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Abstract

In the strive towards reduced fuel consumption and lower emissions, low
structural weight is becoming a key factor in the design of advanced vehicle
and aerospace structures. Whereas most traditional construction materials
are seemingly reaching their limitations, composite materials with their high
specific properties offer possibilities to further reduce weight. In high demand
structural applications, the quality of the composite material is of utmost im-
portance, requiring the material to be void free and the matrix well distributed
as a binder for the load carrying reinforcement. To achieve proper wetting of
the fibres, knowledge of the flow resistance of the porous fibre reinforcement
is required. It is normally expressed in terms of permeability.

Fibre reinforcements in composite materials are normally regarded as a
heterogeneous porous media since both fabric and tows are porous but at
different length scales. In order to numerically compute the permeability of
such media, one of following two approaches can be used. Either filaments are
added one-by-one into the modelled geometry (resolved model) or the tows
are considered as porous homogenised media. In the latter case expression
for the intra-tow permeability is needed.

In this thesis, a porous homogenised tow model is benchmarked with a
resolved model to the level of refinement possible without being too expensive
computationally. Based on this approach, the permeability of complex three-
dimensional (3D) textiles is computed utilizing computational fluid dynamics
(CFD) analysis. The effect of inter- and intra-tow porosity on the overall
permeability of 2D and 3D structures is analysed and discussed in relation
to contradictions found in past studies. A clearer picture of the problem is
presented, which will be helpful in future modelling and understanding of the
permeability of complex structures. In an experimental study, the overall fibre
volume fraction as well as the tow compaction are varied and their influence
on the permeability is measured. Experimental studies show good agreement
with numerical simulations.

The interlaminar shear strength of thermoplastic composite materials is
studied and the influence of specimen size is examined. Using finite element
(FE) analysis it is shown that size effects may be partly due to statistical
effects and partly due to the higher number of composite layers in thicker
specimens.

The effect of processing on the interlaminar delamination toughness of car-
bon/polyamide 12 (C/PA12) is studied. It is observed that processing con-
ditions have vital effect on the interlaminar delamination of thermoplastic
composites. The mode I crack energy release rate (GIc) of C/PA12 is found
to be 15 times higher than for conventional thermoset based composites and
1.5 times higher than for a thermoset composite with stitched reinforcement
through the thickness. The best performing C/PA12 composite is manufac-
tured in a hydraulic press equipped with a cold tool, thereby showing potential
for both cost and time efficient manufacturing.
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Sammanfattning

Framtidens farkoster måste bli lättare för att medge minskad energiför-
brukning och utsläpp under framdrift. Många anser att detta endast kan ske
genom ökat användande av kompositmaterial då de konventionella konstruk-
tionsmaterialen inte kan pressas till lägre vikt. Kompositer, å andra sidan,
har utmärkta mekaniska egenskaper i kombination med låg vikt. En stor ut-
maning ligger dock i att uppnå den kvalitet som krävs för materialet i dessa
högbelastade applikationer. Detta betyder att kompositen måste vara fri från
defekter som luftbubblor och att matrisen, bindemedlet, måste vara väl för-
delat i den lastbärande fiberarmeringen. För att uppnå vätning av fibrerna
krävs kunskap om det porösa fibermaterialets permeabilitet.

Armeringen i kompositmaterial betraktas normalt som heterogena porösa
media eftersom både den textila arkitekturen och de ingående fiberbuntarna
är porösa, men på olika längdskalor. För att beräkna permeabiliteten hos ett
sådant material kan en av följande två metoderna användas. Antingen läggs
varje liten fiber in i den modellerade geometrin (upplöst modellering), eller
så betraktas fiberbuntarna som porösa homogeniserade media. I det senare
fallet måste värden för fiberbuntens permeabilitet anges.

I avhandlingen implementeras de två modelleringsmetoderna i numeriska
flödessimuleringar (CFD) och resultaten jämförs. Inverkan från porositeten
inom och mellan fiberbuntarna analyseras och en möjlig förklaring till en para-
dox från tidigare studier presenteras. Detta förväntas vara till hjälp i framtida
modellering av komplexa fiberstrukturer. Vidare beräknas permeabiliteten för
en komplex 3-dimensionell (3D) arkitektur genom att i beräkningsmodellen
återskapa fiberbuntarnas verkliga geometri. I en experimentell studie varie-
ras volymfraktionen fiber och fiberbuntarnas kompaktion och inverkan på
permeabiliteten undersöks. De experimentalla resultaten överenstämmer väl
med nummeriska prediktioner.

Interlaminär skjuvhållfasthet hos termoplastiska kompositmaterial under-
söks och specifikt studeras effekten av varierande provstorlekar. I finita ele-
ment (FE) analyser visas att storlekseffekten kan bero på statistiska effekter,
men delvis även på att tjockare laminat innehåller fler lager och därmed är
relativt mer homogeniserade än tunna laminat.

Slutligen konstateras det att tillverkningsprocessen har en avgörande inver-
kan på det interlaminära delaminationsmotståndet hos termoplastiska kom-
positer. Den interlaminära brottsegheten ( GIc ) i Modus I för C/PA12 visar
sig vara 15 gånger högre än för konventionella härdplastkompositer och 1,5
gånger högre än för en härdplastkomposit med sydd armering genom tjock-
leken. Det aktuella materialet tillverkas med fördel genom pressning i kallt
formverktyg, vilket ger kort cykeltid och resurseffektiv tillverkning, något som
förväntas vara viktigt för framtidens produkter.
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1 Background

Economic, environmental and other challenges in the new era bring different needs
for materials. There are many engineering applications where weight reduction is
the primary concern without compromising strength or stiffness. Some of these
applications are shown in Fig. 1. Fibre reinforced polymers (FRP) are emerging
rapidly in the advanced applications due to their light weight.

Figure 1: Different applications of advanced materials, (courtesy of explainthat-
stuff.com and bigfoto.com).

An aircraft designer, for example prefers a light weight material but with the
same or higher strength. Because a lightweight aircraft can achieve more mileage
for the same amount of fuel in comparison to a heavier one. The same is true for
automotive and other means of transport. However, motivation for light weight
materials is not limited to these fields, one can find their applications in the daily
life as well. A tennis player, for example, would like to have a durable tennis racket
which does not break during a game. However, in order to play a long tough game
for victory, she/he would certainly like to have a lighter racket. There are many
more applications of composite materials, for example ships, boats, microelectronic
devices, medical equipment, chemical processing equipment, satellites, spacecraft
etc.

FRP consist of two or more constituents which are normally based on a ma-
trix and a reinforcement. While metals have the same strength in all directions,
composites can be made strong in preferred directions. For example a unidirec-
tional composite material will be very strong in the fibres’ longitudinal direction
but subsequently weaker in the transverse directions. Other benefits of compos-
ite materials include excellent fatigue resistance, good dimensional stability, low
thermal expansion, excellent corrosion resistance etc. [1].
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1.1 FRP constituents

1.1.1 Reinforcements and their forms

The macroscopic strength and stiffness of the composite material as an ideal case
depends on the reinforcement because it bears most of the structural load in ten-
sion. The reinforcement can be found in different shapes, for example particles,
nano fibres, short fibres and continuous fibres. Continuous fibres may either be
randomly distributed or aligned in the longitudinal direction inside the matrix.
Since the reinforcement is the main load bearing constituent in composite struc-
ture, a common type of reinforcement in composite manufacturing is continuous
aligned fibres [2]. Different types of fibres are available, for example glass, carbon,
aramid and polymer etc. Fibres used in the composite field are in general very
small in cross section, for example the diameter of glass fibres ranges from 3µm to
25µm. The diameter of carbon fibres ranges from 4µm to 11µm [2]. For most com-

Figure 2: A carbon fibre (on top) and the human hair(underneath). Courtesy of
Wikimedia Commons.

posite applications, a carbon fibre is about 7µm in diameter that is approximately
1/10 of an average human hair which is about 70µm in diameter [3]. In Figure 2 a
micrograph of a carbon fibre and an average human hair is shown to highlight the
difference in the scales.
Due to their tiny cross section, fibres are difficult to handle individually. There-

fore they are supplied in bundles i.e. yarns or tows. In most of composite ap-
plications, glass fibre yarns are twisted bundles of fibres which are called roving.
Carbon fibres are also supplied in tows or yarns, however they are more aligned
longitudinally in a tow. There are several thousands of fibres in a single tow. For
example a typical carbon fibre tow may contain 3, 6 or 12 thousand carbon fibres,
commonly denoted as 3k, 6k and 12k respectively.

Tows are then arranged in various styles of fabrics for example using stitching,
weaving , knitting etc to facilitate handling. Different kinds of the reinforcement
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Figure 3: (a) A carbon fibre bobbin and a 12k tow, (b) Different types of fabric
made of fibres.

textiles include unidirectional, bi-directional stitched, woven, braided and knitted.
Some of them are shown in Fig. 3.

1.1.2 Matrix systems

The other constituent in a composite material is the polymer resin, also called the
matrix. It is the matrix which works as binder and holds the reinforcement in place,
and gives a shape to the composite. The matrix also protects the reinforcement
from environmental effects. Under the compressive loads the matrix provide lateral
support to the reinforcement to prevent the fibres from buckling. [2]. Polymers can
be divided into two categories, namely thermosets and thermoplastics.
Thermosets are comparatively low molecular weight polymers found in liquid

state at room temperature when uncured. However, curing is an irreversible pro-
cess and once cured or cross-linked, they cannot be remelted. The main advantage
of thermoset resins is the low viscosity in the uncured state. Therefore impregna-
tion of the reinforcement is convenient and cost effective. Since the cross linking
results in very strong bond, thermoset based composite materials are resistant to
solvents, moisture and corrosion. Other benefits of thermoset composites also in-
clude excellent adhesion, good surface finish, tailoring of physical properties and
fatigue strength etc.

On the other hand, thermoplastics are characterized as higher molecular weight
polymers since they are usually fully polymerized when supplied to the end user.
Therefore no chemical reactions occur while processing the composite material with
such resin. There are other benefits of thermoplastic over thermoset composite ma-
terials as discussed by Vieille et al [4]. Thermoplastics are tougher than thermosets
therefore they are more resistant to delamination. Since no chemical reactions are
involved in the manufacturing of thermoplastic composites, working environment
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is clean and good for the health of workers involved. They have virtually infinite
shelf life, also handling is easy and less expensive. Since thermoplastics can be
remelted therefore joining/welding is also possible with such composites. In prin-
ciple recycling is also possible for such composite materials, however, separation of
fibres from the resin is seldom straightforward. Thermoplastics also require very
short demoulding times. Therefore they are suitable for high volume production.

1.2 Manufacturing concepts

Manufacturing of composite materials is a challenging task in a sense that the
material and the final product are manufactured at the same time.
Even though there is a requirement for strong bond between matrix and the

reinforcement, but at the same time too strong bond may also leads to the abrupt
brittle failure of both the matrix and the reinforcement [5]. There exist different
mechanisms involving the bond between the matrix and the reinforcement. For
example adsorption and wetting, chemical bonding etc., the interested reader may
consult reference [5] for more details. For all cases, complete wetting of the fibres
by the resin is necessary. To make it happen, the resin must flow through the whole
bundle in such a way that it completely surrounds the surfaces of the fibres.

The most important aspect of the composite manufacturing is the impregnation
of the reinforcement. For example 1 ml of an average carbon fibre composite with
a fibre volume fraction of 0.6 contains 16 km of carbon fibres, 0.4ml of resin and
an interface area of 0.34 m2 (data extracted from [2]). This can be exemplified by
wetting the surface of about 8 pages of this thesis with only 0.4ml of resin. This
shows the complexity of the problem in impregnating the reinforcement, especially
in a case when the viscosity of the resin is also high, as in the case of thermoplastic
composites. The viscosity of thermoset and thermoplastic resins is very different.
For example the viscosity of thermosets is around 0.2-1 Pas at room temperature,
where the viscosity of thermoplastics may ranges from 10 to 105 Pas [2].

1.2.1 Thermoset composites

A conventional method for resin impregnation is the wet layup; in this process resin
is applied to each ply of the reinforcement followed by stacking of the plies on top
of each other. Either hand held roller or automated rollers may be used to press
the resin on the reinforcement layers.
In some cases the reinforcement mats are impregnated in such a way that the

resin is cured only partially. These mats are called pre-impregnated reinforcement
or simply prepregs. Prepregs are widely used in the composite industry where high
cost, high performance and comparatively large parts are manufactured. Prepregs
are available commercially, however, due to their high cost and handling problems,
their use is particularly limited to defence and aerospace industry.
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Another method for manufacturing of composite structures is liquid composite
moulding (LCM) which is extensively used in civil, automotive and aerospace in-
dustry for manufacturing of thermoset composite parts. Various types of LCM

Figure 4: Schematic diagram of an RTM process [2].

include Resin Transfer Moulding (RTM), Vacuum Assisted Resin Transfer Mould-
ing (VARTM) and Structural Reaction Injection Moulding (SRIM). These are ef-
ficient manufacturing processes characterized by low volatile organic compounds
and minimum scrap rate. Good surface finish on both sides of the parts, very good
dimensional tolerances and low tooling cost are some of the characteristics of these
processes. In an RTM process, the impregnation is carried out in a closed mould.
Dry reinforcement is placed in a mould, afterwards it is impregnated with ther-
moset resin. A schematic of an RTM process, redrawn from [2] is shown in Fig. 4.
This process is very well suited for the impregnation of the preforms1.

1.2.2 Thermoplastic composites

Even though thermoplastic composites have been in the market for a long time, they
could not find much attraction in the industry in comparison to their thermoset
counterparts. The main reason is the high viscosity of thermoplastic resins which
makes it difficult to achieve good impregnation and wetting of the reinforcement.
Thermoplastic composite materials can also be manufactured in various ways, how-
ever, there is still no widely accepted commercial method. Some of the manufactur-
ing processes for thermoplastic composites are liquid moulding, injection moulding,
compression moulding and powder impregnation. Liquid moulding process is the

1preform is the near net shape of the product made of only the reinforcement, See Fig 11.
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same as described in section 1.2.1, however, prepolymers2 of thermoplastic resins
are used to address the viscosity problem. For most of the injection moulding the
thermoplastic resins are used in molten form. Whereas in powder impregnation a
fine powder of the thermoplastic matrix is impregnated in the reinforcement either
using slurry or fluidized powder bed.
Another technique for impregnation of reinforcement with thermoplastic resins

is the commingling. In commingled composite materials, the resin filaments are

(a) Random mingling. (b) Side by side mingling

(c) Centre mingling, resin fi-
bres inside

(d) Centre mingling, resin
fibres outside

Figure 5: Schematic diagram of various ways of commingling reinforcement and
resin fibres. Small blue circles represent the reinforcement, and larger green circles
are resin fibres.

mingled with the reinforcement fibres in a tow. Since the resin is mixed with the
reinforcement in dry state, this is also referred as dry-preimpregnation. The main
benefit of such preforms is that they have infinite shelf life, also handling of preforms
as well as manufacturing of final products is straightforward. Commingling of the
resin and reinforcement fibres can be achieved in different ways, for example as
shown in Fig. 5. The basic purpose of commingling is to reduce the length of
the flow paths of resin to a minimum level. In this way, thermoplastics which are
highly viscous, can easily and efficiently consolidate the reinforcement. In principle,

2A prepolymer is a thermoplastic which has not been fully polymerized. Therefore its viscosity
is relatively low.
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the best consolidation and wetting of the reinforcement can be achieved if the
constituent fibres are mingled randomly as shown in Fig. 5a.

Figure 6: Micrograph of a single yarn, showing the mingling of carbon fibres and
the thermoplastic fibres.

Figure 7: Hot press.

A tow of C/PA12 commingled material is analysed under the scanning electron
microscope (SEM) as shown in Fig. 6. Clearly there is a random mixing of the
reinforcement and the resin fibres. The whitish lines in the micrograph are carbon
fibres and the larger greyish lines are PA12 resin fibres.

Manufacturing of commingled thermoplastic composites is comparatively simple,
and it involves only heat and pressure. However, the manufacturing parameters
such as pressure, temperature and time may have critical effects on the properties
of the composite. The process involves heating the preform well above the melting
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Figure 8: Micrograph of a C/PA12, showing consolidation quality.

temperature of the resin followed by the application of a suitable pressure. In gen-
eral, vacuum pressure is not enough for such materials, and a hot press is required
for this purpose.
A hot press and the micrograph of the manufactured part in this press is shown

in Figs. 7 and 8. Very good quality of consolidation can be seen. Since chemical
reactions are not involved, the process is generally considered clean for the working
environment. The process cycle time for manufacturing of the commingled com-
posite materials can be very short, making this process very efficient. Therefore,
such materials are suitable for high volume industry such as automotive.

1.3 2D vs 3D reinforcement

In 2D reinforced composites, the fibres are aligned in a plane with plies of the
reinforcement stacked on top of each other. Plies with the fibres aligned along
the xy plane, are schematically shown in Fig. 9. In order to align the fibres, it
is important to ensure that the plies do not slip during the processing. Therefore
it is time consuming resulting in costly product. If the plies are displaced during
manufacturing it may deteriorate the properties of the final product.

Since the laminated composites lack reinforcement in the through thickness di-
rection, they exhibit poor out-of-plane properties. These properties are governed by
the low strength and stiffness of the matrix and the matrix/fibre interface. Brittle
nature of thermoset resins also contributes to this problem [6,7].

Another problem with 2D reinforced composites arrives when they are used for
structural profiles, for example T-beam as shown in Fig. 10. For this type of
profiles, the critical area is the junction laminates as shown in the figure. Even
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Figure 9: Schematic diagram of 2D reinforcement stacking.

though, some type of filler is used to avoid the resin rich region, still the failure
generally occurs near the filler area (see the figure) because the load transfer in the
curved area generates a strong multi-axial stress field [1].

Figure 10: Schematic diagram of 2D laminated 3D structure, redrawn from [8].

One way to improve the out-of-plane properties is to use a tougher resin, this will
be discussed in section 3.2. Alternatively reinforcement can be added in the through
thickness direction. For example, this can be achieved by employing 3D-weaving.
There are different methods for producing 3D-weave as classified by Khokar [9–11].
These processes are 2D woven 3D fabrics, 3D-woven 3D fabrics, and Non-interlacing
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Orientating Orthogonally and Binding (Noobing) fabrics, which is also referred as
3D orthogonal weave [8].

Figure 11: Dry preforms of 3D-woven textile; courtesy of Biteam AB, Sweden.

In 3D woven 3D fabrics, warp yarns and horizontal and vertical weft yarns are
mutually perpendicular. [12]. This is a new technology invented by Khokar [9] in
which the yarns are fully interlaced. Various kinds of profiles can be woven with
this process as shown in Fig. 11. For more details the interested reader is referred
to [8].

Since 3D weaving also includes reinforcement in the through-thickness direction,
therefore the composites made of these textiles are likely to have very good out-of-
plane properties. In such a process the reinforcement preforms are near net shape of
the final product. Therefore this process needs less labour time and efforts to man-
ufacture a final product. This also reduces the need for post joining processes. Very
complex geometries can be produced with 3D weaving. However, this also brings
new challenges to impregnate the preforms efficiently, so that the resin reaches all
the complex regions of the preform.

1.4 Objective and scope

The aim of the current thesis is to characterize the permeability of dual scale fibrous
structures and to analyse the interlaminar properties of composite materials.
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Composites are regarded as the heterogeneous porous medium because both the
reinforcement fabric and the tows are porous. In order to characterize the perme-
ability of such medium, one of the following two approaches can be used in the
numerical analysis. Either the filaments are added in the geometry or the tows
may be assumed as a porous homogeneous medium containing viscous resistance.

A porous homogenised tow model is benchmarked with the resolved model as
a first step because no past study could be found with such a comparison. The
experimental findings and the numerical results in the past were contradicting about
the effect of intra-tow permeability on the overall permeability. Second objective
was to resolve this issue and to emphasise the level of refinement required for further
study of complex dual scale geometries.

As a second step an experimental study is performed on the novel 3D-woven
preforms to study how different textile parameters influence the longitudinal per-
meability. The effect from three different parameters, namely surface to interior
ratio, fibre volume fraction and warp yarn crimp on the permeability of the textile is
studied. The experimental findings are then used to validate the numerical results
for the overall permeability of the complex structures. Effect from the inter- and
the intra-tow porosity on the overall permeability is also studied in the numerical
simulations.

As a third step the interlaminar properties of layered composites are studied.
Size effects on the interlaminar shear strength of thermoplastic composites are also
analysed. It is shown in a finite element analysis that the effect from lack of layer
scaling of the composite coupons also contributes in reduction of this property for
larger specimens. The effect of processing on the interlaminar delamination tough-
ness of C/PA12 is also studied. The results are also compared with conventional
3D stitched thermoset omposites.
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2 Porosity and Permeability

2.1 Porosity

In Fig. 12, three jars are shown, each containing different sizes of pebbles. If water
is poured through these jars, it can flow easily though the glass with the larger
pebbles, where it faces the most resistance to flow through the glass containing the
smallest size pebbles. In all of the jars shown in the figure, there exists some open
region which facilitates the flow of fluid through the medium. Such a medium is
called porous medium. The porosity may be defined as

φ = Vp

Vt
, (1)

where, Vp is the volume occupied by voids, and Vt is the total volume of the medium.

Figure 12: Different size of stones showing different scales.

2.2 Permeability

2.2.1 Isotropic medium

Darcy’s law is commonly used to describe the flow through a porous medium. It
states that for a Newtonian fluid the volumetric flow rate, Q is given by

Q = −κA
µ

∆p
L
, (2)

where A is the cross sectional area of the one-dimensional representation of the
flow, ∆p/L is the pressure difference over the length L, µ is the dynamic viscosity
of the fluid and κ is the constant of proportionality called as the permeability of
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the porous medium. All the interactions between the fluid and the porous medium
are lumped through the permeability in the Darcy law.
The simplest model to predict the permeability of a porous medium can be

expressed as [13]

κ = φ3

τ2A2
v

, (3)

where, τ is the tortuosity and Av is the specific surface area defined as the ratio
of the interstitial surface area to the bulk volume of the porous medium. Tortuosity
is the ratio of the actual path of the fluid particles to the shortest path length in the
direction of flow [14]. Arbitrariness of the tortuosity however, makes it difficult to
apply this model [13]. A general relation for the permeability of a porous medium
can be expressed by Kozeny-Carman relation [13]:

κ = R2

4k
φ3

(1− φ)2 , (4)

where, R is the radius of presumingly spherical particles and k is an empirical con-
stant often called the Kozeny constant. Eq.(4) was originally derived for granular
beds, similar to the porous medium shown in Fig. 12, therefore the permeability
was assumed to be the same in all directions, i.e. isotropic.
It is clear from Eq. (4) that even if the jars in Fig. 12 have the same porosities,

they will have very different permeabilities due to the sizes of the pebbles.

2.2.2 Single scale fibrous porous medium

The reinforcement fibres in a tow may be considered as a bed of aligned rods as
shown in Fig. 13. As can be seen there is more room for the fluid to flow in the
cross sectional view (bottom left of Fig. 13), and even if the cylinders are packed
tightly there remains space in between the rods. This means that the permeability
of such medium may not necessarily be the same in all directions. Therefore, Eq.
(4) is not the true representation of the permeability of such media. Remedy to this
deficiency was initially proposed by Gutowski et al. [15] who used the unidirectional
reinforcements and suggested different Kozeny constants in different directions.

It has also been critically questioned by different researchers if the Kozney con-
stant is in fact a constant. It was stated in [16, 17] that the Kozney constant is a
weak function of the fibre volume fraction. Another disadvantage with the Kozeny-
Carman model is that it predicts non-zero permeability in the transverse direction
even for maximum packing of the fibres, which is not true in practice. Fluid flow
through the transverse direction can be obstructed completely if the cylinders are
perfectly aligned and packed tightly. This problem was also addressed by Gutowski
et al. [18] who suggested a modification to this model by introducing the maximum
packing of the fibres in the model. The following expression was suggested for
permeability
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Figure 13: Schematic diagram of aligned bed of solid rods. A cross sectional view
is also shown.

κ =
R2

f

4k′

(√
1− φc

1− φ − 1
)3

(
1− φc

1− φ + 1
) , (5)

where, k′ is the modified Kozeny constant in the respective direction of flow, and
Rf is radius of the fibres, φc is the critical porosity below which there is no flow
possible in the transverse direction. φc is 1 − π/(2

√
3) for hexagonal packing and

1− π/4 for square packing of circular filaments. One problem with Eq. (5) is that
the value of k′ needs to be evaluated through experiments.
Sangani and Acrivos [19], Hjellming and Walker [20], Brusckke and Advani [21]

and Gebart [17] performed analysis for flow across the infinitely long aligned ar-
rays of cylinders arranged in hexagonal or square packings. Among these models,
Gebart’s model is the most widely accepted in the past studies, see e.g. [22–28].
This model has also been verified by different researchers with very good agree-
ment [22,28]. It is also verified in the appended Paper A of this thesis.

Gebart [17] derived expressions considering permeability for flow around imper-
meable cylinders. Both square packing of the fibres and the hexagonal packing were
considered in his study. His expressions for the permeability are
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κ⊥ = C

(√
1− φc

1− φ − 1
)2.5

R2
f , (6)

κ‖ =
8R2

f

c

φ3

(1− φ)2 , (7)

where, C is a constant depending on the type of packing of the filaments. Gebart’s
relations are different than the Kozeny-Carman and Gutowski relations in that they
do not include empirical constants.

2.2.3 Dual scale porous medium

The models presented in [15, 17, 18, 21, 22] were single scale models, because re-
inforcements were considered to be distributed homogeneously in the medium as
shown in Fig. 14a. However, as described in section 1.1.1, due to the handling

Figure 14: Homogeneous and heterogeneous arrangement of reinforcement.

reasons fibres are commonly supplied in tows which are then arranged in different
kinds of mats of reinforcement as shown in Fig. 3.
In Fig. 14b an ideal representation of arrangement of tows is shown in a uni-

directional mat. If hexagonal arrangement of carbon fibres with diameter 7µm is
assumed, then for maximum packing (vf )=0.91, the size of a tow will be 0.17-
0.35mm for 3k or 12k tow respectively. This means that the flow through the mat
may be considered at two different length scales. Therefore, even if the porosities
are the same, the permeability will be very different inside and outside the tows.
The porosity inside the tow is referred as the intra-tow porosity (φt), where the
porosity in between the tows is called as the inter-tow porosity (φs). The overall
porosity (φo) of such a medium is then

φo = φt + φs − φtφs, (8)

Similarly the permeability inside the tows is referred as the intra-tow permeability
(κt). The permeability through the tows is called the inter-tow permeability (κs).
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Where the permeability of the overall medium is called the overall permeability (κo).
Initially Phelan [29] introduced the concept of inter and intra-tow flow. Later there
was extensive work done by different researchers in this field.

In practice, tows of a reinforcement mat are not circular, they are more elliptical.
In Fig. 15, a more realistic presentation of a 2D-woven mat is shown.

Figure 15: Schematic diagram of 2D woven fabric.

Sadiq et al. [30] performed an experimental investigation for flow across an ideal-
ized bed of aligned tows with square packing. It was concluded that κo of a system
with porous tows was 25% higher than the corresponding case with the solid tows.
It was also shown by the authors that κs with solid tows was 2-3 orders of magnitude
higher than κt. Ranganathan et al. [31], showed the dependence of κo on κt from
a semi analytical model of flow across aligned cylinders of elliptical shape. They
concluded that the effect of κt is insignificant if κs with solid tows is two orders of
magnitude higher than κt. Nedanov and Advani [24] also supported the statement
of Ranganathan et al. It was also stated by Gooijer et al. [32] that the intra-tow
flow was insignificant in comparison with the inter-tow flow. The contradictions in
the past experimental study [30] and the studies in [24, 31, 32] is possibly resolved
in Paper A.

Lu et al. [33] studied fluid flow through monofilament filter cloths using Fluent
software to analyse three different weave types; plain, twill and satin, using the
orifice analogy. It was observed that the macro pores inside the woven fabric have
profound effect on the flow properties.

Papathanasiou [34,35] performed simulations using the boundary element method
to investigate κo of a structure with square packing of tows, also assuming square
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packing of fibres inside the tows. An expression was presented

κo = κs

(
1 + α

(
κs

κt

)n−1.5
)
, (9)

where α and n were estimated using curve fitting. The findings in Paper A are also
compared with the past studies [17, 35] and very good agreement is found. Also,
these findings are in line with the past studies [24,31,32]. It is however found that
the findings in Paper A are not in line with [30]. However, it is further presented
that in [30] the permeabilities for solid and porous tows were not compared at
same porosities. Taking that into account, the results from Paper A and all the
past studies are well in agreement.
In order to model the flow through the dual scale fibre structure, two approaches

are commonly adopted

• filaments are physically modelled in the geometry, referred to as resolved
models,

• tows are considered as homogenized porous media and the influence of the
filaments inside the tows is represented by a parameter κt.

Both approaches are presented in Paper A, and the refinement required for mod-
elling the permeability of a dual scale structure is emphasised for future modelling
of complex geometries.

2.3 Permeability of 3D-reinforced composites

Permeability can either be estimated experimentally or through numerical compu-
tations. For 2D mats of reinforcement, there exist established methods to com-
pute the permeability experimentally. However, there is no established method for
measuring the permeability of 3D structures. There are also great variations in
the experimentally measured permeabilities reported in the literature. Parnas et
al. [36] attributed the discrepancy to the use of different fabric architectures in the
studies.
Ngo and Tamma [23,25], used a unit cell of woven preform to predict the perme-

ability of a 3D woven structure. They employed Gebart relations [17] for the input
permeability inside the tows. Nabovati et al. [37], investigated a flow through a
highly idealized 3D multifilament structure of dual length scale. Therefore φt em-
ployed in their models was rather high (0.64− 0.80). Imagine a complex 3D textile
architecture as shown in Fig. 16. It is impractical and computationally very costly
to use a resolved modelling technique for such a model.
In Paper B, the permeability of a novel 3D architecture is measured experimen-

tally. The same architecture is then analysed using computational fluid dynam-
ics (CFD) modelling in Paper C to characterize the permeability of the material
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Figure 16: Model of a 3D woven textile fabric, box with black border is the RVE.
Courtesy of Hallström and Stig.

numerically. In the past studies, the geometries analysed were of highly ideal-
ized nature in a sense that they utilize only circular or perfect elliptical shapes
for computation of the permeability. With such geometries, it is not possible to
achieve real fibre volume fractions. In practice, the tows of a composite material
are irregular elliptical shape. For 2D/3D woven preforms, the cross sections of the
tows may become very irregular, especially at the crossovers. Taking this fact into
consideration, a novel 3D-woven geometry is utilized for the CFD analysis.
Due to full interlacing of the tows in 3D-woven preforms, the cross section as well

as the direction of the tows vary between different positions. Models containing the
detailed information of the input κt were initially developed. Comparison of these
models with the models containing coarser details of input κt however show no
large difference in the overall permeability. A full tensor of the permeability is also
computed for the models with different φs, it is presented in Paper C.
Flow path-lines coloured by velocity in the flow direction are presented in fig. 18

showing the complexity of the flow for such geometries.
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(a) UC with tows (b) Region of resin fill in UC

Figure 17: UC for the 3D model with φs = 0.2.

Figure 18: Path-lines coloured by the velocity along their flow direction, φs = 0.3.
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3 Interlaminar properties of composites

Interlaminar failure is very common in the laminated composite structures. The
out-of-plane loads which leads to the interlaminar stresses in laminated structures
and may cause delamination are shown in Fig. 19.

Figure 19: Various out-of-plane loads which may lead to delamination in the lami-
nated structures. Curtsey of Professor Tonny Nyman and Professor Dan Zenkert.

3.1 Interlaminar shear properties-size effects

The inter-laminar shear strength (ILSS) is an important property of a composite
when subjected to out-of-plane loads. A short beam shear (SBS) test is usually
employed to determine the ILSS of a composite material. The complexity of the
internal stresses makes it difficult to relate the results obtained from this method to
one single property. However, since interlaminar shear strength is dominating, this
method is still valid for comparison and quality assurance [38]. Different failure
modes can occur in a SBS test. These failure modes are discussed in detail by
Daniels et al. [39] and are:

• interlaminar shear failure
• tensile failure
• compressive damage under the top roller
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• permanent plastic deformation or compression jamming

ILSS may be considered valid if the specimen fail in an interlaminar shear failure
mode. There may also be combination of theses failures in the SBS test as shown
in Fig. 20.

Figure 20: Schematic diagram of failure modes in SBS test, redrawn from [40].

Commonly the classical beam theory is used to compute the ILSS where it is
assumed that the shear stress field is of parabolic nature, with maximum stress at
the mid plane of the specimen. However, due to non-linear nature of stresses and
inhomogeneous features of the composite material, it is more likely that delami-
nation cracks distribute over the thickness. The stress concentration near the top
roller as pointed by Cui et al [41], and in Paper D could also initiate failure. Due
to these reasons the ILSS obtained through this method is generally referred as
apparent ILSS.

Size effect of the structure on its nominal strength is an old problem [42]. For the
thermoset composites, size effects are prominent since these materials present brittle
behaviour [43]. While there are numerous past studies about the size effects of
thermosets, few are found for the thermoplastic composite materials. In this thesis
work size effects are studied on the ILSS of commingled thermoplastic composite
materials C/PA12 and carbon-polyethylene terephthalate (C/PET).

In the past studies, size effects in composite structures were considered by scal-
ing the outer dimensions of the specimens. One would assume that when having



Introduction 25

Figure 21: Schematic diagram of true scaling of layers in a lamina.

the right failure mode, all specimens would result in the same ILSS provided no
statistical scaling effects are present. However, layered materials can not be fully
scaled experimentally due to fixed layer thickness. Therefore finite element (FE)
simulations are performed. Layer scaling in a composite coupon is exemplified
schematically in Fig. 21. It is found that the scaling effects, which in the past
have been described as statistical only, may also be influenced by the lack of layer
thickness scaling.

3.2 Interlaminar fracture toughness

As stated in section 1.3, conventional thermoset composite materials have poor
out-of-plane properties. Therefore delamination is a common problem for such ma-
terials. As reported in the past studies, the mode I critical strain energy release
rate (GIc) of conventional thermoset based composites is 0.2-0.4 kJ/m2 [44]. The
brittle nature of thermoset resins is one of the main reasons for proneness to delam-
ination of these materials [6, 7]. In the past, various ways to improve the through-
thickness properties of conventional composite materials have been suggested. For
example use of additives such as rubber based tougheners to increase the toughness
of the resin [6, 45], others also used nano-particles for this purpose [46–48].
Through-thickness mechanical properties of composite materials can also be im-

proved by use of stitched reinforcement in the out-of-plane direction or by Z-
pinning [49]. Many studies have reported that the interlaminar toughness improved
to a great extent by using this method [50, 51]. However, there are some studies,
which show that the stitching also degrades the in-plane properties of a composite
material [52–54]. The pros and cons of stitched composites are briefly discussed
by Mourtiz et al. [55]. Alternatively, 3D woven and braiding are recently emerging
techniques in the composite field.

One solution to overcome the problem of delamination is to use a tougher resin
e.g a thermoplastic. In Paper E, the delamination properties of commingled ther-
moplastic composites are analysed and a comparison is also made with the stitch-
reinforced thermoset composites.
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3.2.1 Delamination in composites

Double cantilever beam (DCB) is commonly used for the analysis of opening Mode
I interlaminar fracture toughness of the composite materials with continuous fibre
reinforcements. In [56] this test is recommended for unidirectional fibre reinforced
composite materials. However in many past studies this method has been used for
various kinds of reinforcements see e.g. [55, 57,58].
DCB tests are performed in Paper E to characterize the delamination toughness

of C/PA12 as shown in Fig. 22. Also, the effect of processing conditions is studied.
Performing DCB tests is a challenge for this material since it is very resistant
to delamination. Initially, DCB samples with thickness 3 to 4.5mm were used,
however, the tests did not succeed because the split lever arms broke before the
crack propagated. To improve the bending strength, thickness of the specimens
was increased by gluing tabs on both sides of the specimen. However, due to poor
adhesion properties of PA12, the tabs were separated during the test before the
crack propagated. Therefore, the number of plies were increased to enhance the
bending strength of the specimens.

Figure 22: Photograph of an ongoing DCB test.

From the DCB tests, it is observed that the time above resin melting temperature
in the press has vital effect on the properties of the composite. It is observed that
the resin was squeezed out from the specimens which spend more time inside the hot
press. It is presented in Paper E that drainage of resin is the major cause to reduce
delamination toughness of the material for longer time in the hot press. It is further
presented that C/PA12 can be manufactured using a conventional press. Therefore,
cost effective and efficient manufacturing can be achieved, which is required for high
volume production of parts, for example in the automotive industry.
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4 Contribution to the field

A porous homogenized tow model was benchmarked with the resolved model which
was not presented in the past. A very clear picture of the effect of the inter- and
intra-tow porosity on the overall permeability of the dual scale porous structure
is presented confirming some conclusions and clarifying some of contradictions in
previous work.
The permeability of a novel 3D structure is studied experimentally. The effect

on the overall permeability is studied from three parameters; surface to interior
ratio of the yarns, fibre volume fraction and warp yarn crimp. The fibre volume
fraction is varied in three different ways and the effect on the overall permeability
is studied. In this way homogenized and localized effects of the inter-tow porosity
on the overall permeability are studied.

The porous homogenized tow model is used for estimating the overall perme-
ability of complex 3D-woven structures. The models used in the study are novel
and near to the real 3D-woven geometry in a sense that full interlacing and local
shape variations of the tows are taken into account. Such analysis of 3D complex
structures were not presented before. This method can be used for estimating the
permeability of many types of complex dual scale porous structures.

The interlaminar shear strength of two kinds of commingled thermoplastic com-
posite materials is characterized experimentally. The statistical size effects and
the layer scaling effects are studied separately which would be helpful for better
understanding of such effects.

It is shown that a hot press - which seems to be considered necessary for ther-
moplastic composites manufacturing - can be replaced with a conventional cold
press and even provide better delamination toughness. Such a material can bring
revolutionary changes in mass production of composite manufacturing. The su-
perior delamination toughness presented for commingled thermoplastic composite
(C/PA12) will be helpful in manufacturing better quality of products.
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5 Summery of appended papers

Paper A

The effect of various parameters on the overall permeability of a two dimensional
dual scale fibrous structure is studied employing computational fluid dynamics.
The model is benchmarked with previous studies using both solid tow and porous
homogenized tow models. Porous homogenized tow models are also benchmarked
with the resolved model. Very good agreement is found with previous studies and
the resolved model.
The simulations suggests that the intra-tow porosity has an insignificant influence

on the overall permeability, whereas inter-tow porosity has very strong effect, in
respect to the real composite structures, for which the size of the fibres is two orders
of magnitude lower than the size of the tows. A contradiction found among the
past studies is also resolved in this paper.

Paper B

Experimental measurements of the permeability of fully interlaced 3D-woven carbon
fibre preforms are performed. The effect on the permeability from three different
parameters is studied by altering the architecture of the woven preforms and varying
the fibre volume fraction. The influence from the geometrically different surface
layers of the woven preforms, fibre volume fraction and warp yarn crimp on the
permeability of the textiles is studied. It is concluded that the effect is not consistent
in terms of the fibre volume fraction alone, but depends on how it is varied.

Paper C

Various modelling aspects of the permeability of 3D-woven textile preforms are
studied using computational fluid dynamics. It is found that variations in the
local intra-tow permeability, both in magnitude and direction, have little effect
on the overall permeability of the fabric. φs on the other hand proved to have a
significant influence. A complete permeability tensor is also computed for which
the off-diagonal values of the overall permeability are negligible compared to the
principal overall permeability. Good agreement is found between the experimental
and numerical results.

Paper D

Size effects for C/PA12 and C/PET thermoplastic composite materials are inves-
tigated. In the present study along with the statistical size effects performed ex-
perimentally, two types of scaling are considered using finite element analysis. It is
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presented that the size effects are partly due to volumetric effect and partly due to
lack of layer scaling in the layered composite coupons.

Paper E

The interlaminar delamination properties of carbon/PA12 are evaluated using a
double cantilever beam test method. The effect of consolidation time on the in-
terlaminar properties of this material was also studied. It was found that the
consolidation time has prominent effect on the interlaminar properties. It is fur-
ther presented that the thermoplastic material used in this study have 1.5 times
higher interlaminar fracture toughness than the stitched thermoset composites.
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6 Future work

Resin transfer moulding (RTM) process optimization and the numerical simulations
for this process for the complex 3D-woven preform is the next step to be done.
The work initiated on thermoplastic commingled composite materials was ini-

tially intended for studying 3D-woven materials, especially addressing the delam-
ination properties. However, it was found that there was not much work done on
2D fabrics and their properties in that respect. In future, 3D-woven thermoplastic
composites should also be studied.

In this study it is shown that C/PA12 has superior delamination properties.
Combined with short manufacturing time and replacing the hot press with conven-
tional cold press, these materials can be very suitable for mass volume productions.
However, cost estimation and assessment of the availability of such materials is a
work to be done in the future. One of the major benefits of thermoplastics is that
they can be welded. This is also a topic for future studies in this field. Extrusion
for thermoplastic composites is also an attractive manufacturing process, this can
also be a topic for future work.
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