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ABSTRACT
The aim of the project was to improve the transverse mechanical properties of unidi
rectional glass fibre reinforced plastics (G.R.P.). In addition it was intended that the
longitudinal mechanical properties should not be significantly degraded as a result of
the transverse improvement

The scientific and commercial literature were consulted to determine the most feasible
means of improving the transverse properties. Four possible methods were identified ,
the most promising of which was interfacial modification.

Interfacial modification involves the introduction of a third material ( "the interphase"
) at the interface between the fibre and the matrix. For this project the interphase
material was selected to be compliant or rubbery in nature.

The Kies model for predicting the magnification of strain in the resin between fibres
was extended to include an interphase. The model was developed for two modes of
applied stress. The first was pure tension acting transverse to the fibre axis. The sec
ond was shear in the plane transverse to the fibre axis.

A novel apparatus was constructed to manufacture composites with a compliant inter
phase. The apparatus combined a self-regulating coating technique with filament
winding to give a continuous production facility.

A range of mechanical tests were performed on composites both with and without an
interphase. Presence of an interphase improved the following properties: transverse
flexural strength , interlaminar and intralaminar shear strength , and transverse flexu

ral fracture energy. No improvement was noted for pure transverse tension. These
results indicated that the interphase acted beneficially only when the composite was
stressed in a predominantly shear mode.

Conclusions from mechanical test results were supported by S.E.M. fractography.
Considerable deformation of the interphase was found in composite tested in shear.
This deformation was absent in composite tested in tension.

It was postulated that these differences between behaviour in tension and shear were
the result of constraint of Poisson’s ratio contraction in the compliant interphase. To
confirm this , dynamic mechanical testing was used to measure tensile and shear
moduli of the interphase material as a function of thickness. Constraint and support
were provided by a thin steel substrate. The tensile modulus increased by orders of
magnitude the thinner, and hence more constrained, the material became. Near to the
interphase thickness used in practice the tensile modulus of the interphase was shown
to approach that of the matrix.

In summary , the use of a compliant interphase resulted in significant improvements in
mechanical properties of the composite in shear.
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1 INTRODUCTION

The aim of the project was to improve the transverse mechanical properties of unidirectional
glass fibre reinforced plastics (G.R.P.). In addition it was intended that the longitudinal
mechanical properties should not be significantly degraded as a result of the transverse
improvement.
Recent developments in the use of unidirectional G.R.P. In structural automotive components
, such as the leaf spring suspension p a rt, have led to the realisation of the importance of their
transverse performance. The transverse strength, for example, of a unidirectional composite
is likely to be less than 1% of the longitudinal strength. Consequently, relatively small loads
applied in the transverse direction can lead to levels of stress sufficient to cause cracking of
the matrix and reduction in the overall composite failure strength. By careful design these
transverse stresses can be minimised but never entirely eliminated.
Transverse stresses can arise from a number of different sources. The most common source
is thought to be from the complex three dimensional loading applied to the components in
service. Stresses also arise from the necessity of attaching the component to the main structure.
Suppression of anticlastic bending and lateral constraint due to gripping are two significant
examples and both are due to Poisson’s ratio effects.
Anticlastic bending occurs when a beam of sufficient width to thickness ratio is bent along
its length. The Poisson’s ratio effect causes the beam to contract when subject to a tensile
load and expand when subject to a compressive load.
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When bending a beam along its length the outer surface is put into tension and the inner into
compression. ( Figure 1 ) Consider a section through the centre of the beam. ( Figure 2a )
Poisson’s ratio effects lead to a compressive force across the top surface and tensile force
across the lower surface. These forces cause the beam to bend across its w idth, ( Figure 2b
) , leading to the anticlastic phenomenon. Suppression of this bending by , for example , a
stiff plate across the whole width of the beam leads to a transverse tensile load across the top
surface.
Lateral constraint is a similar effect as the suppression of anticlastic bending. It occurs for
components loaded in tension and gripped across their width at some point. The grip constrains
the Poisson’s contraction leading to a transverse tensile stress through the whole thickness
rather than just on the top surface. ( Figure 3 ).
Having established some of the primary sources of transverse stress the scientific and
commercial literature was reviewed to identify possible means for improving transverse
strength of unidirectional G.R.P. Five possibilities were established and their relative merits
are discussed in the following sub-sections.

1.1 Modification of brittle matrix resins by the addition of toughening
agents.
The majority of work to date on the toughening of brittle matrix resins has been centred on
the use of liquid rubbers which phase separate during cure. ( 1,2,3,4,5,6,7 ). The phase
separation leads to the formation of small rubber spheres within the brittle main phase resin.
Toughness increases in the order of a few hundred percent have been achieved for the matrix
resin alone ( 2 ). However, composite materials utilising the same modified resins achieved
increases of only five per cent. Toughening by additions of other polymers may hold more
promise.
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Improvements in the toughness or ductility of a brittle resin matrix composite were shown
when additions of flexible polymers were made to the matrix. ( 8,9,10 ). In particular dis
cussions with leading resin manufacturers indicated that the latest commercial direction for
toughening of polyester/vinyl ester matrices is to blend them with urethane type resins.
This area of research is being actively considered as part of a concurrent project at Bath ,
linked to this work by the same sponsoring organisation. Therefore , no further work is
presented here on this subject.

1.2 The use of thermoplastic matrices
Thermoplastics are being considered for use in structural composites for a number of reasons.
Thermoplastics are tough , fast to process , and can be repaired or reused. However, there
are also a number of problems associated with their use, which are primarily the base polymer
strength and modulus , and the poor quality of pre-pregs. These problems must be overcome
before thermoplastics can be successfully used in structural composites. Pre-preg materials
with unidirectional fibre and a thermoplastic matrix are few and far between. The best known
and most widely used is carbon fibre reinforced polyetheretherketone ( PEE K ) , marketed
as APC2 by ICI. However , this and a number of other aerospace oriented thermoplastic
pre-pregs are prohibitively expensive. This is not only because they tend to use carbon fibre
rather than glass fibre but also because they use high performance , and consequently high
co st, thermoplastics. What is needed for mass produced automotive structural components
is a pre-preg utilising glass fibre in a cheap but relatively high performance thermoplastic.
Such pre-pregs are now being manufactured experimentally by ICI. They utilise unidirec
tional continuous glass fibres with a selection of cheap thermoplastics such as polypropylene
, polyethylene terephthalate ( PET ) , and nylon 6,6.
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Initial studies by the author on a glass fibre nylon 66 pre-preg ( 1 1 ) showed good bonding
at the interface and acceptable mechanical performance. Industrial processing characteristics
and fatigue performance have still to be assessed. This and all future work will be progressed
at the industrial sponsors laboratories. Therefore , thermoplastic matrix composites will not
form any further part of this report.

1.3 The use of discrete interlaminar layers.
The use of a rubbery ply between sheets of carbon fibre pre-preg to improve through thickness
toughness and transverse mechanical properties has been previously reported. (1 2 ,13 ,14
). To date commercial systems have been developed entirely for the aerospace market.
Consequently , these systems are not available with glass fibre reinforcement.
The use of a non-woven thermoplastic mesh as a discrete layer in unidirectional fibre com
posites has also been investigated ( 15 , 16 ). A carbon fibre epoxy composite with a mesh
interlayer was shown to increase toughness and delocalise damage (1 5 ). A glass fibre epoxy
composite was shown to improve the through thickness compressive fatigue life ( 1 6 ).
The concept of this work was taken and expanded to investigate the effect of a thermoplastic
polyester mesh on the mechanical properties of a G.R.P. laminate (17 ). Both unidirectional
and cross ply laminates were considered. Initial results indicated possible improvements in
shear properties with the mesh placed at the 0/90 interface in cross ply composites. However
, the extent of the improvements was considered too small to continue the work at the present
time.

1.4 Modification of the interface by the use of a fibre coating.
The case of a unidirectional fibre composite is directly analogous to that of a series of
cylindrical holes or inclusions in a plate. It has been shown that when such a plate is loaded
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transverse to the cylinder axis stress concentrations develop around the cylinder or hole (18
, 19 , 2 0 ). These studies would suggest then that stress concentrations will exist at or near
the interface in a unidirectional composite stressed transverse to the fibre axis.
It has been postulated (21 - 2 9 ) that by inserting a third , comparatively thin , phase at the
interface ( the so called interphase ) , these stress concentrations might be reduced or elim
inated. By considered choice of interphase material and thickness, composite properties such
as strength, failure strain , toughness and fatigue life , particularly transverse to the fibres ,
might be improved.
Two general possibilities exist for the interphase material. It should either be of intermediate
modulus to reduce the modulus mismatch between adjacent phases , or it should be of low
modulus to allow for large deformations at the interface. Both approaches have been attempted
although by far the most popular approach is that of the low modulus interphase.

1.4.1 Intermediate modulus interphase.
K ardos, Cheng and Talbot (3 0 ) describe work which examines the effect of an intermediate
modulus interphase on short carbon fibre polycarbonate composite. Fibre volume fraction
was low and no attempt was made to align the fibres. The interphase was grown around the
fibres by a heating technique similar to annealing in metals. The result was a polycarbonate
interphase of significantly higher crystallinity , and hence higher modulus , than the matrix.
Three point bending tests showed improved strength and modulus.
Aronhime and Marom ( 22 ) developed a model based on concentric cylinders intended to
model the response of longitudinal properties to the presence of an interphase. The main
conclusion was that to improve longitudinal properties a rigid , or intermediate modulus ,
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interphase was required. Preliminary investigations by Aronhime also indicated that
improvements in transverse strength would best be achieved with a low modulus, rather than
intermediate modulus , interphase.

1.4.2 Low modulus interphase.
Initial work ( 23 , 24 , 25 , 28 , 29 , 31 ) , both theoretical and experimental, supports the
belief that a compliant interphase can improve transverse properties of unidirectional com
posite. This work will be considered in more detail in the theoretical and experimental sec
tions. Briefly, however, the work of Lavengood and Michno (2 4 ) and of Tryson and Kardos
( 23 ) is important as it actually involved the testing of composite materials manufactured
from coated mono-filament.
It was found ( 24 ) that transverse bending strength could be increased by up to 60% with
the use of coated fibre. The failure strain was found to increase by the same amount. The
composite was also tested after boiling in water for two hours. Transverse bending strength
was down 4% from unboiled values for the coated fibre composites but down 40% for the
normal fibre composites. Interlaminar shear strength as measured by short beam shear was
increased by 25% with the coated fibre. Fatigue tests , conducted in torsion under maximum
stress control, showed increases in fatigue life of at least one order of magnitude.
The choice of a low modulus interphase rather than an intermediate modulus is favoured for
the composite system under consideration in this project. Both theory and experiment indicate
that a well bonded interphase with shear modulus lower than the matrix will reduce the stress
concentration around a single fibre loaded transverse to its axis. A suitable theoretical model
will be required to determine the optimum properties of the interphase material.
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The low modulus interphase has been shown to increase transverse bending strength and
failure strain , interlaminar shear stress and torsional fatigue life. For these reasons the low
modulus interphase approach was adopted for use in this project.
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2 DEVELOPMENT OF A THEORETICAL MODEL TO ILLUS
TRATE THE EFFECT OF A THIRD PHASE AT THE INTERFACE
2.1 Introduction
It has already been established that fibres introduce stress and strain concentrations into the
m atrix, resulting in a reduction of the matrix strength. A model is needed which can predict
the levels of stress or strain concentration and the effect of introducing a third phase at the
interface.
A number of models have been developed which consider a three phase system based on
fibre , interphase , and matrix. Many of these models ( 2 2 ,3 2 , 33 , 3 4 ,) consider the effect
of an interphase on the longitudinal properties of aligned continuous or discontinuous fibre
composites. H ow ever, of most relevance to this project are the models of Arridge ( 2 8 ) and
Tirosh ( 3 1 ) , both of which deal with transverse properties.

2.1.1 Work of Tirosh
Tirosh presented the equations of Muskhelishvili (20) foraplate underplane strain containing
an inclusion of radius R ( see figure 4 ). The stresses in the plate at a point (r,0) are given
by:

a
0rr~ 2

1-7

1-2 p
' J

Gee —~ 1 +7

'R *

r^ \ 2

X'0 - 2

V '

+

f

\ r

-35 ' r Y ' cos 20
\ r

J

j

f R YA

1-35
r R ')A

+ 35

i+ p

fR v

cos 20

sin 20

j

8

where

-(* -1 )

2

* = 3 -4 v

On, is the radial stress component, Cqqis the circumferential stress component , \ e is the shear
stress com ponent, R is the fibre radius , v is the Poisson’s ratio and (r,0) are position polar
coordinates.
Solving these equations shows that cracking is most likely to occur not at the interface but
at a small distance of 1.2 R ahead of the interface.
The next stage was to introduce fracture mechanics to determine critical load and hence
predict transverse tensile strength. Cracks were examined for four different cases. These were
radial cracks at 0° or 90° to the load (Figure 5 a,b) or circumferential cracks at 0° or 90°
to the load (Figure 5 c,d).
For radial flaws the stress intensity factor, Kt , was given by:

where 1 is the length of flaw ,
and for circumferential flaws at distance r ,
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_i r a

Kj = (nr a ) 2
J -a

or

' a + 9 '*
dQ
a-0

where a is the crack half angle.

Case (c) (Figure 5) was shown to be the most severe.
Having established that the most likely crack to occur was a circumferential one and that it
would occur a short distance into the m atrix, Tirosh next considered the effect of toughening
that region with a compliant interphase material.
Tirosh used a finite element analysis program which included in its unit cell the fibre , the
interphase , the matrix , and the influence of nearby fibres. Including the influence of other
fibres is important and is rarely considered in other theoretical models. The main conclusions
of this section of the work were:
(i) A thin adhesive layer of lower shear modulus than the matrix improves the transverse
strength of the composite.
(ii) Kj is almost insensitive to the crack length. Fracture may therefore occur by simultaneous
propagation of many cracks as well as just a single crack.

2.1.2 Work of Arridge
Arridge presented the equations of Savin (35) for the prediction of stress in a plate containing
a hole into which two reinforcing rings had been welded (Figure 6). By reducing the radius
of the hole to zero the inner ring increases its thickness until it becomes a solid disc. At this
point a fibre , interphase , matrix model is achieved. Arridge made this assumption and
numerically solved the complex equations. It is important to note that Arridge’s model does
not allow for fibre-fibre interaction.
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Arridge modelled the case of a coated steel wire in an epoxy sheet. The shear modulus and
Poisson’s ratio of the interphase ( coating ) were varied but the thickness was kept constant
at 0.1 of the radius of the fibre. Figure 7 shows how the stress concentration factor varies
against interphase shear modulus for Grr ( radial stress ) and Gee ( circumferential stress).
The results show that to minimise the stress concentration factor for both a r and Gee an ideal
value of shear modulus is predicted ( the cross-over point). The value is shown to increase
with decreasing Poisson’s ratio.
Arridge , in conjunction with Marom , tested his model experimentally. Steel wires , some
coated with silicone rubber or flexibilised epoxy, were inserted into holes drilled into sheets
of epoxy resin. Results of tensile tests carried out transverse to the wire axis showed two
main points of interest. F irs t, insertion of steel wires with no coating resulted in drastic
reduction from the " holes on ly " strength. Second .insertion of coated wire resulted in slight
improvements over the "holes only" strength. The type of interphase material made no
significant difference to the transverse tensile strength.

2.13 Work of Kies
All of the models discussed so far have been stress concentration models. No model has been
presented in the literature which examines the effect of an interphase on strain concentration.
Kies ( 36 ) , however , developed a model for the prediction of transverse tensile strain
magnification between fibres in a unidirectional composite ( a simple two phase system ).
He considered two adjacent lines of load in a transverse section of a unidirectional composite
( Figure 8). One line passes through two fibres ( A -B ) and the other through no fibres ( C-D
). If the composite is strained by an amount ec , then the matrix along C-D will also be strained
by ec. The matrix between the fibres , however , along E-F will be strained by some larger
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am ount, e , . This is because the fibres are significantly stiffer than the matrix and so deflect
less under the applied load. Since the total deflection must be constant the matrix between
the fibres must deflect more to make up the difference. Kies showed that this strain mager
nification, defined as - , is given by:

er

2r + s

where r is the fibre radius , s the interfibre spacing, Eg is the fibre transverse modulus, and
Er is the resin modulus.
y

A similar model can be developed for the case of shear strain magnification , -1 ( Figure 9).
7c
y

In this case Kies showed - to be given by:
Yc
Yr_

1

2r + s

X~[Gr/ + i^ ) ~ s + (2'- + *)C,/
where
\icov*r2

- J subO'

/=

cos 0d0

G^l+jj+G^ose

Gg is the fibre shear modulus , and Gr is the resin shear modulus.
As an example , for a glass fibre polymer composite of 50% fibre volume fraction ( see
section 2.3 for values u sed) the strain magnification factors are:

- = 4.28
ec
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-= 3 .8 6
ye

If the volume fraction increases to the point where fibres are practically touching then these
values increase to 20 and 17 respectively.
For the purposes of this project a simple model was required capable of illustrating which
parameters of the composite most significantly affected the transverse properties. The Kies
model is not only simple in concept but also inherently includes fibre-fibre interactions. It
was therefore decided to extend the basic Kies models to include an interphase material.

2.2 Extended Kies model
The present author extended the basic Kies models to include an interphase. The arguments
used and equations obtained are presented separately for the tension and shear models in
sections 2.2.1 and 2.2.2 respectively.

2.2.1 Tension model
The model is based on a square array of fibres as shown in figure 10. It could in fact also
apply to any other arrangement of fibres as the basic unit cell of the model ( figure 11) only
involves two fibres.
Let
8 = total elastic deflection transverse to the fibres
5 = 8g + 8r + 8,where
8g = deflection in glass phase
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8r = deflection in resin phase
8, = deflection in interphase
The original length 1 is defined in figure 11 as:
I = 2r + 2t + s
where r is the fibre radius , t the interphase thickness , and s the resin thickness between
fibres.
Now , the total deflection 8 over the original length 1is equal to , ec , the average measured
strain transverse to the fibres.
Therefore,
5. + 8r + 8,e = -* — -— c 2r + s + 2t

..... 3

Assuming a common stress a ,

5‘ = 2 r K

S' =si

5

5‘ = 2' f

6

where Eg,Er,Ei are the tensile moduli of the glass resin and interphase respectively.
From equations 4 and 5 ,

From equations 5 and 6 ,
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Rearrange equations 7 and 8 for bg and 5, and substitute in equation 3 giving ,

£ =

2r + 2t + s

Now the strain in the resin between fibres , er , is given by :

10

E ,= —

s

Rearranging equation 9 for Sr and substituting in equation 10 gives ,
$r

(2r + 2r + £)
s\ 1 +

......

Then , the tensile strain magnification in the resin is given by :
_ 2r + 2t + s
7" ~
7
Tr
c s + 2 r 7I + 2 t7<

,12

By a similar argument the tensile strain magnification in the interphase is given by :
_
*

2r + 2t + s

,13

2t + 2 r T, + s 7,

By varying the input values of equations 12 and 13 the variation in the tensile strain mag
nifications can be predicted. Initial results using estimated values for these inputs are
calculated and presented in section 2.3.

2.2.2 Shear model
This model is based on the square fibre array shown in figure 12. The model is based on
splitting the model into three blocks ( figure 13 ). The first block contains fibre , interphase
and resin. The second block contains interphase and resin. The third block is of resin only.
The model assumes that in these blocks there is a constant deflection for all the phases and
determines an average shear modulus for the block. The average shear modulus is determined
on a V oig t, or rule of m ixtures, basis.
Consider the simplest case of two blocks of different material in shear ( figure 14). For a
given overall shearing force , P , the shear strains in each block, yA and yB are equal and are
equal to the overall shear strain y/0/ai. The total shear stress , Tc , is given by :
14

\ = ' t Av A+ % vB

where VA and VB are the volume fractions of each block.
Now , as stated all strains are equal and therefore
^ = GA%

15

and
= G„yc

16

T hen,
^ = G j c = ‘ZAVA+ t BVB

17

Substituting equations 15 and 16 in 17 and rearranging for Gc gives:
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g c = g ava + g bvb
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This rule of mixtures principle is used to calculate the average shear modulus for each of the
three blocks described earlier ( figure 13 ).
Having established the first principles of the model the equations for the shear magnification
can now be developed. The model splits the problem into three blocks ( figure 13 ). Calcu
lations will now be performed for each block in turn.
Assume shear across the fibre-fibre region, block 1 ( Figure 13).
Increment of shear displacement, dx ,
.
dy
dx —x—
G

19

where
x = shear stress
G = average shear modulus in a slab of incremental thickness dy.

The average shear modulus in a slab of thickness dy parallel to the xz plane is ( as established
by equation 18 ) :
„

X fi'+ X fr + X fr

Lr = ---------------------------------

2r + 2t + s
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where X g,XriXi are the areas of glass, resin , and interphase in the unit cell extending unit
distance in the direction of the fibres , and Gg, Gr, Gt are the shear moduli of the glass , resin
, and interphase.
Then substituting equation 20 in equation 19 gives :

17

,
1~

(2r + 2r + ,s)
X t Gt +X,Gr +X,G,

21

To simplify the analysis block 2 figure 13 is assumed to have the form shown in figure 15.
Then , as for equation 21 ,
,
, (2r + 2r + .s)
^ = Zdy Y,Gr + Y fii

„
22

For block 3 figure 13 there is only resin , and hence
dy
dx3 = x - f
Gr

23

The total displacement of the unit cell face , F , can then be determined in two stages. First
, by adding together all the incremental deflections in each block which basically means
integrating equations dxl9dx2and dx2for the thickness of each block. Second, by then adding
the deflections of the blocks themselves , given that there are two " block 1 " and " block 2
" arrangements and only one " block 3 " arrangement. The equation for total displacement
on the unit cell face is then given by :

F = 2 f dhq + 2 f dx2+ f dx3
Jo
Jo
Jo
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Then by substituting equations 21 , 22 and 23 in equation 24 ,

.

_ _ Cr ,
(2r + 2t + s)
.
(2r + 2 t+ s)
f sdy
F = 2 x \ d y — ±— — — ^— + 2x d
y
+ x......................................... 25
Jo
X gGg+X rGr +XiGi
Jo
YrGr + YiGi
Jo Gr

The average ( m easured) shear strain across the unit c e ll, yc ,
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Yc

.26

2r + 2t + s

The shear strain in all incremental slabs in which there is only resin , yr ,

x

21

X ~Gr

Then the shear strain magnification factor in the resin can be determined by dividing equation
27 by equation 2 6 ,

2 r+ 2 t + s

.28

v
Substituting equation 25 in equation 28 gives ,

.29
e

[ 9 f

T

JO

4y

, <2

X, G, + Xr ° r + Xi ° i

1____

|_ _ _ _ _ *

+ Y, Gi

Gr &

+
+ 21+s)

To solve this equation it must be further reduced such that all the components are in terms
of r , s , t , GgfGr, or G,. Reducing the equation to such a form gives ,

1L =
X

1

.30

2Gr(l + K) + { ~ ; )

where I and K are given by

dy
XgGg + XrGr+X fii

-f:
K=

YrGr + YtGt

.31

.32
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To solve I and K , the geometrical terms Xg,Xr,Xi} Yr
and Yi must be expressed in terms of r , s , and t.
In polar coordinates ( refer to figures 16 and 17 ) ,
y = r sin 0
and therefore,
d y - r cos 0d0
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Using equation 33 to convert equation 31 to polar coordinates gives ,
X
34

Now from figure 17 ,
y = r sin 0 = (r + 1) sin a
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Rearranging 35 gives,
r sm 0
sin a = -------r +t
and th e n ,

a = sin

-------V

36

r + t

Now

- ~ - r cos 0
2
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and therefore,
Xg = 2 r cos 0

.37

Also from figure 17 ,

Xt +Xi

—— — = ( r+ r)c o sa

From equation 37,
X,
Y = (r + r ) c o s a - r c o s 0

.38

Substituting equation 36 in equation 38 and rearranging gives ,

X: = 2 (r + t) cos f s i n

1

r r sin 0 ^

- r cos 0

N

.39

v r + t ))
With X. and Xt defined in equations 37 and 39 Xr is given by :

Xr = (2r + 2t + s ) - (X +X,)

.40

With Xg,Xr,Xi in terms of r , t and s the function I can be solved for a given set of variables.

To solve K there is no need to rearrange in polar coordinates because to make the analysis
simple block 2 was assumed to take the form shown in figure 15. From figure 16 F, is shown
to be equal to the value of X, when 0 = 90°. Thus from equation 39 ,

-i
Fi = 2( r + f)cos sin

.41
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and from consideration of figure 15 ,
Yr = (2r + 2t + s ) - 2 Y i

..... 42

A gain, with Yr and Yi in terms of r , t and s the function K can be solved ( refer section 2.4
).

Equation 30 can be solved then in conjunction with equations 32 and 34 to predict the level
of shear strain magnification for a given set of variables. Initial results are presented in section
2.3.
Unfortunately , it is not possible to determine a shear strain magnification for the interphase
because there are no areas where a slab of interphase only exists.

2.3 Initial results
Computer programs were written in Turbo Basic to calculate the following quantities:
(i) Tensile strain magnification factor in the resin.
(ii) Tensile strain magnification factor in the interphase.
(iii) Shear strain magnification factor in the resin.
The programs ( presented in Appendix A ) allowed for any of six variables to be ranged
between a minimum and maximum figure so that trends could be seen in the results. The
initial variables and the mean values assigned to them , consistent with a structural glass fibre
- vinyl ester composite , are shown below:
Fibre radius ( r ) , 6 1dm

Interphase thickness ( t ) , 0.2 \ym
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Fibre volume fraction ( V ) , 0.5
Fibre Young’s modulus (Ef) , 76 GPa or Fibre shear modulus (Gf) , 25 GPa

Matrix Young’s modulus (Er) , 3 GPa or Matrix shear modulus (Gm) , 1 GPa

Interphase Young’s modulus (£;), 0.1 GPa or Interphase shear modulus (Gt) , 0.03 GPa

The value of inter fibre spacing , minus twice the interphase thickness , is needed for the
calculations and has previously been referred to as " s ". This value is calculated from the
fibre volume fraction and fibre radius according to the equation ( a modification of the well
known version presented in Hull ( 53 )):

(

x-

\

s = r ( JE.Y 2 - 2 r

IU J J

The equation assumes a square array for the fibres. The square array is inherent in the model
for shear strain magnification.
Fibre modulus was assumed to remain constant but the remaining five variables were ranged
plus and minus 50% around their mean values to determine their influence on the calculated
quantities.
The results are summarised in figures 1 8 ,1 9 and 20. It must be stressed that these results
are for values which are expected to be representative of the composite but are not necessarily
the " real values". Bearing this in mind some general trends can be observed from the figures.

23

2.3.1 Transverse tension models
(1 ) The tensile strain magnification factor in the resin ( tsm fr) is reduced from 4.3 ( refer
section 2.1.3) to approximately 1 by the introduction of an interphase.
This is really to be expected as the values for the interphase thickness and modulus were
originally chosen to give a tensile strain magnification factor of 1.
( 2 ) The corresponding tensile strain magnification factor in the interphase ( tsmfi ) is
approximately 30.
This infers that the strain to failure of the interphase must be large to prevent premature
failure of the composite in the interphase.
( 3 ) Variations in all inputs other than fibre volume fraction cause significant changes in the
values of tsmfr and tsmfi.

2.3.2 Transverse shear model
( 1 ) The shear strain magnification factor in the resin ( ssm fr) is reduced from 3.86 ( refer
section 2.1.3 ) to 3.69 by the introduction of an interphase.
( 2 ) Only variations in fibre volume fraction cause any significant changes in the value of
ssmfr.

2.4 Conclusions drawn from the initial results of the models
The conclusions of sections 2.3.1 and 2.3.2 show that it is important to know accurate values
for all the inputs if accurate values are to be calculated for tsmfr, tsmfi, and ssmfr. Determining
accurate " in-situ " values for the variables identified in section 2.3 is not an easy matter ,
particularly for the interphase where the material is present in minute quantities. Accurate
determination of the variables and the special techniques which were developed for those
purposes are the subject of subsequent sections of this report ( refer to sections 5 , 6 and 7 ).
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3 EXPERIMENTAL
3.1 Introduction
Characterisation and control of each of the three phases of the composite material is crucial
for the success of the project. The material of each phase must be selected and combined to
form a composite with improved transverse performance. The use of glass fibre roving is
predetermined by the original requirements of the project but the surface treatment of the
fib re, the fibre coating ( interphase) , and the matrix resin are areas of consideration for the
project. Also the technique of application of the coating material and the manufacture of the
final composite must be considered. In terms of this project the most important area is the
selection and application of the coating material.

3.1.1 Selection and application of interphase material
Selection of the interphase material is likely to be heavily dependant upon the route chosen
for its application. It has been established from the theoretical modelling that the material
will be rubbery in nature , that is it will have a low modulus and a high strain to failure.
Discussion of the choice of interphase material will therefore be left until the application
route has been established.
Four main techniques have been discussed in the literature for the application of coatings to
fibres. Briefly these are electropolymerisation (2 6 , 38 , 39 ,4 0 ) , plasma grafting (41 ) ,
dip coating with viscosity control ( 23 , 24 , 25 , 42 ) and dip coating with surface charge
control (4 3 ).
Electropolymerisation is used exclusively for coating carbon fibre. This is because it relies
on the fibres acting as one of the electrodes in an electrochemical cell. The coating material
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monomeris suspended in solution as the electrolyte and upon application of an electric current
is deposited onto the carbon fibres. Unfortunately , glass fibres are non-conductive and so
this technique is not suitable for coating them.
Plasma grafting can be used with any substrate material. When a glow discharge of a pure
organic vapour is created or when an organic vapour is introduced into a glow discharge of
an inert gas such as Argon , the deposition of a highly crosslinked polymer film onto an
exposed substrate is observed. Thickness of the coating can be controlled by the monomer
flow rate , plasma power level and time of deposition. The technique can be successfully
used on fibre rovings.
Dip coating of fibres by running them through a bath in which the coating material is dissolved
can be used for all types of fibre. The coating material is generally consolidated by subse
quently passing the roving through a drying tower where the suspension medium is driven
off. Control of coating thickness relies on the viscosity of the coating solution and the speed
at which the fibre passes through the bath. The technique has been used successfully but
careful control is necessary to maintain a constant coating thickness.
Peiffer and Nielsen developed a technique for dip coating chopped discontinuous fibres which
was not dependant upon coating solution viscosity. F irst, they adjusted the surface charge
of the glass fibre using a colloidal alumina such that it was opposite to the charge on the
individual particles of a polymer latex. Second , they dipped the charge reversed fibres into
the latex whereupon static attraction and repulsion naturally formed a single particle layer
on the fibres. Third , the fibres were removed and the coating dried. The advantages of this
technique over viscosity control are :
(i) Fibre speed and viscosity would not need to be monitored and carefully controlled. Indeed
the fibre speed would not even have to be constant to maintain a uniform coating thickness.
This would allow for the use of non-cylindrical mandrels in a continuous coating / filament
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winding process.
(ii) The charged latex particles used for coating are typically suspended in water not a noxious
solvent and therefore safety hazards are reduced.
Discussion of the application technique chosen for this project follows in section 3.4.1.

3.2 Selection of materials
There were three areas of material selection which had to be decided for the project. These
were matrix resin , interphase m aterial, and fibre surface treatment ( silane coupling agent
).

3.2.1 Matrix resin
The primary requirements of the matrix resin were as follows :
(i) Heat distortion temperature (1.8 M Pa) > 125 - 130 °C
(ii) Good environmental resistance
(iii) Low co st, approximately two pounds per kilogramme.
(iv) Low viscosity for ease of processing by filament winding.
There are a number of thermosetting polymers which satisfy these requirements to varying
degrees but the resin finally chosen was a vinyl ester. Vinyl esters generally have good
environmental resistance , suitably high glass transition temperatures , easy processing
characteristics and low to medium prices. To facilitate filament winding an inhibitor was
added to the chosen grade to extend the pot life from 30 minutes to 3-4 hours. The details of
the matrix resin system used are :
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VINYL ESTER RESIN : Dow Chemicals Derakane 470-36
Chemical name : Epoxy novolac vinyl ester
Parts by w eight: 100

ACCELERATOR: 1% Cobalt Octoate in Styrene
Parts by w eight: 3

CATALYST: 50% Methyl Ethyl Ketone Peroxide in Styrene
Parts by w eight: 1.5

INHIBITOR: Acetyl Acetone
Parts by w eight: 0.125 (1 0 drops from a small pipette )
The recommended cure schedule was 24 hours at room temperature followed by 3 hours at
80 °C. The glass transition temperature for this and a number of other cure schedules was
determined and the results are presented in section 3.3.1. The mechanical properties of the
resin when cured as for the composite were determined and are presented in section 3.3.2.

3.2.2 Interphase material
The requirements of the interphase material were that it should be in latex form and the
modulus of the cured polymer should be around 0.1 GPa. In fact a modulus slightly lower
than this would also be considered to allow for some subsequent increase in modulus due to
constraint. The strain to failure of the cured polymer should also be in excess of 100%.
The chosen material was an acrylic polymer latex , Hycar 26084 , manufactured by
B.F.Goodrich. The particle size of the polymer in the latex was , according to the manu
facturers data , 0.2 micron and the charge on the surface of the particles was negative.
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The glass transition temperature and mechanical properties of the cured acrylic polymer in
sheet form were determined and are presented in sections 3.3.1 and 3.3.2.

3,2.3 Fibre surface treatment
It was felt that to ensure a good level of bonding and environmental resistance a commercial
silane coupling agent should be applied to the surface of the glass fibres. The most important
criterion in choosing the silane was that it should not reverse or negate the positive charge
of the glass fibre surface ( refer section 3.4 ). Additionally the silane should be compatible
with resin so that the control samples where no interphase is present will be well bonded to
the fibres. Compatibility with the interphase material is also desirable as an additional source
of bonding ( that is chemical bonding in addition to the ionic bonding due to attraction of
oppositely charged species , refer section 3.4).
The silane selected for the glass was ( gamma-Methacryloxypropyltrimethoxy silane )
produced commercially by Union Carbide Chemicals as A 174. Initially the silane was applied
separately to the virgin glass fibre roving. Chopped lengths of this fibre were then dipped in
the latex to ensure that the charge was correct and that the silane did not cause gross
coagulation of the polymer particles. For comparison purposes a silane with a negative charge
was also tested in this way. It was found that the negatively charged silane did indeed give
rise to gross coagulation of the polymer particles on the fibre surface whereas the A 174
silane used for the project showed no coagulation.
Adhesion tests were also performed to confirm the improved level of bonding when using
the A 174 silane coupling agent. Results are presented in section 3.3.3.
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3.3 Characterisation of selected materials
The resin and the interphase material were characterised using Differential Scanning Cal
orimetry ( DSC ) and tensile testing of bulk samples. The levels of bonding between the
phases were determined using a fibre roving lap shear test. These techniques and results are
discussed in more detail in the following sections.

3.3.1 Characterisation by Differential Scanning Calorimetry
When thermosetting resins cure they produce heat. This process is called the cure exotherm.
Often a thermoset does not fully cure during its initial curing schedule and is subsequently
subjected to a further period of heating known as a post cure. Any production of heat during
this curing period is called the residual cure exotherm. The degree of residual cure exotherm
measured in differential scanning calorimetry is therefore an indication of the degree of initial
cure. Figure 21 (a) shows how this exotherm is displayed on a DSC scan. In addition to the
residual cure exotherm , the glass transition temperature ( T g ) can also be determined. This
is shown by a distinct drop in the baseline ( refer figure 21 (b) ). These points are well
illustrated in a DSC scan on a sample of uninhibited Derakane 470-36 cured for 24 hours at
room temperature followed by a post cure of 10 minutes at 100 °C ( figure 22 ).
DSC studies were made on the matrix resin to ensure that no significant changes had occured
in the cured resin properties by the using an inhibitor. In figure 23 DSC scans are shown for
inhibited Derakane 470-36 cured 24 hours at room temperature and then post cured 1 or 6
hours at 80 °C and 1 or 6 hours at 120 °C. These post cures span the recommended post cure
of 3 hours at 80 °C. The first point to note is that the heat flow is very small indicating that
generally the samples are well cured. Second only curve (a) displays any residual cure
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exotherm and even then it is very small. Finally an unknown transition at approximately 125
°C is masking the glass transition. ( A reproduction of figure 22 in figure 24 shows how easily
a shifted residual cure exotherm can mask the glass transition).
As a result of this analysis it was decided to use the recommended cure schedule of 24 hours
at room temperature followed by 3 hours at 80 °C.
A DSC scan on a sample of acrylic sheet dried then post cured 3 hours at 80 ° C , to simulate
the composite cure, is shown in figure 25. No residual cure exotherm is noticeable, indicating
a fully cured sample , and a glass transition temperature of approximately 8 °C is apparent.

3.3.2 Characterisation of tensile mechanical properties
Plates of resin were cast and cured for 24 hours at room temperature followed by 3 hours at
80 °C. Sheets of acrylic polymer were prepared by drying of the latex followed by curing
for 3 hours at 80 °C. Dogbone shaped samples of vinyl ester and acrylic were cut from the
sheets and tested in tension in an Instron 1195 test machine. The tensile load deflection curves
were analysed and the strength, failure strain and Young’s modulus were calculated. Results
are presented in Table 1.

3.3.3 Adhesion testing
A simple lap shear test utilising the fibre roving as the adherend was used to assess the relative
level of bonding for uncoated fibre , A 174 coated fibre , and then both these fibres coated
with acrylic. The bond between the rovings was made with the matrix resin using an overlap
length of approximately five millimetres ( figure 26 ). The ends of each tow were simply
gripped in an Instron 1122 and the failure load recorded. The bonded area was measured
before testing under a binocular microscope. Results are presented in Table 2.
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The results show that use of the silane coupling agent as a pre-treatment for the acrylic coating
improves the bond strength ( 4 vs. 3 in Table 2 ). The use of an acrylic coating either with
or without pre-treatment also improves the bond strength ( 3 and 4 vs. 1 in Table 2 ). The
maximum bond strength is achieved using the silane coupling agent only. Introducing the
acrylic coating reduces bond strength ( 3 and 4 vs. 2 in Table 2 ) but this may be due to a
lower shear strength in the acrylic rather than a failure at the interface. Overall then the results
confirm that the use of A 174 silane coupling agent on the fibre is beneficial.

3.4 Interphase application and composite preparation
In the following sections the techniques and apparatus used in this project for both applying
the interphase and for manufacturing the final composite material are presented.

3.4.1 Interphase application
The technique selected was an extension of the concept developed by Peiffer and Nielsen (
43 ) such that a continuous fibre roving could be passed through a latex bath ( figure 27 ),
the polymeric particles being attracted to the fibres by electrostatic forces on the surface (
figure 28). The fibre roving then passed through drying towers to remove the water in which
the polymer particles were suspended. Finally the fibre passed through a matrix resin bath
and onto a flat plate mandrel ( see section 3.4.2 ). Using a single process for application of
the interphase and manufacture of the final composite plate ensured that minimum damage
occurred to the coated fibre. The advantages of this technique over other techniques is the
relatively sim ple, low cost equipment needed and the lack of strict process control necessary
to ensure a constant and uniform coating thickness.
Using this technique and the latex selected in section 3.2.2 an acrylic coating approximately
0.2 micron thickness can be applied to the glass fibre roving in a continuous process. Peiffer
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and Nielsen (4 3 ) showed that the thickness could be increased in 0.2 micron steps by using
a colloidal alumina to restore the positive charge on the coated glass fibre. For the purposes
of this project a single layer only will be used to establish the principles of the interphase
concept but future studies might consider the possibility of varying the coating thickness in
this way.

3.4.2 Production of composite plates
The general production route for the composite plates was as follows ( refer figure 27 ) :
(i) The fibre roving unwound internally from a cheese of glass fibre commercially coated
with A 174 silane coupling agent.
(ii) The roving passed through an acrylic latex bath and then through drying towers to remove
the water and form an acrylic film around the fibres.
(iii) From the towers the roving passed into a bath of matrix resin. As the fibre left the resin
bath it passed through pinch rollers which both aided the wetting of the fibres by the matrix
resin and removed any excess resin from the roving.
(iv) Finally the roving was wound around a flat plate mandrel. The speed of rotation of the
mandrel was carefully matched against the linear speed of the guiding eye to ensure that
rovings were wound leaving no space between them.
(v) Once sufficient passes of the plate had been made to give the required final plate thickness
the fibre was cut and the mandrel removed. The fibre/resin winding was then compressed
between two plates such that the final thickness was controlled ( see figure 29 ).
(vi) The plates were left to cure for 24 hours at room temperature in the press and then
removed. The cured composite was then slit along the edges of the mandrel to give two
composite plates. Excess resin was removed from the edges of the plates which were then
post cured in an oven for 3 hours at 80 °C.
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A number of specific problems were encountered during perfection of the technique and
these will be dealt with one point at a time.
(a) Initial surface quality of the composite plates was poor due to two reasons. First the width
of the roving tended to vary quite significantly because it twisted as it unwound from the
cheese. Therefore spaces between subsequent roving winds occurred when the speeds were
matched for the untwisted roving width. Second the surface of the plate produced a duller
and inferior quality surface to that of the release film ( m ylar) used between the upper surface
and the compression plates. These problems were overcome by adjusting the speeds such
that the roving spacing on each wind matched the minimum observed roving width , and by
using a piece of release film secured to the mandrel surface by a thin layer of Vaseline. This
second solution also significantly improved the ease of removal of the cured plates from the
mandrel.
(b) Problems were encountered early on in managing to fully dry the fibre after it had passed
through the latex bath. This was solved in two ways. F irst, by slowing down the speed of
rotation of the mandrel and hence the speed, at which the fibre passed through the drying
towers. Second , by adding a further drying tower to the system ( refer figure 30).
(c) The first plates which were made after the drying problem had been solved showed a
white "marbling" ( refer figure 31) in their cross section and excessive voidage ( refer figure
32 ). This was thought to be a result of an excess of acrylic polymer around the outside of
the roving. The excess showed up as the white marbling and " sealed in " air leading to the
voidage. This view is supported by figure 33 which shows a close up of a marbled area. The
fibres stand proud of the surface indicating that the medium they are in is softer than the other
areas of matrix. This is obviously the case for the acrylic versus the vinyl ester.
Having established where the problem lay the cause and solution had to be found. The cause
was felt to be that the roving passed immediately into a vertical drying tower after it had
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emerged from the latex bath. Excess latex therefore ran down the outside of the roving ,
gradually drying as it did so. This process lead to a build up of acrylic around the outside of
the roving. To overcome this , scraping off of the excess acrylic, washing of the fibre , and
a reduction in the concentration of the as received latex were proposed and combinations of
these tried. Both optical microscopy of cross sections and the short beam shear test ( 44 )
were used to monitor progress. Table 3 summarises the results which show that the problem
was finally overcome by using a latex diluted 1 - 99 ( as received - distilled w ater) , a scraper
, and a distilled water wash before drying. This improved the short beam shear strength from
65.7 MPa to 76.2 MPa compared to 68.8 MPa for the uncoated composite.
The final production apparatus is shown in figure 34.
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4 MECHANICAL TESTING
4.1 Introduction
The main thrust of the project was to improve the transverse mechanical properties of
unidirectional continuous glass fibre composites. It is therefore necessary to review the types
of tests and results gained from previous work which were instrumental in selecting suitable
tests for this project. The mechanical properties can be split into two general groups. F irst,
there are those properties which characterise the response of the material to loads applied at
relatively low speeds ( static testing). Second, there are those properties which characterise
the response of the material to loads applied at high speeds ( dynamic testing). The properties
of concern within each of these groups are detailed in the following sections.

4.1.1 Static testing
(a) Mechanical properties
In a unidirectional composite material ( figure 35 ) the response to loads applied in the
longitudinal direction is dominated by the properties of the fibres. However , the response
to loads applied in the transverse or shear directions are dominated by the matrix and the
interface, or in the case of this project the interphase. The three properties which characterise
the mechanical response of the material are the modulus , the strength , and the strain to
failure. Measurement of these properties in the transverse direction can be carried out either
in pure tension ( figure 36 ) or in flexure ( figure 37 ).
Shear properties are generally determined by two means. The first is the short beam shear
test Longitudinal samples are loaded in bending but with a small span to depth ratio such
that the highest stress generated is an interlaminar shear stress at the centre of the specimen
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( figure 38 ). The resulting failure strength is termed the interlaminar shear strength. This
author agrees with other workers ( 45 ) , however, in regarding the short beam shear test as
an indicator of the level of bonding rather than a test which accurately measures the interlaminar shear strength of a composite. For that reason results for this test are presented in
this report as the short beam shear strength rather than the interlaminar shear strength. The
second shear test is the off-axis test. Classically the off-axis angle is taken to be 10°. The
paper by Chamis ( 4 6 ) which proposes this angle , however , reveals that it was calculated
for a carbon-epoxy composite and that for a glass-epoxy composite the angle should be 15°
( figure 39). The shear strength which is calculated from this test is the intralaminar, rather
than the interlaminar, shear strength. This value of shear strength is more representative of
the true shear strength and so is quoted as the intralaminar shear strength.
Some of these properties were determined by previous workers for composite materials
containing a low modulus interphase.
Lavengood and Michno ( 24 ) coated commercially silaned glass fibres with a flexibilised
epoxy resin prior to filament winding epoxy matrix composite plates. Reference composite
utilising the fibre in its commercially silaned state only was also manufactured. Transverse
bending strength and strain to failure was determined for each composite material both dry
and after a two hour boil. The coated fibre composite showed improvements in strength over
the reference of 66% dry and 200% wet. Failure strain dry increased by 60% for the coated
fibre composite. Short beam shear strength also increased , measured dry , by at least 40%.
Tryson and Kardos (2 3 ) give results for transverse tensile strength in the same system which
are exactly the same as those of Lavengood and Michno. Although Tryson acknowledges
the work of Lavengood he does not make clear that the results he quotes in his paper are
actually those of Lavengood. Furthermore , in expressing the results as transverse tensile
strength he is misquoting Lavengood who , as stated , performed bend tests. The equivalent
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tensile strength from a bend test is well known to be much higher than the directly measured
tensile strength , even in homogeneous materials. The discrepancy might well be more
important in the systems considered here because when tested in bending the sample is subject
to shear stresses , as well as tensile and indeed compressive stresses , and the coating may
respond differently in shear than in pure tension.
Peiffer and Nielsen (43 ) quote results for composites made using glass fibres coated with
an acrylic polymer in a matrix of epoxy resin. The fibres , however are chopped into short
lengths, are in a random orientation, and are present in very low volume fractions ( maximum
of 20% ). Measured against a control using silane coated fibres no significant differences
were found for tensile modulus and strain to failure while tensile strength was actually found
to decrease by 40%. These results can not really be compared against the unidirectional high
volume fraction composites used for this project, however , as the fibre arrangement and
volume fraction is so different.
Three papers ( 26 , 38 , 47 ) on coated carbon fibre epoxy matrix composites all indicate a
reduction in the short beam shear strength when using a compliant coating material. Subramanian ( 38 ) , however , determined in a later paper that the short beam shear strength
need not be reduced if the interphase material is carefully chosen to give a good level of
bonding or interaction with the matrix resin.
For work where comparable results exist then , encouraging levels of improvement in
transverse and shear properties have been discovered.
(b) Toughness
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Toughness can be determined " statically " from double cantilever beam tests ( figure 40 )
and from area under the curve of transverse stress-strain response , or dynamically from
impact testing. The former two tests are described in this section and the latter in section
4.1.2..
Classic fracture mechanics ( 48 ) utilises the double cantilever beam test to measure the
fracture toughness >Gic , for the controlled growth of a crack. This technique is adopted for
measuring the interlaminar fracture toughness of a composite material using the arrangement
shown in figure 40. Another test which has been used ( 4 5 ,4 9 ,5 0 ) to measure the toughness
of a composite at low strain rates is a simple measurement of the area under the stress-strain
curve. This area is an indication of the energy absorbing capability of the material under test.
No work has been carried out using either test for composite utilising a compliant interphase.
However, work has been carried out to investigate the transverse toughness of unidirectional
composites (45 , 49 , 50 ).
Marom and co-workers ( 49 , 50 ) investigated the transverse fracture toughness of unidi
rectional glass fibre epoxy composites. They used four point bending of notched specimens
and approximated yIcomposiu , the fracture surface energy of initiation. They also determined
YFcomposiu > the total fracture surface energy , by measuring the area under the stress-strain
curve. Values of YFcomposiu varied with c/d ratio ( c = depth of c u t, d = depth of specimen )
and final results were the values extrapolated to c/d = 1. The terms Yicomposiu
further split as follows:
yicomposiu

J lm a r i A m

Ylinierface^m

and
ypcomposiu y,FfibreA f +

YFm atruA m "h ypinterfact^i
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where Ax is the respective fraction of the fracture surface.
They showed that yIcompositt decreased rapidly with increasing volume fraction. At Vf = 0.906
, the theoretical maximum for a hexagonal array, the fibres are touching and cracks can pass
through the composite entirely along the interface. Therefore at Vf =0.906, y)compoSiu = Y/inw^**
By extrapolation of experimental results this value was found to be 0.015 KJ/m2.This author
believes that by introducing an interphase material strongly bonded and capable of high
energy absorption yIiMerface could be significantly increased leading to an overall increase in
the measured toughness.
In his work on measuring the area under the stress-strain curve of a transverse tensile test
Newaz (45 ) showed that this method of fracture toughness determination could be used to
show the difference in bond quality between two composites. When using an epoxy matrix
with glass fibre the fracture energy was 68 KJ/m3 and the surface of the fibres after fracture
showed much adhering resin. However , when using a vinyl ester resin matrix the fracture
energy dropped to 40 KJ/m3 and the surfaces of the fibres after fracture were practically
clean.
Determination of the fracture energy by measuring the area under the stress-strain curve
appears to be of use , particularly when comparison between two materials is sought. It is
also economical of material as stress-strain curves must be derived anyway to determine the
mechanical properties.

4.1.2 Dynamic testing
(a) Fatigue
Newaz ( 5 1 ) compared two brittle polymer matrix unidirectional glass fibre composites in
a four point bending fatigue. One matrix had a higher strain to failure but both had a similar
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strength and modulus. Fatigue was performed under deflection control for two reasons ; (i)
it allowed for decreased tendency towards hysteretic heating since the load generally
decreases with increasing fatigue life, (ii) the damage or cracks do not grow in an uncontrolled
manner as can happen in load controlled testing. A lso, creep fatigue interaction is minimised.
At low deflection levels splitting , longitudinal fibre debonding , was the dominant failure
mechanism in both composites , and was attributed to transverse stresses generated during
gripping of the specimens ( figure 3 ). It was found that the higher strain to failure matrix
gave a longer fatigue life. This is because initiation of fibre matrix debonding was delayed
when compared to the lower strain to failure matrix composite.
Shih and Ebert (5 2 ) studied the effect of the quality of adhesion at the fibre matrix interface
on four point bending fatigue life for unidirectional glass fibre composites. Numerous
matrices and coupling agents were assessed but the only combination used throughout the
investigation was an epoxy matrix with an aminoethyl-aminopropyl-trimethoxy silane
coupling agent ( AAPS ). This composite provided an excellent bond during static wet and
dry tests and was compared to an epoxy matrix composite that utilised no coupling agent.
Short beam shear testing was found to be a more sensitive indicator of interfacial degradation
than longitudinal flexural strength. Fatigue testing was deflection controlled. The composite
with higher interfacial strength was found to possess a longer fatigue life. This was shown
to be because the strong interface delayed the onset of fibre ridging ( debonded fibres
becoming raised at the surface ) and longitudinal matrix cracking.
Investigating fatigue of unidirectional glass epoxy composites transverse to the fibres Newaz
(5 3 ) and Agarwal and Joneja (5 4 ) observed some quite different results. Newaz conducted
tensile fatigue under strain control and noted that stiffness remained unchanged over the
whole life of the composite , failure being catastrophic. Agarwal and Joneja , however ,
conducted cantilever bending fatigue tests under deflection control and noted distinct drops

41

in stiffness over the fatigue life of the specimen, starting with a large drop (70% ) between
0.1% and 5% of the overall fatigue life. This drop was found to correspond with failure of
the fibre matrix bond at the surface , near to where the samples were gripped. In fact ,
reconsiling the difference between these two sets of results is not that difficult. In the bending
fatigue tests tensile failure at the surface was the first failure to occur and dropped the stiffness
by 70%. In tensile fatigue this same tensile failure would result in catastrophic failure of the
specimen because the whole of the specimen rather than just the surface was in tension. Thus
if the fatigue life for the two tests were compared on the basis of failure occuring at the first
sign of tensile failure the results would be much more comparable.
Both longitudinal and transverse fatigue tests have indicated that for two matrix systems of
comparable tensile strength and modulus the one with the higher strain to failure will give a
longer fatigue life. Also a longer fatigue life can be expected for a composite with a high
interfacial bond strength. This author therefore believes that by introducing a strongly bonded
high strain to failure interphase the fatigue life could be significantly improved.
The only work to date which considers the fatigue performance of a compliant interphase
composite material ( 24 ) supports this view. Lavengood conducted torsional fatigue tests
on a glass epoxy composite which utilised a flexibilised epoxy interphase. He showed that
the torsional fatigue life could be improved from that of an uncoated fibre composite by at
least one order of magnitude.
(b) Impact toughness
All of the work to date ( 26 , 38 , 43 , 47 ) which has assessed the toughness improvements
to be had by introducing a compliant interphase has measured the impact toughness rather
than the static toughness. Both Charpy and Izod impact testing was carried out with
improvements noted of between 30% and 40%. As for mechanical property measurement
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Peiffer and Nielsen ( 43 ) noted a slight reduction in impact toughness for the interphase
composite. Both Bell and Chang ( 26 ) and Ying ( 47 ) noted an improvement in impact
toughness but with a corresponding drop in short beam shear strength as mentioned earlier.
This corresponds with the classical view that higher toughness is achieved with lower
interfacial bond strength and hence greater fibre pull out. Subramanian ( 38 ) , however ,
achieved an increase in both impact toughness and short beam shear strength. It is postulated
by this author that this was achieved by taking advantage of a different energy absorption
mechanism. By ensuring a good bond between fibre and matrix the short beam shear strength
is high and the high energy absorbing capability of the interphase material is fully realised.
The work described in these sections indicates that a strongly bonded compliant interphase
material should give rise to significant improvements in composite performance, particularly
in off-axis properties. The tests selected to characterise the composites manufactured in this
project are discussed in detail in the following section.

4.2 Selection of testing techniques
A number of test techniques were selected to determine properties of the composite material
manufactured in this project. Most of the techniques used determine the static properties of
the material.

4.2.1 Static test techniques
(a) Transverse tensile / transverse bending
These tests were used to determine the transverse strength , modulus and strain to failure in
tension and flexure. Test samples were cut from plates of interphase and control composite
such that the fibre axis ran at 90° to the length of the sample ( figure 41). In tension the ends
of the sample were gripped and loaded at 1 mm/minute in an Instron 1195 test machine using
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a Wallace non-contacting extensometer to measure the extension. In bending the samples
were loaded in three point bending at 1 mm/minute in an Instron 1122. The span to depth
ratio used was 20:1. Centre deflection was measured using a linear variable differential
transformer ( LV D T ) calibrated against a known displacement ( figure 42).
In tension the failure stress is simply calculated as the failure load divided by the cross
sectional area. Failure strain is the failure deflection divided by the original sample length.
Modulus is the slope of the elastic portion of the stress-strain curve.
In flexure the strength , failure strain and modulus are given by the following equations:
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where Pf is the failure load , s is the supporting span , w is the width , t is the thickness , Af
is the failure deflection and m is the slope of the load deflection curve in the elastic region.
(b) 15° off-axis shear test
This test was used to determine the intralaminar shear strength according to the work of
Chamis ( 46 ). Samples were cut from the composite plates at an angle of 15° to the fibre
axis ( figure 43). Care must be taken in selecting a suitable length and width that the distance
between the grip regions exceeds the angled fibre length. This ensures that failure will not
be affected by stresses in the gripping region.
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The samples were then gripped in an Instron 1195 and tested in tension to failure. Failure
load was recorded and the shear stress calculated according to the equation (4 6 ) :
T12= O .5a„sin20
where a** was the applied tensile stress and the angle 0 was equal to 15°.
(c) Short beam shear test / longitudinal flexural test
These two tests are presented together because both are carried out in three point bending on
samples cut with the fibres running along the axis of the sample ( longitudinally ). The
difference between the tests , however, is the span to depth ratio used. For the shear test the
span to depth ratio is kept to 5:1 whilst for the longitudinal flexural test the span to depth
ratio is 20:1. The smaller span to depth ratio maximises the shear stress in the sample and
the larger span to depth ratio maximises the surface tensile stress in the sample.
The short beam shear strength can be calculated according to the equation:

w
The longitudinal flexural properties can be calculated using the same equations as given in
(a) above.
(d) Toughness
The interlaminar double cantilever beam ( DCB ) test ( figure 4 0 ) was used to measure the
toughness of the composite materials.
Figure 44 shows the sample used for the DCB test. A folded piece of aluminium was moulded
into the composite plate at one end to enable an interlaminar crack to be easily initiated. Load
was applied to the sample by gripping the hinges ( figure 40) in an Instron 1195 and pulling
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in tension at 1 mm/minute. A pre-crack was used to ensure that measurements were made
for the growth of a natural crack through the material. Load was applied to drive the crack
in a controlled manner the length of the specimen ( form a0 to ax in figure 44 ). A typical
load-deflection curve for this type of test is given in figure 45. The critical fracture surface
energy , G1C , is determined using the equation ( 55 ) :
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4.2.2 Dynamic test techniques
(a) Fatigue
Fatigue testing was carried out in three point bending with longitudinal samples ( fibre axis
aligned with the span ). This was done for a number of reasons. F irst, longitudinal testing
was of most interest to the industrial sponsors and as time constraints would not allow for
any prolonged course of fatigue testing only one fibre orientation could be chosen. Second
, the very small loads required for testing these materials transverse to the fibres could not
be properly controlled on any of the available fatigue testing machines. Finally , by testing
fairly wide samples in the longitudinal direction anticlastic bending is induced which leads
to longitudinal splitting or transverse failure of the sample. This failure is not catastrophic
but yields additional information on the relative resistance to transverse cracking of the two
materials.
It was therefore decided that longitudinal three point bending fatigue would be used at an R
ratio of 0.1 ( that is the ratio of minimum applied stress to maximum applied stress is kept
constant at 0.1). The support span was 50 millimetres. Failure was defined as a 5% drop in
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modulus. The number of cycles to failure was recorded for each of three specimens of each
material. The stress levels used for the test were approximately 70% , 60% , 53% , and 44%
of the static failure stress.
(b) Impact toughness
No results were generated for impact toughness in this project although this would be an area
for further work.

4.3 Results
4.3.1 Static testing
(a) Transverse tensile testing
Results are presented in Table 4 for transverse tensile tests on coated and uncoated fibre
composites. Straight sided test samples led to too many failures within the grips of the test
machine. To overcome this problem waisted or "dog-bone" samples were used. Subsequent
results were more consistent and it is these which are quoted in Table 4.
The results were compared, coated to uncoated, to see if the coating had affected the measured
properties. Values were then compared for significant differences Using the student "t" test
( Appendix B ) , no significant differences were found between coated and uncoated fibre
composites.
(b) Transverse bending tests
Results are presented for the transverse bending tests in Table 5. Comparing the results by
"t" test indicates a significant difference between the results for uncoated and coated fibre
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composite strength. Modulus and strain to failure show no significant difference. Transverse
bending strength was shown to increase by approximately 21% when using the interphase
material.
(c) Shear strength
Results are presented in Table 6 for the 15° off-axis test and the short beam shear test.
Comparison by the "t" test shows significant differences in both cases. The 15° off-axis shear
strength was shown to increase by approximately 17% when using the interphase material.
The short beam shear strength was shown to increase by approximately 5%.
(d) Longitudinal bend test
When testing samples in longitudinal bending suppression of anticlastic bending results in
transverse tensile stress at the top surface. The mechanism for this effect was discussed in
section 1. The transverse tensile stress leads to longitudinal splitting of the composite at a
stress considerably lower than the failure stress. This stress was defined as the longitudinal
splitting threshold stress. Results are presented in Table 7 for the threshold stress and the
failure stress. The results show no improvement in the failure stress when using an interphase.
H ow ever, the longitudinal splitting threshold stress increases by 35% when using an inter
phase.
(e) Toughness
The results for double cantilever beam testing are presented in Table 8. The results show no
significant difference when using an interphase.
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4.3.2 Fatigue testing
The fatigue results are presented in Table 9 and show the number of cycles to failure at four
stress levels for both the coated and uncoated fibre composite. This data is plotted as a standard
stress against log cycles to failure in figure 46. The graph shows that no significant differences
exist in the fatigue life of the two materials.

4.3.3 Summary of results
In none of the tests which were performed on the two materials was there any reduction in
properties due to the use of the interphase material. Table 10 summarises the areas where
significant increases were found. It is clear from this table that all properties which have
shown an improvement are either shear or shear related properties. These results give the
first indication that the interphase coating is only having any significant effect on properties
when the loading regime is primarily one of shear.
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5 MICROSCOPY
Microscopy was used in two main areas in the project. F irst, it was used to determine the
range of fibre diameter and distribution actually present in the composite materials manu
factured. Second , it was used to examine samples of coated fibre before it was used in the
composite , and subsequently to examine the surfaces of fractured test pieces and cross
sections of the composites.

5.1 Fibre diameter and distribution
Samples of each type of composite were taken and mounted in resin such that a polished
section through the fibres could be prepared. The sections were then polished using pro
gressively finer Carborundum papers and finished using diamond paste. To enhance the
contrast between fibre and matrix resin the sections were then exposed to hydrofluoric acid
vapour for approximately twenty seconds. The cross sections were then viewed in a Zeiss
optical microscope in reflected light. Figures 47 and 48 show optical micrographs for the
two composites. A standard grid was also photographed at the same magnification to provide
a calibration reference for determining the fibre diameter.
Only one micrograph was used to determine the range of fibre diameter because the same
fibre was used in both composites. The measurements were taken from the enlarged negative
using a set of digital calipers. One hundred fibres were measured and their average and
standard deviation determined.
The average fibre diameter was found to be 17jim with a standard deviation of 1.1}xm . The
estimated error in the measurement and conversion using the calibration reference was plus
or minus 2.4%.
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Accurate determination of the fibre distribution is not so easy. Ideally a range of the inter-fibre
spacings observed over a large area is required. However, from figures 47 and 48 it is obvious
that many fibre are touching, or appear to be at that magnification. Deciding which inter-fibre
spacings to measure for determining the average would greatly affect the result. The model
assumes that the load is applied along the axis from fibre centre to fibre centre. Unless the
fibres are in a perfect square array, which obviously they are n o t, the axis of load for most
fibres would not intersect the fibre centres. This only serves to further complicate the
measurements.
For the purposes of this project an average inter-fibre spacing was used as the baseline. It
was calculated in the computer programs ( Appendix A ) from the fibre volume fraction
previously measured by bum off technique to be approximately 60% for both composites.
Higher "local" fibre volume fractions were also considered to give smaller inter-fibre spacings
and hence simulate the touching fibre case. For further discussion see section 8.

5.2 Scanning electron microscopy
(a) Fracture surfaces
Fractured test pieces from the mechanical test work detailed in section 4 were examined in
a scanning electron microscope ( SEM ). It was intended to compare the surfaces for any
differences due to the coating or the stress mode which caused the failure.
Two types of test piece were examined , transverse tensile failure and intralaminar shear
failure , for both coated and uncoated fibre composites. The surfaces were mounted on
aluminium planchettes and gold coated to avoid charging up of the specimen by the electron
beam. The samples were then placed in a JEOL T330 SEM. The surfaces were examined
and representative photographs are shown in figures 49 - 53.
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No significant differences were found in the appearance of the fracture surfaces when
comparing the failure mode alone. However , significant differences were noted between
coated and uncoated fibre composites in both modes of failure. Figures 49 and 50 show the
typical appearance of a fibre after fracture in transverse tension for the uncoated and coated
composite respectively. The surface of the uncoated fibre is relatively clean whilst the surface
of the coated fibre is covered in a "scaly" deposit. It is postulated that this "scaly" deposit is
the remains of the ripped acrylic coating material. This view is confirmed when considering
figures 51 and 52. They show the grooves left in the resin when fibres were ripped out in the
intralaminar shear test. The uncoated fibre composite ( fig. 51) shows a smooth groove whilst
the coated fibre composite ( fig. 52 ) shows some damage within the groove. A close up of
this damaged area ( figure 53 ) shows a section of thin ripped material which is thought to
be the acrylic coating.
It is difficult from the observations made to make definite conclusions about the failure mode
of the interphase itself. However , from the information available it would appear possible
that the "scaly" failure observed in tension is more brittle in nature whilst the "ripped" failure
observed in shear is one of high deformation. More work is needed in this area to define
confirm the existence and appearance of the interphase and its failure modes.
(b) Fibre surfaces
Samples of coated and uncoated fibre roving were cut from the production apparatus, teased
apart, and mounted on aluminium planchettes. The samples were then gold coated and placed
in a JEOL T330 SEM. Photographs of the fibres are shown in figures 54 and 55. The surface
of the coated fibre appears to have numerous smooth "hills and valleys" while the uncoated
fibre appears to be fairly free of surface relief. Otherwise there is no significant difference
between them.
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(c) Composite cross sections
The composite cross sections used in section 5.1 were gold coated and examined in a JEOL
T330 SEM. The main emphasis of the examination was to see if the fibres which appeared
to, be touching at low magnification could be resolved at much higher magnifications. Figures
56 and 57 show typical photographs of inter-fibre spacings for coated and uncoated fibre
composite respectively. The photographs show that spacings are resolvable at high mag
nification , although measuring these spacings for a large enough sample of fibres would
prove extremely time consuming. Also , it is not clear without further work which fibre
spacings are relevant to the determination of maximum strain and which are not. Therefore
, it is not possible to determine which spacings need to be measured.
Another feature of the photographs , however , is the easily discernible ring which exists
around each fibre. The rings are discernible on both coated and uncoated fibre, although the
thickness of the ring may be slightly different for each. Approximate measurements of the
thickness of this ring indicate it to be 0.1 micron. It is possible that this might be direct
evidence of the interphase. It is also possible that it might simply be damage to the outer
region of the glass caused by the etching process. This question remains unresolved at the
present time.
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6 DETERMINATION OF COATING GEOMETRY AND THICKNESS
6.1 Introduction
It was stated in the theoretical section that for the models to have any reality in their predicted
values the inputs into the models must be as true to reality as possible. This means determining
the thickness of the interphase as it will be in the composite. A number of techniques were
envisaged whereby this might be achieved. First , by taking a cross section through the
composite containing an interphase and simply viewing it under the scanning electron
microscope. Second, mounting single fibres and measuring their diameters with and without
the coating. Third , using an x-ray analysis technique in the electron probe microanalyser.
The first technique was unsuccessful because when sectioned glass fibres are viewed end on
, as they are in a cross section through a composite , they charge up. The charge , caused by
the electron beam , causes a halo to form around the circumference of the fibre. The dimensions
of this halo were approximately 0.4 micron. As the coating thickness is expected to be in the
region of 0.2 micron the technique seemed to offer little hope of accurately measuring the
coating thickness.
The second technique was adopted when the first proved unsuccessful. It was decided that
measuring the thickness of the coating on single fibres should still give a good representation
of the interphase thickness as the coating was not expected to merge with the matrix but
remain as a separate phase. It was intended to mount single coated fibres , measure their
diameter at given points on a reference g rid , and then bum off the coating. The clean fibres
would then be remeasured at the same points. The second diameter measured subtracted from
the first diameter measured would then give twice the coating thickness. A number of
problems were encountered in attempting to perform these measurements. The fibres had to
be coated with gold before they were viewed in the SEM to avoid excessive charging up.
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Consequently it was not possible to be sure that during the burning off process all the gold
coating had been removed along with the acrylic coating. It was also very difficult to ensure
that the fibres were being measured at exactly the same point once they were replaced in the
SEM after bum off. The final technique of x-ray analysis became known at this point and all
further studies using direct measurement were abandoned in its favour.

6.2 X-ray analysis technique
A technique to determine the coating thickness of metals on metal substrates ( 56 ) was
applied by this author to the case of very thin polymeric coatings on glass fibres. The principles
of the technique can be explained in a number of simple steps:
(a) When an electron beam strikes a material one of the results of the interaction is the
production of an x-ray from the sample. The x-ray will be characteristic of the element from
which it was generated and the intensity of the x-rays produced will be characteristic of the
amount of element within the interaction volume of the electron beam. Thus, when an electron
beam strikes the coated glass fibre , x-rays will be produced from the interaction volume (
figure 58). The only element present in the coating which is not present in the glass is carbon.
A typical spectra from the electron probe microanalyser ( EPM A) is shown in figure 59 for
a coated and uncoated fibre. Note the much higher carbon peak intensity for the coated fibre
spectra. By monitoring the carbon peak intensity information regarding the coating only can
be discerned.
(b) The technique needs a comparison for the measurements of carbon peak intensity from
the coated fibre. This is supplied by using a standard of acrylic thick enough that the beam
will not be able to penetrate it.
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(c) When the energy of the electron beam is very high it will penetrate through the coating
and into the fibre ( figure 60 Ex). As the energy is reduced the penetrates less and less into
the glass fibre until at some critical beam energy ( Ec figure 60) the beam just penetrates to
the depth of the coating and no more. The intensity of the carbon peak from the coating ( Ic
) is compared to the intensity of the carbon peak from the standard ( Is ) for a number of
ic
different beam voltages. At the critical beam voltage Ec the ratio —is equal to one.
For this case the coating is so thin and the elements so light that the actual value of Ec must
be derived by extrapolating a plot of intensity ratio against beam voltage. This is because a
beam of sufficiently low energy to not penetrate through into the glass cannot be generated
by the machine.
(d) Once the critical voltage has been determined by experimentation it can be used in the
equations of Sewell and Love ( 56 ) to calculate the penetration depth of the beam into the
coating material. This penetration depth then corresponds directly to the coating thickness.
The experimental procedure adopted for making the measurements necessary to determine
the critical beam voltage was as follows:
(i) Single glass fibres were extracted from rovings which were either the as received com
mercially silaned glass only or the as received glass plus the acrylic coating. The fibres were
carefully mounted on level metal supports and secured with silver dag. Then the fibres were
gold coated to prevent excessive charging under the electron beam. Both fibres were coated
at the same time to ensure that the same thickness of gold was applied to both.
(ii) A standard of acrylic material thick in comparison to the coatings , approximately 1
millimetre, was mounted on the same support as the fibres and received the same gold coating
treatment.
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(iii) The samples were placed in an electron probe microanalyser and the analyser set to
monitor the carbon peak intensity. Measurements of intensity were then taken at 12 micron
intervals over a 750 micron length of each fibre. These measurements were taken using a
beam voltage of 10 KeV , 7 KeV , 4KeV , and 2 KeV. An intensity reading for the standard
was also taken at each beam voltage.

6.3 Results
The intensities , as determined by the number of counts recorded in a ten second period, are
presented in Table 11. It is difficult to determine whether or not any of these points represent
a piece of contamination just by viewing the figures in the table. Therefore , the results were
plotted out on graphs of position along fibre against measured intensity and examples are
given in figures 61 and 62 . Points which were judged to be from regions of contamination
are ringed on each graph. The only graph which presented a major problem in determining
whether points were from contaminated regions or not was the graph for the coated fibre
measured at 10 KeV ( figure 61 ). This graph appears to show two distinct plateaus. Two
possible explanations exist for the plateaus. F irst, they may represent two regions one in
which the coating is present, the other in which it is not. Second , they may represent two
regions where the coating is present but where a step occurs in the coating thickness. This
might occur if the coating was pulled out in one region as the fibre was extracted from the
roving. Further investigation of this type of feature is required before any definite conclusions
can be reached. For the purposes of the immediate investigation, however, an average value
was taken for all the points. In any case , as will be seen , the value at 10 KeV does not have
a significant effect on the prediction of the critical beam voltage.
The selected points were averaged and are presented with their standard deviation in Table
12. Also presented in Table 12 are the beam currents recorded during the measurement of
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each point. Before true comparisons can be drawn between the readings they must all be
normalised to the same beam current. Results normalised to a beam current of 3 x 10-8 A are
presented in Table 13.
The first point to note from the results is that as expected the intensity from the standard
drops off linearly ( figure 63 ) as the beam voltage decreases.
The second point to note is that in general the intensity from the coating drops with decreasing
beam voltage. Also the intensity from the coated fibre is greater than the intensity from the
uncoated fibre at all voltages except the lowest. If there is truly a thicker layer of polymer
on the coated fibre then it is expected that the intensity should be greater than for the uncoated
fibre. For the purposes of the analysis only the coated fibre results will be considered from
this point on. Obviously this is not an ideal situation and further measurements need to be
taken to improve the accuracy of the technique.
To estimate the value of the critical beam voltage Ec it is necessary to calculate the ratio of
the coated fibre intensity (/c ) to the standard intensity ( Is ) at each beam voltage. The results
of these calculations are presented in Table 14. A straight line relationship is obtained for
is
the ratio y and this graph is plotted in figure 64. The equation for the line of best fit through
c

the points is given by:

E = 1.219 + 0.258

yJcj

.43

where E is the beam voltage.
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The critical beam voltage is determined at jr = 1 . Substituting this value into 43 gives Ec =

1.48 KeV. This value is used in the equations of Sewell and Love (5 6 ) to predict the coating
thickness as follows:
The coating density thickness , p f , is given by :

p t = pz(2.68 + 4.4exp(-0.724f/))
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where pz is the mean depth of x-ray generation and U is the ratio

The mean depth of x-ray

generation is given by :
(0.49269- 1.0987|i + 0.78557u2) Inf/
£.
pz = psm------------------------------0.70256 - 1.09865)1 + 1.0046|i2+ In U

..... 45

where |1 is the backscatter coefficient, and p^OTis the electron range. The electron range is
given by :

ps„ = AZ"l(7.87 x 1

0

+

7.35 x 10'7£c)
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where A is the mean atomic weight, Z is the mean atomic number, and J is the mean ionisation
potential.
For this case the following information is known:
A = 7.2 g , Z = 3.6 , J = 0.0135 Z , Ec = 1.48 KeV ,

Therefore from equation 46 , psm= 9.46751 x 10-6

For the carbon K a x-ray line , the excitation energy Ex equals 0.282 KeV. Therefore U =
5.248 . p. = 0.09.

thus , from equation 45 , pz = 2.768 x 10"6 and from equation 44 pt = 7.689 x 10-6.

Given that the density of the acrylic , p , equals 1.2 g/cc the thickness of the coating then
equals 6.41 x 10~* centimetres , which equals 0.064 micron.
This coating thickness is somewhat lower than the minimum expected thickness of 0.2 micron.
However the only reason for expecting a minimum thickness of 0.2 micron was that the
manufacturers literature had stated that this was the size of the latex particles. It was therefore
decided to measure the size of the particles independently. Latex particles were mounted on
a copper grid which had been coated with a polymer film and then a layer of carbon. The
grid was suitable for use in a transmission electron microscope. The particles were stained
with a uranium salt to give contrast and viewed in the TEM. Figure 65 shows a photograph
of a typical selection of latex particles. The size of the particles was measured and the average
found to be 0.14 micron.
So , the latex particles are still found to be somewhat larger in diameter than the coating
thickness. It is quite possible however that the thickness of the particles could be a good deal
less than their measured diameter. Consider figure 66. This figure shows how the surface
wetting characteristics of the particle on the substrate will affect the ratio of the diameter to
thickness. It is pointless to further examine the latex samples on the grid to determine the
degree of flattening of the particle because this will not be the same as for a particle on the
glass surface. It is sufficient to realise that the figure for the coating thickness generated from
the x-ray measurements is credible in light of the measured particle diameter.
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It must be stated again , however , that these results are subject to large variations and that
the measurements are taken from a relatively small portion of fibre. Variations could come
from a number of sources not least of which is the natural tendancy for carbon to contaminate
surfaces in the SEM. Further work might consider the possibility of doping the interphase
with a heavy element which would make analysis of the coating thickness less susceptible
to contaminants.
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7 DYNAMIC MECHANICAL ANALYSIS
Dynamic mechanical analysis was used to assess the effect of constraint and thickness on
the interphase modulus , and also to investigate the differences between the coated and
uncoated fibre composite.

7.1 Effect of thickness and constraint on the interphase modulus
7.1.1 Introduction
It was thought that the modulus of the compliant interphase material was unlikely to remain
at its "bulk" value ( that is thick and unconstrained) when it was used as a thin constrained
layer in the composite system. Techniques for measuring the degree of change were needed.
The shear modulus could be measured directly in a Polymer Laboratories dynamic mechanical
analysis machine using a shear clamping arrangement. This is discussed in more detail in
section 7.1.2. Measurement of the constrained tensile modulus was not as straight forward.
Previous work by Wetton ( 57 ) has shown that the tensile modulus of a polymeric coating
on a stiff substrate can be measured using dynamic mechanical analysis. Wetton was more
concerned with determining the "bulk" modulus of the coating without having to remove it
from the substrate. Wetton found that as the thickness of the coating decreased the modulus
increased. This was thought to be due to constraint and Wetton determined a minimum
thickness of film that could be measured before constraint significantly affected the modulus.
For this project, however, it was this very affect of constraint on modulus which needed to
be investigated. In a separate paper ( 58 ) Wetton presented an equation for determining the
modulus of a coating on a substrate. The substrate was coated on both sides and was tested
in single cantilever bending. The equation was:

62

(kE'Xcomposite

A1

where {kE')composiu is the measured stiffness of the "composite" ( coating plus substrate) beam
, E's and ts are the substrate modulus and thickness , E'c and tc are the coating modulus and
thickness , b is the beam width , and 1 is the mean free length of vibration of the beam ( see
figure 67).

7.1.2 Experimental technique
(a) Tensile modulus
From equation 47 it is obvious that the minimum coating thickness that can be measured by
this technique will be a function of the minimum substrate thickness. Therefore , it was
important to try to use the thinnest steel substrate that the machine was capable of measuring.
The minimum substrate thickness will be controlled by the lowest stiffness which the dynamic
mechanical analyser can measure. For the Polymer Laboratories machine fitted with a power
head the lowest measurable stiffness is quoted as 300 N/m ( 59 ). Selecting steel as the
substrate material and using equation 48 the minimum thickness for the substrate can be
calculated as follows:

(*£'U™.=£> y

48

kE' = 300/V/m = E h \ ,I

Now £ , = 2.1 x 1011 and so ,
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b -

{l j

= 1.43 x 10~*m

Using a beam width of 10 mm and a free length of 1 mm to give the stiffest beam possible ,
gives a minimum substrate thickness of 0.0053 millimetres.
The most readily available material with which to start experimentation was shim steel. The
thinnest shim steel available was 0.05 mm. This material was selected as the substrate but a
suitable width and free length had then to be determined. Both the aspect ratio of the beam
and the overall free length were varied and the modulus of the steel substrate measured (
Table 15 ). The results of Table 15 are plotted in figure 68. It was found that the absolute
free length was of more importance than the aspect ratio in measuring an accurate modulus.
An accurate value for the steel substrate ,210 GPa , was measured using a geometry which
resulted in a beam with the lowest stiffness the machine was capable of measuring. Thus ,
the geometry selected for subsequent testing was a free length of 9 mm and a beam width of
10 mm. Using these figures in equation 48 predicts a minimum substrate thickness of 0.047
millimetres.
The next stage was to coat pieces of the shim steel with the acrylic polymer. Layers were
added one at a time by dipping the steel into the latex and then drying it off with a hot air
blower. Samples were prepared which had the following number of layers of acrylic ; 1 , 2
, 4 , 5 , 10 , 20 , 35 , 50. Before use the coated beams were cured for 3 hours at 80 °C. The
coating thickness was determined by measuring the total beam thickness , subtracting the
substrate thickness , and then dividing by two.
Each coated beam was measured three times , regripping to a constant torque setting each
time , to determine the accuracy of each result. This was particularly important for the free
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length varied slightly from the intended nine millimetres each time and had to be accurately
measured. A frequency of vibration of 1 Hz was used with a peak to peak deflection of 32
micron. All measurements were made at room temperature.
(b) Shear modulus
As stated, the shear modulus of the acrylic was measured in the Polymer Laboratories dynamic
mechanical analysis machine using a shear clamping arrangement ( figure 69 ). The acrylic
was tested in shear at room temperature and at 1 Hz frequency with a peak to peak deflection
of 32 micron. Time constraints led to initial studies only being carried out. These initial
studies determined the modulus for three thicknesses of acrylic ; 0.05 mm , 0.36 mm , and
0.63 mm.

7.13 Results
(a) Tensile modulus
The measured results were in terms of the beam stiffness and are presented in Table 16. The
coating modulus for each of the measurements was then calculated according to equation 47
and the results are presented in Table 17. The log values for coating thickness and modulus
are plotted in figure 70. Also plotted on figure 70 is the thick, unconstrained value of modulus
for the acrylic polymer measured by dynamic mechanical analysis.
The values of modulus calculated for the interphase by this technique should not be considered
as absolute, particularly in view of the variations noted previously for the substrate modulus.
However , the results of this analysis show quite clearly that the modulus of the acrylic
increases significantly as the thickness decreases. The modulus value at 55 micron is already
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comparable with the modulus of the vinyl ester resin. It is not clear from the curve if a
maximum has been reached for the modulus of the acrylic or whether significant increases
will occur as the thickness reduces further to the sub micron levels present in the composite.
It is unlikely that values of coating modulus could be determined at thicknesses less than
those already measured. This is because the measured stiffness for the 55 micron coating
thickness ( Table 16 ) is very close to the stiffness value measured for the substrate only ,
although it is shown by Student "t" test to still be significantly different. Once these stiffness
measurements become indistinguishable from one another the coating modulus can no longer
be calculated.
(b) Shear modulus
The results of the shear studies are presented in Table 18 and plotted in figure 70. Again ,
the values should not be regarded as absolute particularly as the geometry was not pre-determined for a material of known and similar modulus. These initial studies show , however
, that the shear modulus is not affected by reduction in thickness in the same way as tensile
modulus. In fa c t, far from there being an increase in modulus as the thickness decreases the
modulus actually decreases as well. This different response to shear and tensile forces ,
particularly when very thin and constrained , is reflected by the mechanical properties
measured in section 4.

7.2 Analysis of coated and uncoated fibre composites
7.2.1 Introduction
It was decided to investigate the dynamic response of the coated fibre and uncoated fibre
composites over a range of temperature. This was for two main reasons. First and foremost
was to ensure that the inclusion of a compliant interphase did not significantly affect the
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stiffness of the composite in the predicted temperature range of use ( -40°C to +130°C ).
Second , previous studies ( 25 , 60 ) have shown that the presence of the interphase can be
confirmed using dynamic mechanical analysis.
A sample of each type of composite was cut from the composite plate such that three point
bending transverse to the fibres could be performed. Gerard (25 ) found that the interphase
could only be detected using very low frequencies of vibration ( 0.03 Hz ). The Polymer
Laboratories machine allows the storage modulus , loss modulus and damping ( tan 5 ) to be
determined at a range of frequencies while scanning from low to high temperature. For this
project the temperature was scanned from -50°C to +150°C at frequencies of 0.3 Hz , 1 Hz
, 3 Hz , 10 Hz , and 30 Hz.

7.2.2 Results
Figures 7 1 - 7 4 show the measurements of storage modulus and tan 8 made for the coated
and uncoated fibre composites over the temperature range - 50 °C to +150 °C. There is no
detectable difference between either of the materials. This means that whilst the technique
was not able to show the presence of the interphase material, it was able to confirm that the
interphase material does not reduce the transverse modulus over the temperature range of
interest.
The value of the storage modulus at room temperature should correspond closely to the
transverse bending modulus measured in the mechanical testing section. The value measured
for the storage modulus was 14 GPa while the value measured by mechanical testing was
approximately 15 GPa. Although the result for the storage modulus must be treated with
some degree of scepticism following the results on measurement of the modulus of steel the
dynamic and statically measured results appear to agree well. For further discussion of
transverse modulus see section 8.2.
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8 DISCUSSION
8.1 Predictions of strain magnification models
8.1.1 Predictions based on original parameters
The results of the initial predictions of the extended Kies model using values of t , r etc. listed
in section 2.3 , are presented in figures 18 , 19 and 20. They show how variations of 50%
either side of the estimated value for the parameters of fibre volume fraction , fibre radius ,
interphase thickness , fibre modulus , matrix modulus and interphase modulus affect the
strain magnification factors.
The tensile model ( figures 18 and 19 ) predicts variations in the strain magnification factors
which are as one would intuitively expect except for the fibre volume fraction. This parameter
is shown to have little effect on the predicted strain magnification factor even when varied
over a significantly large range ( 0.25 to 0.75 ). The basic Kies model shows marked
dependence of the strain magnification factor on fibre volume fraction. This discrepancy
prompted a critical examination of the extended model.Refering to equation 12, the interphase
thickness , t , was set at zero. The strain magnification then reduced to the Kies m odel, as
required. How ever, further investigation is required into why the introduction of the inter
phase so drastically reduces the effect of fibre volume fraction on the predicted strain
magnification factors.
Consider equation 12 in more detail. Substituting the equation for s on page 23 on rearranging
gives :
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To consider the effect of fibre volume fraction and interphase properties only , the original
values for all the other parameters can now be substituted into the equation. This gives :

<*r
11.52 + 0.4^— l j

e ‘

H 50

Er

For the value of 7- first assumed , i.e. 30, this reduces to

e‘

6 ^ )° '5+ 0.07

The limits of fibre volume fraction for a square array of fibres are zero and

The corre

sponding values for the strain magnification factor in the resin are 1 and 12/12.07 , which is
approximately 1. Thus the effect of fibre volume fraction is shown to be negligible over its
full range.
The controlling part of equation 49 then is the sum of the second and third terms of the
denom inator, that is ,
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For small values ofE ,, this sun approaches zero, such that - is independent of Vf . As £, tends
£c

to Er the final term tends to zero making the sum a large negative value and the equation
overall reverts to the basic Kies model in which fibre volume fraction effects are significant.
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In contrast the shear model shows marked dependence of strain magnification on fibre volume
fraction. This is in agreement with the original Kies model. The reason for the agreement
lies in the geometry of the model (figure 13). At no point is there a complete shear path in
interphase material alone. The fact that shear occurs in , at the least, a combined block of
matrix and interphase , means that the high shear modulus of the matrix will dominate.

8.1.2 Predictions using measured parameters
(i) Predictions of tensile model
It was stated earlier that for the theoretical models to produce accurate values the inputs must
be truly representative of the composite. The input values were determined as accurately as
possible using the techniques described in the previous sections. The absolute values so
determined need confirmation from further analysis , but are nevertheless more realistic than
the original estimated figures. A summary of the measured values is presented below:
Fibre volume fraction = 0.6
Fibre radius = 8.5 micron ±0.85 micron

Interphase thickness = 0.065 micron ± 0.005 micron
Fibre tensile modulus = 76 GPa
Matrix tensile modulus = 3.75 GPa
Interphase tensile modulus ( constrained) = 1.27 GPa
Using these results strain magnification factors were calculated by computer program (
Appendix A ) , first with no interphase and then with an interphase having the properties
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stated above. In tension the strain magnification factor in the resin ( tsm fr) dropped from
5.91 to 5.69 on introducing the interphase. The corresponding tensile strain magnification
factor in the interphase ( tsmfi ) was 16.81 .
Results were also calculated for the case where the fibres are practically touching ( s = 0.21
micron as against s = 4.77 micron for the first case ). This was done by assuming a fibre
volume fraction of 0.77. In tension , tsmfr dropped from 17.03 to 15.13 when using the
interphase , with tsmfi at 44.67.
Initial estimates for the reduction in the tensile strain magnification factor in the resin ( refer
to section 2.3.1) showed that the introduction of an interphase could remove the magnification
of strain completely. This relied on the interphase retaining its low modulus when thin and
constrained. However , it has been shown that this does not occur. The modulus increases
significantly under constraint. The tensile model reflects this change in the properties of the
interphase material, and predicts a much less significant reduction in the strain magnification
Er

in the resin , as —tends towards 1 in equation 50. Similarly the fibre volume fraction has a
significant effect on the level of the strain magnification factor.
The model shows then that to significantly improve the transverse tensile properties of the
composite , an interphase material must be used which does not lose its compliancy as it
becomes thin and constrained.
(ii) Predictions of the shear model
For calculations of the shear strain magnification factors the geometrical values are the same
as for (i) above but the modulus of each phase is different. The shear moduli were calculated
using the well known relation:
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G =— - —
2(1 + v)

51

where v is the Poisson’s ratio. Poisson’s ratio for the glass and resin are 0.24 and 0.3
respectively. This technique was not used to calculate the shear modulus of the interphase
because it was determined in section 7 by DMA and differs greatly from the relation given
in equation 51 due to constraint. To summarise:
Fibre shear modulus = 30.7 GPa
Matrix shear modulus = 1.44 GPa
Interphase shear modulus = 0.00063 GPa
Using a fibre volume fraction of 0.6, the shear strain magnification factor dropped from 5.18
to 5.07 on introducing an interphase. When the fibre volume fraction was increased to 0.77
the drop on using an interphase was from 12.89 to 12.13.
These results agree with the earlier ones ( refer to section 2.3.2) in that the properties of the
interphase have little effect on the strain magnification factor. As discussed previously this
is because no shear path exists entirely within the interphase material.
The mechanical test results for interlaminar and intralaminar shear strength indicate an
improvement in the laminate property on introducing an interphase. This appears at first to
be at odds with the shear model, which predicts no improvement on introducing an interphase.
However, detailed consideration of the mode of shear in each case can explain the difference.
This consideration is dealt with in section 8.2.2.
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8.2 Mechanical properties of laminates : measured and predicted
8.2.1 Transverse modulus
The simple Reuss model for prediction of transverse tensile modulus is ,

_

EmEf
E/Vm+ EmVf

Substituting the measured values of fibre volume fraction and matrix modulus (0.6 and 3.75
GPa respectively ) , and using 76 GPa for fibre modulus the model predicts a transverse
tensile modulus for the composite of 8.7 GPa. Measured values were considerably higher
than this. In transverse tension the value was approximately 17.25 G Pa, in transverse bending
the value was 15 GPa as measured in the Instron and 14 GPa as measured in DMTA. These
values were all determined independently of each other. The results are supported by the
workofWells (61). Wells considered the transverse tensile modulus forarangeof composites
with wide variations in matrix moduli. Composite systems comparable to those used in this
project showed a transverse tensile modulus of approximately 20 GPa. Wells compared his
results with a large range of more complex models for the prediction of composite transverse
modulus and found that all of the models predicted a low value when the resin modulus was
high (> 1 G Pa). These results are further confirmation of the results observed in this project.

8.2.2 Shear strength
As discussed earlier the extended Kies model predicts no improvements in shear properties
from the use of a low modulus interphase. Mechanical tests, however , showed a marked
improvement in the interlaminar and intralaminar shear strengths. This can be understood
by reference to figure 75. The values of shear strength measured by the short beam bend test
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and the 15° off axis test are the "longitudinal" interlaminar shear strength ( ^

) and die

"longitudinal" intralaminar shear strength ( t 31 ). In these planes there exists an uninterrupted
path of interphase material in which shear can occur. This allows the low modulus interphase
material to play a dominant role and improve the shear strength. However, the shear planes
dealt with in the model are "transverse" interlaminar shear ( x12) and "transverse" intralaminar
shear ( x13). Shear along an uninterrupted path of interphase material is not possible in these
planes and so no shear strength improvement would be expected. Mechanical shear testing
in these planes should confirm these predictions.

8.3 Elastic constraints and their effects
8.3.1 Constraint effects in tension
Much has been said about constraint and the suppositions that constraint is responsible for
an increase in the tensile modulus of the interphase. The concept of constraint, and the reason
for its being deleterious in tension but not shear, need further discussion.
In the context of this project constraint refers to the constraint of the Poisson’s contractions
that would normally occur in a material subjected to a tensile stress. The constraint occurs
at the surface of a compliant material when it is bonded to a stiffer material. If the compliant
material is relatively thick then these surface constraints do not significantly affect its overall
response. However, if the material is thin then the whole material is constrained, leading to
a triaxial stress state rather than a simple uniaxial stress state. Under these circumstances the
modulus of the material changes from the tensile modulus, E , to the bulk modulus, K. These
moduli are related by the equation :

* = 3(l-2v)

52
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For any material with a Poisson’s ratio above 0.333 the bulk modulus will be higher than the
tensile modulus. In fa c t, as the Poisson’s ratio approaches 0.5 the value of the bulk modulus
approaches infinity. T hus, for the "rubbery" interphase material one might expect significant
increases in the apparent modulus because for rubbers the Poisson’s ratio is generally con
sidered to be 0.5 , or just less than 0.5.
The values from section 7 of constrained , or bulk modulus ( K = 1.27 x 109 Pa ) , and
unconstrained, or tensile modulus ( E = 2.88 x 107 P a ) , can be used in equation 52 to predict
the Poisson’s ratio for the acrylic interphase material. The calculated value is 0.496.
It also follow s, from equation 52 , that for materials with a Poisson’s ratio of less than 0.333
, such as the vinyl ester resin ( v = 0 .3 ), the bulk modulus will be slightly less than the tensile
modulus. Therefore, as the resin becomes thin and constrained, that is as its tensile modulus
tends towards its bulk modulus , the apparent value of the modulus will not change signifi
cantly. This is because the tensile and bulk moduli of the resin are practically the same ,
whereas for the acrylic they differ by orders of magnitude. Thus , to use the unconstrained
value of tensile modulus in the model , where the resin is actually thin and constrained ,
should not have led to any significant errors.

8.3.2 Constraint effects in shear
If a material is subject to a shear force Poisson’s contractions do not arise. Therefore there
can be no constraint effects even when the material is thin and bonded to stiff adherends.
The unconstrained values for tensile and shear moduli should be related by equation 51.
Using the value for tensile modulus measured for the acrylic alone to represent the uncon
strained , infinite thickness ( E =2.88 x 107 P a ) and using the Poisson’s ratio just calculated
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( 0.496 ) the shear modulus can be calculated from equation 51 as G = 9.53 x 106 Pa- The
value for shear modulus determined by DMA was 6.89 x 106 Pa. These values compare very
well.

8.3.3 Conclusion
Evidence for the effect of constraint on mechanical properties is significant. Results presented
in Table 9 show that introduction of an interphase improves properties only when the applied
stress is a shear stress or some combination of stresses which include shear stress. Under
pure transverse tensile stresses no improvement is observed. This author believes that this
improved response to shear stress is a direct result of the fact that no constraint exists in shear.
Analysis of the fracture surfaces ( figures 49 to 53 ) tends to support this conclusion since a
brittle , or constrained , mode of failure occurred in tension. In shear the failure mode was
one which exhibited greater deformation due to the lack of constraint.
In conclusion then it has been shown that the inclusion of a compliant material at the interphase
can improve the off-axis properties of a unidirectional glass fibre reinforced thermoset. The
geometry of the interphase, and the properties of the interphase material, need to be optimised
in order to obtain the maximum benefit from this technique.

8.4 Recommendations for further work
8.4.1 Immediate work
Recommendations made in this section refer to work which needs to be carried out on the
interphase composite system described in this thesis. Five main areas have been identified.
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It was proposed in section 8.2 that the resin tensile modulus would not be significantly dif
ferent when the material was thin and constrained. This proposal needs to be confirmed using
the same techniques as were used for the acrylic polymer in section 7.
The x-ray analysis technique described in section 6 relies heavily on the results obtained at
a beam voltage of 2 keV. Further measurements need to be made at voltages around this
figure to determine the thickness of the coating with greater accuracy. Suggested beam
voltages are 1.5 keV , 2 keV , 2.5 keV , and 3 keV. In conjunction with this work further
analysis of the latex particle size would be desirable. The possibility of doping the interphase
material to allow more accurate identification and consequent improvement in the accuracy
of the measured thickness needs to be developed. It was proposed in section 6.3 that the
diameter and thickness of the latex particle would not be the same because as the particle
touched the surface it would flatten to some degree. Studies of this degree of flattening against
a silaned glass surface are of interest. Also of interest is how the particles subsequently behave
when subjected to heat during cure.
Determination of the inter-fibre spacing in section 5.1 proved to be problematical for two
reasons. F irst, the fibres were apparently touching at least one other fibre and resolution of
this spacing was only possible in the SEM which proved very time consuming. Second, one
could not define one direction in which to measure the spacing between fibres because they
lay in a random array rather than a well defined square or hexagonal array. Further work is
required in two areas then. First, it is necessary to define the spacing which must be measured
to provide an appropriate input to the model. Second , these spacings must be determined
accurately by measurements in the SEM.
It was discussed in section 5.2 that a ring observed around the fibres in cross sections of the
laminates ( figures 56 and 57 ) might have been either damage caused to the glass during
etching or the interphase material itself. The first step in determining the origins of the ring
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would be to examine cross sections of laminates which had not been etched. If the rings were
still observed then the evidence for the ring being the interphase material would be much
stronger. Direct observation of the thickness of the interphase would be highly desirable.
Further characterisation of the mechanical response of the two composites is required. This
would mainly take the form of repeating mechanical tests to improve the level of confidence
in them. Confirmation of the predicted lack of improvement in "transverse" shear strengths
should be confirmed. It might also be possible to use strain gauges on the 15° off axis test to
give the shear strain to failure and the shear modulus. Of particular interest would be the
assessment of off axis fatigue properties. Based on previous work by Lavengood ( 2 4 ) this
might best be achieved by measuring the torsional fatigue life of the two materials.

8.4.2 Long term work
This section describes the work which needs to be done over a much longer time period to
establish an optimum arrangement for the interphase composite. Four main areas of work
are envisaged.
First and foremost is the need to evaluate a range of interphase materials and geometries. In
particular, materials which have a low modulus and high strain to failure but retain a Poisson’s
ratio of around 0.33 would be highly desirable. An interphase utilising such a material should
not be significantly affected by constraint when subjected to tensile forces. Therefore
improvements in both tension and shear properties might be expected.
To complement the optimisation of the interphase , improved techniques for measuring the
interphase geometry and modulus would be needed. The techniques might take the form of
improvements in the x-ray analysis and dynamic mechanical analysis. Alternatively , new
methods such as acoustic attenuation might be developed.
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The chemistry of the system is a particularly important area of research for the future. In
particular the chemical reactions and bonding occurring between the three phases must be
studied to assess their effect on the overall mechanical performance.
Finally , the theoretical models which have been developed to date are simplistic in nature.
The models were intended to identify in the first instance which parameters of the composite
system were important. The models succeeded in meeting these initial requirements. However
, to optimise the interphase material a more refined model will be needed. In particular this
model will need to reflect the effect of constraint on the interphase and the corresponding
effect on the mechanical performance. The model must also consider fibre fibre interaction.
A good understanding of the practical problems which occur in real composites will be
invaluable in developing this new theoretical model.
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9 CONCLUSIONS
1. The aim of the project was to improve the transverse mechanical properties of unidirectional
glass fibre reinforced plastic composites. The method selected was to use a compliant fibre
coating ( interphase).
2. A theoretical model was developed which identified the parameters of the system and the
importance of determining their in-situ values.
3. In-situ coating thickness was determined using a newly developed x-ray absorption
technique.
4. The tensile modulus of the interphase material was shown to increase by orders of
magnitude from its bulk value.
5. In-situ shear modulus did not increase because Poisson’s contractions do not occur in
shear.
6. Apparatus was designed and manufactured for the production of coated fibre composites.
7. In agreement with theory the transverse tensile properties of the composites were not
greatly improved by the use of an interphase.
8. In shear in a plane parallel to the fibre axis , transverse mechanical properties showed a
significant improvement in the presence of an interphase.
9. The fracture surface appearance of laminates with an interphase corroborated the findings
of mechanical testing as to the difference between shear and tensile fracture behaviour.
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10. In summary , the interphase material selected for this project resulted in significant
improvements in shear dominated properties. No degradation of other mechanical properties
was observed.
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APPENDIX A
(1) TENSILE MODEL
GOSUB
GOSUB
GOSUB
GOSUB
GOSUB
STOP
END

Assign 1
Inputl
Input2
Display 1
Append 1

Assign 1:
V$(1)=”V "
V$(2)="T ”
V$(3)=”R "
V$(4)=”Ef "
V$(5)="Em”
V$(6)="Ei ”
RETURN
Inputl:
CLS
LOCATE 3,30:PRINT,,INPUT DATA”
LOCATE 4 ,3 0 : P R I N T " = = = = = "
LOCATE 6,10:INPUT'VARIABLE 1 (V) ”;V(1)
LOCATE 7,10:INPUT"VARIABLE 2 (T) ”;V(2)
LOCATE 8,10:INPUT”VARIABLE 3 (R)";V(3)
LOCATE 9,10:INPUT" VARIABLE 4 (Ef)";V(4)
LOCATE 10,10:INPUT" VARIABLE 5 (Em);V(5)
LOCATE lLlOrlNPUT”VARIABLE 6 (Ei)";V(6)
RETURN
INPUT2:
PRINT:PRINT:INPUT”
GIVE VARIABLE NO. TO VARY ";NUMBER%
PRINT:
INPUT"
GIVE RANGE LIMITS (MIN,MAX) ";MIN,MAX
RETURN
DISPLAY 1:
CLS
LOCATE 5,30:PRINT"CALCULATED DATA”
LOCATE 6 ,3 0 :P R I N T " = = = = = = = = = "
LOCATE 8,5:PRINT V$ (NUMBER%)
LOCATE 8,20:PRINT"SMFI"
LOOCATE 8,37:PRINT"SMFR”
LOCATE 8,55:PRINT”S"
LOCATE 8,65 :PRINT"Ect"
LOCNO%=10
RANGESTEP=((MAX-MIN)/10)
FOR N=MIN TO (MAX+MAX/1000) STEP RANGESTEP
V(NUMBER%)=N
INCR LOCNO%
S=V(3)*(((3.14159/V(l)A0.5)-2)-2*V(2)
SMFI=(2*V(3)+2* V(2)+S)/(2*V(2)+2*V(3)*(V (6)/V (4)-hS3|e(V(6)/V (5)))
SMFRK2*V(3)+2*V(2)+S)/(S+2*V(3)*V(5)/V(4))+2*V(2)*(V(5)/V(6)))
VI=((V(2)*(2*V(3)+V(2)))/(((V(3)A2)/V (1))-(V (3)A2)))*(1-V(1))
VM=1-(VI+V(1))
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XKV(1)/V(4))+(VM/V(5))+(VW (6))
ER=1/X
ECT=ER+(0.2*(EV-ER))
LOCATE LOCNO%,2:PRINT USING "$$.$$$$$"; N
LOCATE LOCNO%,18:PRINT USING "$$.$$$$$"; SMFR
LOCATE LOCNO%,36:PRINT USING "$$.$$$$$"; SMFI
LOCATE LOCNO%,54:PRINT USING ”$$.$$$$$”; S
LOCATE LOCNO%,65:PRINT USING "$$.$$$$$"; Ect
N EX TN
RETURN
APPEND 1:
PRINT:PRINT
INPUT”
GIVE FILENAME "FILENAMES
OPEN FILENAMESS FOR APPEND AS $1
RANGESTEP=((MAX-MIN)/10)
FOR N=MIN TO (MAX+MAX/1000) STEP RANGESTEP
V(NUMBER%)=N
INCR LOCNO%
S=V(3)*(((3.14159Ar(l)A0.5)-2)-2*V(2)
SMFI=(2*V(3)+2*V(2)+S)/(2*V(2)+2*V(3)*(V (6)/V (4)+S*(V (6)/V (5)))
SMFR=(2*V(3)+2*V(2)+S)/(S+2*V(3)*V(5)/V(4))+2*V(2)*(V(5)Ar(6)))
VI=((V(2)*(2*V(3)+V(2)))/(((V(3)A2)/V(1))-(V (3)a2)))*(1-V(1))
VM=1-(VI+V(1))
X=(V (l)A r(4))+(VMA^(5))+(VW(6))
ER=1/X
ECT=ER+(0.2*(EV-ER))
WRITE $ 1,N,SM FR,SM FI,S^ct
N EX TN
CLOSE
RETURN

(2) SHEAR MODEL
GOSUB
GOSUB
GOSUB
GOSUB
GOSUB
STOP
END

Assign 1
Inputl
Input2
Display 1
Appendl

Assign 1:
V$(1)=”V "
V$(2)="T ”
V$(3)="R "
V$(4)=”Gf "
V$(5)="Gm "
V$(6)="Gi ”
RETURN
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Inputl:
CLS
LOCATE 3,30:PRINT"INPUT DATA"
I O P A T F 4 ^O-PFTNT"

-------- ”

LOCATE 6 4 oirNPUT"VARIABLE 1 (V) M
;V(1)
LOCATE 7 ,10:INPUT"VARIABLE 2 (T) ”;V(2)
LOCATE 8,10:INPUT" VARIABLE 3 (R)";V(3)
LOCATE 9, lOrlNPUT" VARIABLE 4 (Gf)";V(4)
LOCATE 10,10:INPUT,,VARIABLE 5 (Gm);V(5)
LOCATE lU O rlN P U T ’VARIABLE 6 (Gi)";V(6)
RETURN
INPUT2:
PRINTrPRINTrlNPUT"
GIVE VARIABLE NO. TO VARY ";NUMBER%
PRINT:
INPUT"
GIVE RANGE LIMITS (MEN,MAX) ";MIN,MAX
RETURN
DISPLAY 1:
CLS
LOCATE 5,30:PRINT"CALCULATED DATA"
LOCATE 6,30:PRINT"= = -===== = = — "
LOCATE 8,5:PRINT V$ (NUMBER%)
LOCATE 8,20:PRINT"S"
LOOCATE 8,37:PRINT"SSMFR"
LOCATE 8,55:PRINT"r
LOCATE 8,65:PRINT"K"
LOCNO%=10
RANGESTEP=((MAX-MIN)/10)
FOR N=MIN TO (MAX+MAX/1000) STEP RANGESTEP
V(NUMBER%)=N
INCR LOCNO%
S=(V (3)s|e(((3.14159/V ( l))A0.5)-2))-(2* V(2))
Q=0
FOR P=0 TO 1.5707963 STEP 0.15707963
XG=2*V(3)*COS(P)
D=(V(3)*SIN(P))/(V (3)+V(2))
E=D+((DA3)/6)+((DA5)*0.075)+((DA7*0.0446429)+((DA9)*0.0303819)
XI=2*(((V(3)+V(2))*COS(E))-(V(3)*COS(P)))
XR=(2*V(3)+2*V(2)+S)-(XG+XI)
F(Q)=(V(3)*COS(P))/((V(4)*XG)+(V(5)*XR)+(V(6)*XI))
Q=Q+l
NEXTP
I=0.052359877*(F(0)+F(1)*4+F(2)*2+F(3)*4+F(4)*2+
F(5)*4+F(6)*2+F(7)*4+F(8)*2+F(9)*4+F(10))
L=V(3)/(V(3)+V(2))
Z=L+((LA3)/6)((LA5)*0.075)+((LA7)*0.0446429)=((LA9)*0.0303819)
YI=(V(3)+V(2))*COS(Z)*2
YR=(2*V(3)+2*V(2)+S)-YI
K=V(2)/(YI*V(6)=YR*V(5))
A 1=S/(S+2* V(3)+2* V (2))
B1=(2*V (5)*(I+K)+A 1
SSMFR=1/B1

LOCATE LOCNO%,2:PRINT USING "$$.$$$$$"; N
LOCATE LOCNO%,18:PRINT USING "$$.$$$$$"; S
LOCATE LOCNO%,36:PRINT USING "$$.$$$$$"; SSMFR
LOCATE LOCNO%,50:PRINT USING "$$.$$$$$"; I
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LOCATE LOCNO%,65 :PRINT USING "$$.$$$$$"; K
NEXTN
RETURN
APPEND 1:
PRINT:PRINT
INPUT'
GIVE FILENAME "FILENAMES
OPEN FILENAMESS FOR APPEND AS $1
RANGESTEP=((MAX-MIN)/10)
FOR N=MIN TO (MAX+MAX/1000) STEP RANGESTEP
V (NUMBER%)=N
INCR LOCNO%
S=(V(3)*(((3.14159m i))A0.5)-2))-(2*V(2))

0=0
FOR P = 0 TO 1.5707963 STEP 0.15707963
XG=2*V(3)*COS(P)
D=(V (3)*SIN(P))/(V (3)+V(2))
E=D+((DA3)/6)+((DA5)*0.075)+((DA7*0.0446429)+((DA9)*0.0303819)
XI=2*(((V(3)+V(2))*COS(E))-(V(3)*COS(P)))
XR=(2* V (3)+2* V (2)+S)-(XG+XI)
F(Q)=(V(3)*COS(P))/((V (4)*XG)+(V (5)*XR)+(V(6)*XI))
Q=Q+l
NEXTP
I=0.052359877*(F(0)+F(1)*4+F(2)*2+F(3)*4+F(4)*2+
F(5)*4+F(6)*2+F(7)*4+F(8)*2+F(9)*4+F(10))
L=V (3)/(V (3)+V (2))
Z=L+((LA3)/6)((LA5)*0.075)+((LA7)*0.0446429)=((LA9)*0.0303819)
YI=(V(3)+V(2))*COS(Z)*2
YR=(2* V (3)+2* V (2)+S)-YI
K=V(2)/(YI*V(6)=YR*V(5))
A l=S/(S+2* V (3)+2* V (2))
B1=(2*V(5)*(I+K)+A1
SSMFR=1/B1
WRITE $1,N,S,SSMFR,I,K
NEXTN
CLOSE
RETURN
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APPENDIX B
Student "t" test
If there are two groups of results size nx and

, with means x x and x2 , and standard

deviations sx and s2 , then "t" is determined using the equation :
t-

where s is determined from the equation :
s=

2

The value of t is then compared against the number of degrees of freedom of the sys
tem ( given by (nx+ n^) - 2 ) on tables of probability. From these tables the level of
confidence that there is a difference between the two sets of results can be determined.
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(a) Forces acting on section A-A
longitudinal tension
= transverse com pression

longitudinal com pression
= transverse tension
(b) Resulting sh ap e of beam cross section

Figure 2. Cross section through beam
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Figure 3. Lateral constraint due to gripping
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Figure 4. Co-ordinate system for plate with inclusion
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Figure 5. Four possible cases of crack growth around a fibre
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Figure 6. Hole with reinforcing rings
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Figure 8. Transverse section through ideal composite
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Figure 9. Kies shear model
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Figure 10. Kies model with added interphase
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Figure 11. Parameters of extended model
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Figure 12. Extended Kies shear model
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Figure 13. Shear model split into blocks
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Figure 15. Simplified form of block 2 , shear model
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Figure 16. Converting to polar co-ordinates
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Figure 17. Relation between angles
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Figure 18. Variations in the tensile strain magnification factor, resin
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Figure 21. Cure exotherm and glass transition temperature
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Figure 22. Differential scanning calorimetry curve for vinyl ester post cured
for 10 minutes at 100 °C
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Figure 23. Differential scanning calorimetry curve for inhibited vinyl ester
subject to various post cure treatments
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Figure 24. Shifted residual cure exotherm
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Figure 25. Differential scanning calorimetry curve for acrylic dried and post
cured for 3 hours at 80 °C
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Figure 26. Schematic of adhesion tests
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Figure 27. Schematic of initial production apparatus
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Figure 30. Schematic of final production apparatus
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Excess acrylic around roving leads to
marbled appearance in cross section

Figure 31. Schematic of marbling in coated fibre composite
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Figure 32. Marbling in coated fibre composite ( X 40)

Figure 33. Close up of marbling ( X 160)

Figure 34. Final apparatus
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Figure 35. Unidirectional fibre composite

LOAD

Fibre a x is

I
LOAD
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Figure 37. Transverse bend testing
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Figure 38. Short beam shear test
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Figure 39. 15° off axis test
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Figure 40. Interlaminar double cantilever beam test
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Figure 41. Dimensions of transverse test sample
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Figure 43. Dimensions of 15° off axis test sample
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Figure 45. Typical plot from DCB test
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Figure 46. S-n curve from longitudinal fatigue testing
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F ig u r e 4 7 . C r o s s s e c t io n th r o u g h u n c o a te d fib r e c o m p o s it e ( X 4 0 0 )

Figure 48. Cross section through coated fibre composite ( X400 )
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Figure 50. Transverse tensile fracture surface for the coated fibre composite
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Figure 51. 15° off axis fracture surface for the uncoated fibre composite
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Figure 53. Close up of damaged area in figure 52
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Figure 54. Coated single fibres

Figure 55. Uncoated single fibres
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Figure 58. Electron beam producing x-rays
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Figure 59. X-ray spectra from coated and uncoated fibres
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Figure 60. Variation of interaction volume with electron beam voltage
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Figure 61. Carbon peak intensity versus position along coated fibre measured
at 10 KeV beam voltage
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Figure 62. Carbon peak intensity versus position along uncoated fibre measured
at 10 KeV beam voltage
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Figure 63. Carbon peak intensity from standard versus beam voltage
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Figure 64. Standard to coating intensity ratio versus beam voltage
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Figure 66. Schematic side view of latex particles
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Figure 70. Coating moduli versus coating thickness
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Figure 75. Shear planes and directions
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Property

Acrylic interphase

Vinyl ester resin

Strength ( M P a)

63.4 ( 17.3)

4.34

Faiure strain ( % )

2.4 (1 .3 4 )

1600

Young’s modulus ( GPa)

3.75 (0 .1 8 )

0.004

TABLE 1. Bulk material properties

Failure stress (MPa)
(standard deviation)

Number of specimens

1. Untreated

1.98 ( 1.39)

6

2. Treated with A 174 silane

15.70 ( 7 .2 )

9

3. U ntreated, acrylic coated

5.68 (2 .0 8 )

7

4. A 174 , acrylic coated

8.04 ( 1.08)

7

Fibre treatment

TABLE 2. Roving lap shear test results

Acrylic concentration / roving
treatment

Short beam shear
strength ( MPa ) ( s )

Marbling condition

First attempt

65.7 ( 2 .4 )

Heavy

5% / scraped

62.6 ( 2 .5 )

Medium

5% / scraped and washed

70.9 ( 2 .7 )

Light

1%

76.2 ( 2 .2 )

No longer visible

/ scraped and washed

TABLE 3. Screening test for optimisation of production process

Specimen

Modulus (GPa)

Strength (MPa)

Coated Fibre
dog bone

17.22 (2.21)

Uncoated Fibre
dog bone

17.31 (2.58)

Fibre volume frac
tion

25.57 (5.71)

Failure strain
<%)
0.174 (0.045)

59.5 %

26.81 (3.20)

0.171 (0.035)

59.5%

TABLE 4. Transverse tensile results
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Specimen

Modulus (GPa)

Strength (MPa)

Failure strain
(%)

Fibre volume frac
tion

Coated

15.21 (1.01)

74.05 (13.85)

0.97 (0.17)

60.0%

Uncoated

14.96 (0.85)

61.31 (5.64)

0.81 (0.09)

60.5%

TABLE 5. Transverse bending results

Composite

Tntralaminar
shear strength
(MPa)

Fibre volume
fraction (%)

Short beam
shear strength
(MPa)

fibre volume frac
tion (%)

Coated fibre

44.80 (4.96)

60

72.41 (3.84)

60.5

Uncoated fibre

38.33 (3.17)

60

68.80 (3.00)

63.5

TABLE 6 . Shear results

Composite

Strength at
1 mm/m in
(MPa)

Longitudinal
Fibre volume frac
splitting thresh tion (%)
old (MPa)

Coated

1532 (26)

800 (2 1 0 )

58

Uncoated

1544 (46)

593 (134)

58

TABLE 7. Longitudinal bending results

Composite

Gl c (K J/m 2)

Fibre volume
fraction (%)

Coated

0.77

60

Uncoated

0.74

60.5

TABLE 8 . Composite fracture energy

171

Maximum stress (MPa)

Fatigue life (log cycles)
coated fibre composite

Fatigue life (log cycles)
uncoated fibre composite

800

5.16

6 .0 1

800

5.29

5.77

800

4.04

5.53

800

6 .2 2

-

950

5.29

5.07

950

4.72

5.61

950

4.88

4.83

1100

4.43

3.78

1100

4.21

4.53

1100

4.37

4.46

1250

3.57

3.93

1250

3.89

3.86

1250

2.89

3.78

1300

2.46

-

TABLE 9. Fatigue test results

Property

Improvement

Transverse bending stength

21

Intralaminar shear strength

17%

Short beam shear strength

5%

Longitudinal splitting threshold

35%

%

TABLE 10. Summary of property improvements
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Beam cur Beam current coated
fibre (xI0"*A)
rent
uncoated
fibre
(x l 0 “*A)

Beam
voltage
(KeV)

Intensity
standard

Intensity
uncoated
fibre

Intensity
coated
fibre

10

25567
(1619)

564 (87)

796 (367) 3.225
(0 .0 0 1 )

3.233
(0.003)

3.259 (0.026)

7

18348
(604)

725(187) 742 (223) 3.465
(0 .0 0 1 )

3.457
(0.004)

3.465 (0.002)

4

12803
(246)

561 (136)

6.387
(0.003)

6.341
(0.006)

6.369 (0.0150

2

511 (30)

313(101) 233 (52)

1 .2 1 0

1.203
(0.026)

1.223 (0.034)

1150
(148)

Beam cur
rent stan
dard
(xl0~* A)

(0 .0 0 1 )

TABLE 12. X-ray intensity results

Beam voltage (KeV)

Normalised intensity
standard

Normalised intensity
coated fibre

Normalised intensity
uncoated fibre

10

23783

523

733

7

15886

629

642

4

6014

265

542

2

1267

781

572

TABLE 13. Intensities normalised to 3.0 x 10“*A beam current

Beam voltage (KeV)

Ratio 7
*9

/,
Ratio 7
*t

10

0.031

32.26

7

0.040

25.00

4

0.090

1 1 .1 1

2

0.451

2 .2 2

TABLE 14. Intensity ratios versus beam voltage
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Free length
( 1)
I

Width (W)

Ratio 1/W

- lo g k

log E (Pa)

E (GPa)

2

0.5

6 .1 1 0

10.31

20.4

1

5

0 .2

5.801

1 0 .1 1

12.9

1

10

0 .1

5.415

9.928

8.5

2

2

1 .0

7.221

10.84

69.2

2

5

0.4

6.900

10.70

50.1

2

10

0 .2

6.640

10.50

31.6

5

2

2.5

8.556

11.16

144

5

5

1 .0

8 .2 0 0

11.13

135

5

10

0.5

7.875

11.05

122

9

2

4.5

9.377

11.37

234

9

5

1 .8

8.988

11.28

191

9

10

0.9

8.723

11.29
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TABLE 15. Modulus of steel substrate versus measurement geometry
Sample
( No.layers
: Run n o .)

Free length
(mm)

Beam width
(mm)

Beam thickness log Ek
(mm)
(stiffness)

1 :1

8.81

1 0 .0 1

0.16

2.532

1 :2

8 .8 8

1 0 .0 1

0.16

2.555

1:3

8.89

1 0 .0 1

0.16

2.616

2 :1

8.92

9.81

0.24

2.648

2 :2

8.89

9.81

0.24

2.734

2:3

8.87

9.81

0.24

2.718

4:1

8.92

9.81

0.32

2.667

4:2

8.75

9.81

0.32

2.694

4:3

8.72

9.81

0.32

2.749

5:1

8.73

10.04

0.42

2.694

5:2

8,75

10.04

0.42

2.781

1 0 :1

8.80

10.28

0.78

2.940

1 0 :2

8.72

10.28

0.78

2.986

10:3

8 .8 8

10.28

0.78

2.909

2 0 :1

8.96

10.28

1.24

3.446

2 0 :2

8.72

10.28

1.24

3.376

20:3

8.92

10.28

1.24

3.396

35:1

9.05

10.70

2.45

3.945

35:2

9.00

10.70

2.45

3.994

35:3

9.11

10.70

2.45

3.917

50:1

8.80

10.75

3.15

4.335

50:2

8.89

10.75

3.15

4.305

50:3

8.80

10.75

3.15

4.299

TABLE 16. Coating tensile modulus versus coating thickness
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Coating thick
ness
(micron)

Coating modulus and one stan
dard deviation (MPa)

Log coating
thickness

Log coating
modulus

55

1267 (674)

1.74

9.103

95

1067 (262)

1.98

9.028

135

440.7 (91.9)

2.13

8.644

185

225.5 (71.4)

2.27

8.353

365

81.5 (8.9)

2.56

7.911

595

80.4 (10.6)

2.77

7.905

12(H)

40.8 (3.2)

3.08

7.611

1550

41.6 (1.8)

3.19

7.619

TABLE 17. Summary coating thickness versus coating tensile modulus

Thickness (micron)

Shear modulus (MPa) Log thickness

Log modulus

680

7.82

2.833

6.893

360

4.40

2.556

6.643

50

0.63

1.699

5.800

TABLE 18. Shear modulus versus acrylic thickness
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