGEOl.TIF
REN F:\PERM\DOWNLOAD\IMAGEZ2.TIF IMAGEO2.TIF
REN F:\PERM\DOWNLOAD\IMAGE3.TIF IMAGEO3.TIF
REN F:\PERM\DOWNLOAD\IMAGE4.TIF IMAGEO4.TIF
REN F:\PERM\DOWNLOAD\IMAGES.TIF IMAGEOS.TIF
REN F:\PERM\DOWNLOAD\IMAGE6.TIF IMAGEQ6.TIF
REN F:\PERM\DOWNLOAD\IMAGE?.TIF IMAGEO7.TIF
REN F:\PERM\DOWNLOAD\IMAGES.TIF IMAGEOS8.TIF
REN F:\PERM\DOWNLCOAD\IMAGES.TIF IMAGEOS.TIF

IF EXIST F:\PERM\DOWNLOAD\IMAGE(O9.TIF ECHO
*** images renamed, now sorted numerically as two digit numbers ***
ECHO.

ECHO *** about to enter cropping phase ***
ECHO,

PAUSE

ECHO *** starting windows ***

ECHO.

E:\WIN-APPS\TIFF-KIT\CROPEXE F:\PERM\DOWNLOAD\*.TIF,
F: \PERM\DOWNLOAD\*.TIF, F:\PERM\FFA-TIG\CROP.TXT, 1
ECHO.

CLS

ECHO.

ECHO *** batch process *.TIF images in PSP to save as uncompressed ***
ECHO.

PAUSE

WIN E:\WIN-APPS\PSP\PSP.EXE

REN F:\PERM\DOWNLOAD\*,TIF *.TIG

ECHO.

ECHO *** % TIF now renamed to *,TIG ***

ECHO.

DEL F:\PERM\DOWNLOAD\IMAGEOl.TIG

COPY I:\NP\CALIB\SIZE\IMAGEOl.TIG F:\PERM\DOWNLOAD

ECHO.

ECHO *** calibration file (IMAGEOLl.TIG) copied to XEN ***
ECHO.
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Quantimet program to retrieve isochrone data from flow images (FLCOW.QBA)

10 clearimages
20 BINCLEAR-1
30 BINCLEARR 15
40 CLEARPLANE-1
50 ferets 64
60 INPUT 'Name of file please neil? 'n$
70 open#l 'C:\neil\'+n$+'.any’
80 open#2 'C:\neil\'"+nS$+'.map'’
90 open#3 'C:\neil\"+n$+'.inj"’
100 open#d4 'C:\neil\'+n$+'.cog’
110 open#5 'C:\neil\'+n$+'.1st’
120 PRINT#1: 'FRAME', 'LENGTH' , 'BREADTH', 'L-CAL~0' , 'B-CAL-O'
130 PRINTHZ:'FRAME','WE','ENE','NE','NEN','NS','NWN','NW','WNW'
140 PRINT#3: 'FRAME', 'LENGTH' , 'CALC-0O' , 'X','Y’
150 PRINT#4: 'FRAME', 'LENGTH"' , 'CALC O
160 PRINT#5: 'FRAME','0 DEG', 'S0
DEG','EAST','WEST','NORTH','SOUTH','MAXL/Z','ECD/Z','AREA','ROUND','AR','
YCG-INJ', 'XCG-INJ'
170 mframe 0 0 512 512
180 iframe 0 0 512 512
190 K=0.583333 REM riasettings 'cal value' k in mm
200 c=1
210 n=0
220 o=0
230 oS=strS$(o)
240 cS=str$(c)
250 loadbin 9 'c:\bin\neilins®
260 loadbin 10 'c:\bin\neilmask'
270 loadimage 10 'c:\neillimage02.tig'
280 loadimage 0 "C:\neil\IMAGE"+oS$+cS$+".TIG"
290 rem grey 10=image0l
300 greysub ¢ 10 1
310 greydetect 1 75 88 41 0
320 binopen 1 2 256 2
330 fillholes 2 3
340 setftrpar "2,3,1,8,33,15,28,29,4,5,9,12,21,24,22,25,23,20,32, 34"
350 ftrgrey 1 : measfeat 3 1 1300 300000 : clraccept
360 acceptxfer 3 4
370 RFEATNUM N({1}
380 if c¢=1 goto 1530
390 if n({l)=0 goto 1530
400 FOR F=0 TO N{(1l)-1
410 RFEATRES F 1 a(l)
420 AREA=A(1)*K*K REM THIS AREA WILL BE PRINTED TO FILE § *.1ST
430 RFEATRES F 8 L(1}
440 RFEATRES F 9 B(1)
450 RFEATRES F 12 MO(1)
460 RFEATRES F 32 CO(1)
470 RFEATRES F 33 AR(1)
480 ASPECT=AR(1)/1000
490 RFEATRES F 15 R{(1l)
500 ROUND = R(1)/1000
510 RFEATRES F 28 X(1)
520 XCG=X(1)
530 RFEATRES F 2% Y{1)
540 YCG=Y (1)
550 RFEATRES F 4 WE(1l)
560 RFEATRES F 34 EQDIA(1)
570 RADIUS=(EQDIA(1)*K)/2
580 RFEATRES F 5 NS(1)
590 RFEATRES F 20 ENE(1)
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600
610
620
630
640
650
660

PRINT#2:C,WE (1) *K,ENE{1) *K,NE (1) *K, NEN (1) *K,NS{1) *K, NWN (1) *K, NW (1} *K, WNW {

1) *K
670
680
690
700
710
720
130
740
750
760
170
780
790
800
810
820
830
840
850
B60
870
880
890
900
910
920
930
940
950
960

RFEATRES
RFEATRES
RFEATRES
RFEATRES
RFEATRES

=T mom

T

PRINT#1:C,L(1)*K,B(1)*K,CO(1),MO(1)

next f
rfeatres n
x=x(2) /100
rfeatres n
y=y(2)/100
print x,y
position
drawline
position
drawline
position
drawline
position
drawline
position
drawline
position
drawline
position
drawline
position
drawline
BINGET 5
chrpoint
binx 5 7
rfeatnum

O N OX X X X X i Unow;mw,

+

21 NE(1)
22 NEN(1)
23 NWN({1}
24 NW(1)
25 WNW(1l)

28 x(2)
0
29 y(2)
0

-
3
2)

if n{2)>0 n=n(l)

print c,n
n=0
binx 4 7 8

100

970
980
990

setftrpar "2,3,8,1,11,28,29, 32"
ftrgrey 1 : measfeat 8 1 4 300000
acceptfeat 8 5.18889 4980

clraccept

1000 acceptxfer 8 22

1010 rfeatnum n{l)

1020 for £=0 to n(l)-1

1030 rfeatres £ B 1(1)

1040 L=L(1}+2

1050 rfeatres f 32 cofl)

1060 rfeatres f 28 x(1)

1070 rfeatres f 29 y(1}

1080 print#3:C,1%k,co(l),x(1)/1000,y(1) /1000
1090 next £

1100 binclear 11

1110 binx 10 4 11 1 0 O

1120 setftrpar "2,3,8,1,9,32,11"

1130 ftrgrey 1 : measfeat 11 1 4 300000 clraccept
1140 acceptxfer 11 12

1150 rfeatnum n(l)

1160 for £=0 to n{l)-1

1170 rfeatres f 8 1(1)

1180 LL=L(1)+2

1190 rfeatres f 9 Db(l)

1200 rfeatres £ 11 o{(1)
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Appendix BS: Procedure for preparation of polished sections

Specimens were individually potted in an epoxy casting resin and prepared using a Buehler
2000 Metpol grinder/polisher with Metlap fluid dispenser. All specimens were prepared

following the procedure shown in Table B5-1.

Table B5-1: Microscopical specimen preparation

Platen Head
step surface abrasive  speed (rpm) direction speed (rpm) force (Ibs) time

1 SiC paper 240 grit 150 complementary 120 15 until plane
2 " 400 grit " " " 20 2 min

3 " 600 grit " " " " "

4 n 800 grit L] n i L] "

5 nylon cloth  6um diamond 50 contra " 30 5 min

6  texmetcloth [pm diamond 100 complementary 60 " "

7 mastertex cloth Al Si0O, 50 contra " 5 2 min
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Appendix B6:
Software for quantification of microstructural features (Quantimet 570)

A NRLPVOID
This program detects and measures white objects (magnesium silicate filled surface

breaking voids) from contiguous image fields to permit determination of void volume
fraction.

B NRLPZOOM

This program detects and measures inter-tow porespace as an area fraction and as
individual features from six contiguous images.

C FRACNEIL

This program detects inter-tow porespace, and in conjunction with program NPLDBIN',
produces data permitting the determination of a fractal dimension.

D NPLDBIN

This program is used in conjunction with the program 'FRACNEIL' and creates the pixel
boxes used to 'map' images in the determination of a fractal dimension

NRL Pearce PhD Thesis Page 1 of 10 Appendix B6



NRLPVOID (IF = Image frame, MF = Measure Frame)

10-200
Prompts user to insert disc.
Stereo microscope setup and focussed. Starts field count as 1.

210-220
Sets both measure frame (MF) and image frame (IF),
IF is at maximum. MF has a 43 pixel border as a guard region

230-260
Sets contrast and image brightness
(not illumination as the stereo microscope was used).

260-290
Calibrates and stores calibration as “k”.

300-360 '
Prompts for a filename and opens the file on B:\ (floppy disc)

370-450
Permits operator to visualise/choose field. Acquires 4 images.
Averages them to reduce noise.
Applies a low pass smoothing filter to eliminate speckles of grey

(both dark and light).

460-600
Detects white objects. Measures all detected objects >4 pixels.
Displays results and saves to file on B:\ drive.
Also records roundness and aspect ratio

610-676
Permits operator to move specimen to line up with border of IF
so a new measurement can take place on the adjoining field.
If count <4 goes to [300]. If count >4 goes on below.

700-980
Asks operator if more images are needed.
If so goes to [300]

if not closes file on floppy and quits macro.
ENDS.
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NRLPVOID

10 panel 0,0,80,79,1,14,3"WELCOME":coltext 44:
coltext 33:coltext 1
20 postext 12,14
30 print "Place 3.5 disc in bottom drive
then press space bar"
40 g$=inkey$:if g$="" then 40
50 test g$=" " then 60 else 40
60 cls
70 panel 0,0,80,79,1,14,3"SET UP":coltext 45:
coltext 32:coltext 1
80 postext 12,15
90 rem WHAT MICROSCOPE, MAG AND ILLUMINATION?7???27272727?272727
100 PRINT "PLACE B&W CAM CN STEREO X2.5 ZOOM OBJECTIVE
AND 2.5 EYEPIECE TO"
110 postext 13,26
120 PRINT "FOCUS AND POSITION OBJECT "
130 postext 14,26
140 PRINT " "
150 postext 15,26:COLTEXT 35
160 print "WHEN READY PRESS SPACE BAR"
170 r$=inkey$:if r$="" then 170
180 TEST R$=" " THEN 190 ELSE 170
190 CLS
200 c=1
210 mframe 43 43 427 427
220 iframe 0 0 512 512
230 camera 1
240 scanner 35.53 1.95
250 setlamps 0.0 O
260 OMENU 'IMAGE SETUP'
270 calibrate 5, 'I'
280 QMENU 'CALIBRATE'
290 riasettings 'cal value' k
300 panel 0,0,80,79,1,14,3"FILE":coltext 44:
coltext 33:coltext 1
310 postext 14,5
320 input "PLEASE TYPE THE NAME OF THE FILE
¥YOU WISH TO SAVE THIS IMAGE UNDER ",N$
330 open#l "b:"+n$+".prn"
340 postext 16,5
360 CLS
370 gmenu 'image setup'’
380 panel 0,0,80,79,1,14,3"WORK":coltext 44:
coltext 33:coltext 1
390 POSTEXT 12,23
400 PRINT "PLEASE WAIT I'M WORKING ON "N$ ", FIELD "C"!"
410 POSTEXT 13,28
420 PRINT "I WILL BE ABOUT 5 SECS"
430 REM
440 multiacquire 5 0 4
450 greyfill 0 1 2 2
460 greydetect 1 47 160 1 1 0
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470 setftrpar "15,33,2,3,1"

480 ftrgrey 3 : measfeat 1 1 4 300000 : clraccept

490 acceptxfer 1 2

500 gmenu 'feature results'

510 PAUSETEXT 2"ERE THEY BE!"

520 gmenu 'feature results'

530 rem transform, detect, amend, measure, display

540 rfeatnum n(1l)

550 for £f=0 to n(l)-1

560 rfeatres £ 1 a(l)

570 RFEATRES F 15 R{1)

580 RFEATRES F 33 AR(1)

590 print #1:c,n({1),k*k*a(1),R(1)/1000,AR(1) /1000

600 next f

610 iframe 43 43 427 427

620 gmenu 'measure field'

630 greyshift 1 8 0 427

640 greydetect 8 47 73 1 1 0

650 display 0 1 0 2

655 gmenu 'display’

660 c=c+l

670 if c¢c=4 goto 710

676 goto 370

700 rem

710 panel 0,0,80,79,1,14,3"THE END":coltext 44: coltext 33:
coltext 1

720 panel 20,5,40,12,4,14,2"COPYRIGHT" :coltext 41:
coltext 33: coltext 1

730 POSTEXT 8,33

740 PRINT "PPPPP RRRRR"

750 POSTEXT 9,33

760 PRINT "P P R R"

770 POSTEXT 10,33

780 PRINT "PPPPP RRRRR"

790 POSTEXT 11,33

800 PRINT "P RR "
810 POSTEXT 12,33

820 PRINT "P R R"
830 POSTEXT 13,33

840 PRINT "P R R"

850 panel 20,18,40,6,5,4,2""

860 postext 19,32

870 coltext 1l:coltext 32:coltext 45
880 print"Wasn't that fun!"

890 postext 20,32

900 print "That is " n$ " done"

910 postext 21,22:COLTEXT 35

920 print "Do you wish to do another? y or n"
930 a$=inkey$:if as$="" then 930

940 test a$='y' then 320 else 950
950 coltext O

960 close#l

970 cls

980 end
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NEILZOOM

10 c=0
20 greyset 255 1
30 greyset 255 2
40 camera 1
50 scanner 16.80 0.00
60 setlamps 0.00 0
70 gmenu 'calibrate'
B0 mframe 0 75 512 15
81 iframe 0 60 512 45
100 gmenu 'image setup'
110 mframe 31:61 450 450
120 iframe 0 0 512 512
130 multiacquire 5 0 4
140 greydetect 0 90 165 4 1 0
150 gmenu 'detect'
160 binerode 1 2 256 2
170 build 1 2
180 edgefeat 2 3
190 binerode 2 4 24 10
200 build 2 4
210 bincleose 4 5 24 4
220 greydetect 0 132 227 11 0
230 gmenu 'detect'
240 binercde 1 10 0 2
250 build 1 10
260 binopen 10 11 0 2
270 bindilate 11 12 0 6
280 binx 12 5 13 100
290 bindilate 13 14 24 2
300 build 12 14
310 binx 14 5 16 2 0 0
320 pausetext 2 'Segment bin 16 to bin 17 by 1 filter &
1 cycle!
330 gmenu 'segment'
340 pausetext 1 'You have the choice of taking the whole
area from any binary image'
350 pausetext 2 'l=orig pore, 2=smoothed orig, 3=edgefeat
removed, 4=small areas removed'
360 pausetext 3 '5=4 smoothed, 10=white areas, 12= holes,
l16=holes+pore, l7=segmented ver'
370 gmenu 'measure field’
380 gmenu 'measure feature'
390 pausetext 1 '!'
400 pausetext 2 ''
410 pausetext 3 !
420 gmenu 'feature results'
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430
440
450
460
470
480
490
500
510
520
530
540
550
560

bingreymove 16 1 7

c=c+1

if c=6 goto 550

gmenu 'image setup'
f=c*64

setblock 0 0 512 512
zoomblock 1 2 £ 128 0 ,-8
greyshift 0 3 0 500
greydetect 3 0 126 1 1 0
display 0 1 3 2

gmenu 'display'

goto 80

gmenu 'acquire'

end
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FRACNEIL

10-70
Prompts for a filename to save to “neil” directory on the C: drive.
Starts field count as 1. Illumination adjusted for contrast
with B&W camera with stereo microscope. Image visible on screen.

80-140
Sets measure frame (MF) and image frame (IF),
to give a 400 pixel square box.
This allows all subsequent binary fractals to be ‘complete’
i.e. divisable into 400.
Acquires image, then performs a white detect for magnesium silicate.

150-250
Removes small objects, detects pores (black), cleans image
and combines with magnesium silicate plane.
Permits operator to manually edit if necessary.

260-660
Takes processed image plane and sequentially superimposes fractal boxes
generated from NPLDBIN, counts boxes that overlay porespace.
Records total area of boxes.
Each data set (count and area) is saved as a new line to the same file

670-760
Repeats 4 times and shifts image each time to facilitate congruity.
ENDS
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