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Abstract	
Use of lightweight materials is an important part of successful reduction of fuel consumption
by commercial aircraft. A considerable number of structural aircraft parts are therefore built
of thin layers of epoxy pre-impregnated (prepreg) Uni-directional (UD) carbon fibres stacked
to laminates. Manufacturing these by hand is costly and different methods of automation
have therefore been developed. One cost-effective way of manufacturing is Automated Tape
Lay-up or Fibre Placement of flat stacks followed by a Hot Drape Forming operation. A well-
known problem in the industry within forming is fibre wrinkling. These wrinkles can, in worst
case scenarios, cause a serious strength knock down. Especially when forming double curved
geometries. The focus of this thesis has therefore been on improving the understanding of
how and why wrinkles develop during multi-stack forming of UD prepreg and, based on this,
investigate different methods for process and material improvements.

The work presented in this thesis is mainly experimental and initially investigates the
dependency between stacking sequence and wrinkle development. It is shown that wrinkle
free forming can be obtained by changing the fibre stacking order. In the following
investigation it is shown that the wrinkles cannot be entirely eliminated by local stiffening of
the critical layers, i.e. by using stiffer carbon fibres or by co-stacking layers. In a, related,
numerical study it is shown that in fact different kinds of wrinkles develops during forming;
wrinkles may be either due to global buckling of the entire lay-up or local compression of
single layers. Global buckling is due to excessive material and is also strictly geometrically
coupled. Local compression, on the other hand, occurs as the material shear during forming
and the development of these kind of wrinkles depends on the stacking sequence.

The work presented leads to an understanding of the importance of pair effects, i.e. the
importance of making the beneficial neighbouring fibre layers (pairs) interact during
forming. This can not only be controlled by selecting the right stacking sequence; another
way is to tailor or manipulate the interlayer properties with the purpose to connect selected
neighbouring pairs. A study is presented that shows how local manipulation of interlayer
properties may steer the multi-layered material into a different deformation mechanisms.
This offers a potential for increasing the processing window of Hot Drape Forming. The
manipulation in this thesis is performed using Multi Wall Carbon Nano Tubes (MWCNT),
thermoplastic veils or consolidation of thermoplastic toughener particle interlayers.

The thesis also contains a study on the influence of MWCNT on the forming behaviour,
showing that the nano-tubes actually works as markers indicating active forming
mechanisms. 	
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Sammanfattning	
Att minska strukturvikten genom användning av lättviktsmaterial har blivit allt viktigare för
att minska bränsleförförbrukning för kommersiella flygplan. Allt fler flygplansdelar är därför
uppbyggda av tunna lager av enkelriktad kolfiber som är förimpregnerade med epoxi
(prepreg) och som läggs upp till laminat. Att bygga dessa strukturer för hand är kostsamt och
därför har olika sätt att automatisera tillverkningen utvecklats. Automatisk tape-uppläggning
och sk. ”Fibre Placement” av plana stackar är kostnadseffektiva tillverkningsmetoder, även
för mer komplexa geometrier, om de kombineras med en varmformningsoperation. Ett
industriellt välkänt problem är dock att fibrerna har en tendens att bilda veck som följd av
varmformningsoperationen. Detta gäller speciellt vid formning av dubbelkrökta geometrier.
Denna avhandling syftar till att öka kunskapen om hur och varför veck uppkommer vid
flerlagersformning, så som varmformning, och baserat på detta utreda olika metoder för
material- och processförbättring.

Det presenterade arbetet är i huvudsak experimentellt och till att börja med utreds
sambandet mellan stackningssekvens (dvs. fibervinklarnas uppläggningsordning och riktning)
och veckbildning. Studien visar att veckfri formning kan uppnås genom att ändra
stackningssekvensen i laminatet. Däremot kan veck inte helt elimineras genom att styva upp
kritiska lager. Styvheten ökades genom att använda styvare fibrer eller genom att placera
flera lager med samma fibervinkel tillsammans. I den följande numeriska studien påvisas att
veck som uppkommer vid formning kan vara antingen orsakade av global kompression av
hela laminatet eller uppstå på grund av lokal kompression i enskilda skikt. Global
kompression och veckbildning uppstår vid ett överskott av material och är rent geometriskt
betingad. Den lokala kompressionen beror däremot på hur materialet skjuvas under
formning och uppkommer som följd av fiberlagrens inbördes ordning i laminatet.

De presenterade arbetet leder till ökad förståelse för betydelsen av pareffekter, dvs vikten
av att se till att utvalda, närliggande skikt på ett fördelaktigt sätt samverkar under
formningen. Detta kan inte enbart kontrolleras genom att välja rätt stackningssekvens utan
kan också uppnås genom att manipulera gränsskiktsegenskaperna med avsikt att koppla
ihop närliggande utvalda skikt. I slutet av avhandlingen presenteras en studie över hur lokal
manipulering av gränsskiktsegenskaperna kan styra ett flerlagermaterial till andra
deformationsmekanismer, vilket möjliggör veckfri tillverkning av mer komplexa geometrier. I
avhandlingen har gränsskiktsmanipulationen utförts genom användning av multi-skikt
kolnanorör (MWCNT), termoplast slöjor eller konsolidering av gränsskikt med
slagseghetsmodfierande termoplastpartiklar.

Avhandlingen innehåller även en studie om inverkan av MWCNT på materialets
formningsbeteende. Studien visar att denna typ av kolnanorör kan användas som markörer i
syfte att påvisa aktiva formningsmekanismer. 	
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Background	
The two most important factors for commercial aircraft are flight safety and reduction of
fuel consumption. In the most modern aircraft, such as Boeing 787, 10% to 20% reduction of
fuel consumption [1] has been achieved over the last half decade. One important part of this
weight saving is due to use of lightweight materials in the aircraft structure. The most
modern aircraft structures today are consequently built of thin layers of epoxy pre-
impregnated (prepreg) carbon fibres stacked to laminates. Airbus A350 [2] and Boeing 787,
for example, contain such carbon fibre composites in approximately 50% of their structural
weight. When using composite materials, low structural weight is a result of its high
stiffness-to-weight ratio, combined with optimized structural design in which fibre
reinforcement is placed to meet load criteria.

Composite parts for aircraft have traditionally been manufactured as monolithic or sandwich
shells, assembled with mechanical fasteners to a support structure of spars and ribs in
composites, aluminium or titanium. Assembly with mechanical fasteners adds both cost and
weight to the structure. One current trend for saving weight on aircraft structures is the
integration of an increased number of parts into one, complex, co-cured composite part (see
Figure 1). Another trend is large-scale composite parts such as wing skins, wing spars or
fuselage parts.

Traditionally aircraft composite parts have been manufactured using hand lay-up. The
increased number of composite parts, their large scale and the increased level of integration
makes hand lay-up both impractical and costly. This has acted as a driver for increased levels
of automation in composites manufacturing. Further quality issues related to flight safety
when ramping up production also form drivers for automation.

When examining composite part manufacturing before cure, automation can be divided into
three major fields: lay-up, forming and cure-assembly. Forming of complex geometries has,
in many cases, set the limit for the degree of automation and is therefore considered a
critical manufacturing operation.

Figure 1. Complex co-cured composite wing panel for the Clean Sky BLADE demonstrator. Courtesy of Linus
Svensson, Saab AB
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Composites	in	aircraft	design	
The primary definition of an acceptable composite material for structural use can be
summed in three major points [3]:

· It consists of two or more physically distinct and mechanically separable materials.
· It can be made by mixing separate materials in such a way that the dispersion of one

material in the other can be carried out in a controlled manner in order to achieve
optimum properties.

· Their properties are superior, and possibly unique, in some specific respects to the
properties of the individual components.

In order to achieve unique stiffness and strength properties for the aircraft design, the part
is built from fibres and a polymer at the micro level and as a laminate built of layers using
different fibre direction at the meso level. At the macro level aircraft composites design
could be divided into monolithic structures, sandwich structures, assembly structures, co-
bonded structures and co-cured structures.

Monolithic structures are laminated single shell structures which could be flat, curved or
double-curved.

Sandwich structures in aerospace applications are, in most cases, two laminates divide by a
honeycomb core to create greater stiffness and lighter weight at the same time. In
commercial aircraft applications, the honeycombs are almost exclusively made of nomex
(phenolic impregnated aramid fibre paper). Modern commercial structures tend to move
away from sandwich solutions due moisture problems with cores in service which make
maintenance costly.

Assembly structures are built from monolithic and/or sandwich structures with mechanical
fastener joints.

Co-bonded structures involve one or several pre-cured parts adhesively bonded in a co-bond
cure to one or several uncured parts.

Co-cured structures involve an assembly of two or several uncured parts which are cured as
one part (see Figure 2.).
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Figure 2. Co-cured composite wing box demonstrator for the ALCAS (Advanced Low Cost Aircraft Structures)
project. Courtesy of Tommy Grankäll, Saab AB

The structures above often do not consist of an even thickness. For weight, stiffness and
strength reasons, the structures often involve thinner and thicker sections with ramp zones
in between. A typical reason for thicker laminate areas is bolt bearing from a design point of
view and the load from the fastener therefore demands a certain thickness. The thicker
areas demanded for bolt bearing are called pad-ups in aerospace nomenclature. Further it is
common that there are recess zones in composite parts, due to uneven thickness and a
number of ramp zones in meeting surfaces. These recess zones are called joggles in
aerospace nomenclature. One example of geometries consisting of pad-ups and joggles are
wing front and rear spars (see Figure 3).

Figure 3. Forming of large composite components, such as wing spars, offers lightweight, competitive
manufacturing.
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Aircraft	grade	composite	materials	
For flight safety reasons all materials used in aircraft must be qualified to a certain
specification. These materials are therefore exclusively selected. All material batches are
also tested to the specification and the supply to the aircraft part manufacturer must be
accompanied by test certificates.

Fibres	and	polymer	matrices	in	aircraft	structures	
Carbon fibres are widely used in aerospace applications due to high specific strength, high
specific stiffness, good fatigue properties and low coefficient of thermal expansion (CTE)
compared to other fibres such as glass fibre or other aerospace design materials such as
aluminium. Specific in this case refers to strength or stiffness to density ratio. The density of
the carbon fibre is approximately 1.75 kg/m3. The most commonly-used carbon fibre is
polyacrylonitrile (PAN)-based fibres with a diameter of 5-15 µm. The manufacturing of PAN
based carbon fibres begins with PAN textile fibre which is drawn through three heat
treatment steps; oxidization, carbonization and graphitization [3], [4]. The PAN-based carbon
fibres were made commercial available by pioneering work on the graphitization process
performed by Watt, Phillips and Johnson in 1966 [5]. Depending on time and temperature in
the graphitization process, different grades of carbon fibres can be achieved. Aerospace
grade fibres are recognized as High Tenacity (HT) or High Strength (HS) with strength of 4400
– 4850 MPa and Young's Modulus of 230 – 245 GPa, Intermediate Modulus (IM)with a
strength of 5490 MPa and Young's Modulus of 294 GPa and High Modulus (HM) with a
strength of 4020 MPa and Young's Modulus of 540 GPa [6-8].  The carbon fibres are supplied
in yarns indicating the number of individual fibres with 3k, 6k, 12k etc. where k means
thousand. The yarns are then often used in uni-directional (UD) mats or woven fabrics such
as plain weave, twill or 5-harness satin. In addition some 3-D woven fabrics are also
beginning to find their way onto the market.

In order to become a composite, the fibre must be combined with a matrix that is capable of
creating a boundary between the fibres and also capable of transmitting the loads between
the fibres. In a polymer composite the matrix is either a thermoset with chemical crosslinks
between the molecules or a thermoplastic with physical crosslinks between the molecules.
In commercial aircraft structures the carbon fibres are often combined with a thermoset
epoxy resin due to good mechanical, electrical and chemical properties. The epoxy resin also
gives relatively good thermal properties, good adhesion to other materials (especially carbon
fibres) and low cure shrinkage. Other resin materials are also available but at a higher cost.
Examples of resins that might find their way to the market in future are types of imides. All
thermosets in cured states have a certain temperature at which it is considered to transfer
from glassy state to rubbery state [9]. This temperature, referred to as the glass transition
temperature (Tg), is directly connected to the degree of crosslinking in the polymer and
therefore also directly connected to the cure temperature. The service temperature of the
composite cannot exceed Tg and therefore the cure temperature of aerospace-grade
epoxies is often set at 180˚C.
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Prepreg	materials	
Prepreg materials are currently the most widely-used design materials for composite aircraft
parts. Prepreg is short for pre-impregnated and usually means a UD mat or woven fabric is
pre-impregnated with a polymer resin. The prepreg architecture has a great effect on the
formability of the material. Since this is the focus of this thesis, prepreg materials are
described in more detail here. Modern prepregs contains a certain amount of resin that is
lightly crosslinked (B-staged) in order to stay in the fibre mat or fabric during treatment [4],
[6]. Due to their B-staged nature, prepregs have a limited shelf life in room temperature
before the cure process must start. Usually this period is around 30 days consequently this
the material must be stored at below -18˚C until it is used. Since aerospace graded epoxies
most commonly demand 180˚C cure, the primary crosslinking reaction in the material is
designed to be at above 100 ˚C.

When manufacturing the prepreg material either solvent impregnation or melt impregnation
are used [4], [6]. Most modern UD-mat prepregs are melt impregnated while fabric prepregs
could use both types of impregnations. In a solvent impregnation, the fabric is impregnated
in a resin bath where viscosity is decreased by dissolving the polymer in a solvent. The
impregnated reinforcement then goes through a drying oven where the solvent is
evaporated. In melt impregnation, the resin is applied as a film with a controlled areal
weight. The film is then impregnated into the mat or fabric under heat and pressure from
rollers. Depending on the speed, temperature and pressure of the impregnation, the mat or
fabric will achieve different degrees of impregnation. Fabrics are almost always fully
impregnated while the UD prepreg may contain a tiny core of dry fibres (see Figure 4). The
cure process of the composite parts involving UD prepreg might then take advantage of the
dry fibres as air evacuation channels. These channels are often referred to as “Engineered
Vacuum Channels” (EVaCs) [10], [11].

Figure 4. Engineered vacuum channels. Courtesy of  Sören Nilsson, Swerea Sicomp

In the early days of prepreg, the amount of resin was not that well defined. These prepregs
were made for a cure process where the resin bled out to the consumables in the cure
assembly. The fibre volume content than depended on the fibre bed compaction. Due to the
not-so-great control of fibre volume content in these “bleed out” systems, the development
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of “net resin” systems began. The areal weight of the resin in these prepregs was well
defined and the principal was to keep all the resin in the laminate in order to have a
controlled thickness and fibre volume content in the laminate. Many of the prepreg systems
developed in the “net resin” generation are still widely used. In a third generation of
prepregs, thermoplastic toughener particles were introduced to the prepreg interface in
order to improve the impact properties of the finished composite (see Figure 5). These
thermoplastic particles are also prone to affect the flow control of the resin during the cure
cycle and therefore prevent bleed out of resin from the laminate. Furthermore the laminate
thickness and the fibre volume content are well controlled in the composite laminate.
Larberg et al. [13] have shown that this third generation prepreg containing thermoplastic
particles has different forming characteristics to the second generation net resin systems.

Figure 5. Thermoplastic toughener particles in a stacked prepreg laminate.

Both UD and woven fabric prepregs are used in composite aircraft structures but, due to
costs and opportunities for automation, UD prepreg is often chosen. UD prepreg materials
for commercial aircraft are often in the range of 55 to 57 % fibre volume content. These
prepregs aim for a cured ply thicknesses (CPT) of approximately 0.13, 0.20 or 0.30 mm.
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Most aircraft prepreg parts are cured in a pressurized cure cycle in an autoclave (see Chapter
entitled Cure assembly and cure). During the last decade, prepregs with viscosity profiles
suitable for low pressure curing have also been developed. These prepregs are often
referred to as “Vacuum bag only” (VBO) or “Out of autoclave” (OOA) [6], [14].

Automated	prepreg	lay-up	and	forming	
It was stated earlier that hand lay-up of prepreg composite parts is both costly and difficult
for large aircraft composite parts. Consequently the use of composite prepregs in
commercial aircraft parts must be accompanied by some kind of automation. So far
automation of prepreg lay-up has only involved UD prepreg. The automation of modern UD
tape prepreg can be divided into two main technologies “Automated Tape Laying” (ATL) and
“Advanced Fibre Placement” (AFP), see Figure 6. Both ATL and AFP have computer
numerically controlled (CNC) machinery and a robotic head supplying the UD prepreg
material. However the functionality of the robotic head differs between the methods.

The automation of UD tape laying has developed parallel with the material since the early
days of prepreg [4], [15-17]. In 1971 Chitwood and Howeth [18] registered a patent for a
method on tape laying onto a rotatable base-plate using CNC which is considered to be the
first registered ATL machine. Basically ATL machines usually lay 150 or 300 mm continuous
prepreg sheets next to one other with a gap of 0-2.5 mm. The ATL head schematically
contains a bobbin for the prepreg roll, equipment for spool of the backing paper, a roller for
consolidation of the prepreg during lay-up, a heating zone for activating material tack and
cutting equipment for cutting of sheet during lay-up. In 1984 Cincinnati Milacron [19]
introduced an ATL system capable of laying tape over geometries with curvature up to 15˚.
This machine was known as a Contour Tape Laminating Machine (CTLM). If the geometry has
a greater curve, the ATL or CTLM must be followed by a forming operation. The
development of ATL and CTLM has increased considerably over the last 20 years and is now
standard equipment for companies making composite parts for commercial aircraft.

In 1974 Goldsworthy [20] presented a patent describing an ATL machine with a lay-up head
which could slit down the prepreg tape into 3.2 mm wide slices. The narrow slice width
provided the opportunity of lay-up of steered tows. The AFP machine was born, however
after this invention it took more than 25 years before this was considered to be standard
equipment for composite manufacturing for commercial aircraft. The material used for AFP
could be in form of prepreg tows or slit tape. Laying steered tows with the AFP makes lay-up
of more complex double curved geometries possible without any extra forming operations.

Typical machine data for lay-down rate are around 30 kg/h for ATL and 45 kg/h for AFP
depending on higher acceleration in the linear axis for the more modern AFP machines [17].
However the AFP lay-down rate for a more complex double curved geometry are not
believed to be greater than around 8.6 kg/h (perhaps even lower). Flat lay-up of ATL or AFP
combined with a following forming operation is therefore still considered to be the most
productive way of manufacturing double curved composite geometries [21].
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Figure 6a. Automated tape laying

Figure 6b. Advanced fibre placement of a double curved lay-up. Courtesy of Jan Kako, Airbus
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Figure 6c. Advanced fibre placement of a flat lay-up. Courtesy of Jan Kako, Airbus

Multistack-forming	
Today there are a number of in-house constructions enabling methods for automatic
forming of multi-stacked prepreg lay-ups. However the most widely spread method is Hot
Drape Forming (HDF) [13], [22]. When using HDF, a pre-stacked prepreg lay-up is first placed
on the top of a mould (see Figure 7) followed by sealing a vacuum bag loosely on the top of
the lay-up. The vacuum bag is normally silicon or latex rubber. The lay-up is heated to a
desired temperature normally by using heating lamps or hot air. Finally vacuum is applied
forcing the lay-up to form towards the mould. Vacuum is held until the lay-up is cooled to
room temperature. The temperature is controlled by thermo couples in or close to the lay-
up. Sometimes support walls are used to ensure that the rubber is under tension during the
forming.



Per Hallander 12

Figure 7. Principals of Hot Drape Forming

Cure	assembly	and	cure.	
Lay-up and forming is followed by cure assembly and the cure process. The cure assembly
consists of the formed part, the cure mould and a sealed vacuum bag. The vacuum bag could
either be sealed to the mould or envelop the mould (see Figure 8). The purpose of the cure
assembly is to create a pressure drop between the laminate and the surroundings aimed at
consolidating the laminate and removing air from the laminate before cure. Furthermore,
the purpose of the cure assembly is to even out the pressure over the laminate surface and
ensure that no internal over pressure is achieved during the cure process. Aerospace
composites structures are commonly cured in an autoclave (See figure 9) which is a
temperature and pressure controlled oven. The heat-up is normally slowly ramped to the
cure temperature in order to avoid cure gradients in the material. A typical heat-up rate is
0.5-2˚C/min. The cure temperature is typically 180 ˚C with a 2 h hold time. The cool-down
rate will then be around 3˚C/min. The cure pressure is normally 6-7 bar for a monolithic part
and 1-3 bar for a sandwich part. Dwell times during the heat-up are sometimes used to avoid
exothermal reactions.
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Figure 8a. Vacuumbag sealed to the mould Figure 8b. Enveloped vacuumbag

Figure 9. Loading of an autoclave.

Objectives	and	scope	
As previously mentioned, flat lay-up of ATL or AFP combined with a following forming
operation are considered to be a cost-effective way of manufacturing double curved
composite geometries. Such geometries are far more challenging to form than single or non
curved geometries. Together with convex geometries, pad-up and joggle areas are double
curved features that are known by the industry as a risk factor for out-of-plane fibre
wrinkling (see Figure 10). Such wrinkles can cause 40% knock-down on mechanical
performance [23].

The scope of this work is to describe the different types of out-of-plane fibre wrinkling that
might occur in UD-prepreg when multistack forming a double curved geometry such as a
pad-up or a joggle. Further the scope is to describe how the interlayer architecture could be
changed to manipulate the forming behaviour, especially to prevent wrinkling.
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Figure 10. Typical out-of-plane wrinkling in the pad-up area of a 2 m long test spar with 300 mm flanges.

Forming	mechanisms	
Multi-stack forming of a double curve geometry demands several different forming
mechanisms. Long and Clifford [12] divide existing theories of forming multi-stacked fibre
materials into the following material- specific inherent mechanisms: intraply shear, interply
shear, ply bending, intraply axial loading and compaction/consolidation.

Intraply shear of a dry textile woven fabric was described by Mack and Taylor [24] with the
Pin Jointed Net (PJN) model. The model describes draping through shear, resulting in a
rotation at the cross over points between warp and weft (see Figure 11). For a woven fabric
there exists a maximum intraply shear deformation limit. The fibre angle, at this limit, is
often referred to as the fibre locking angle. Intraply shear normally starts in a continuous
shear mode dominated by shear within the tows which is near ideal PJN behaviour. At some
point, inter-tow shear instead becomes dominating. Inter-tow shear also results in a
measurable degree of interply shear at crossing and rotating fibre tows [25]. Larberg et. al.
[26] has shown that the PJN theory may be valid for a cross plied UD prepreg with
thermoplastic toughener particles in the matrix providing a high level of interply friction [27].
A commonly-known method for measuring the intraply shear characteristics of prepreg is
the Bias Extension Method [26], [28].
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Figure 11. Principal sketch of Pin Jointed Net

The resin-rich layers at the prepreg ply interfaces are significantly weaker than the fibre plies
themselves, especially when heating the material [29]. The prepreg lay-up could therefore
deform through slippage between plies. Slippage between plies depends on the interply
friction. For a prepreg, the interply friction could be described as a mix between coulomb
friction (fibre-fibre friction) and hydrodynamic friction (fluid shear) [13], [30]. High fibre
volume content or thermoplastic toughener particles in the prepreg interface will increase
the coulomb friction part and also the total interply friction. Pre-consolidation of a prepreg
ply containing thermoplastic toughener particles will also increase the interply friction.
Larberg et. al. developed a rig for measurement of interply friction [13] which could now be
considered as a well-established method.

Ply-bending will occur when forming a prepreg lay-up over a radius. This will result in
compression loads at the inner plies and tension load at the outer plies (see Figure 12). The
stresses developed could be partially or fully relaxed by inter-ply slippage depending on the
temperature and the interply friction [29].

Figure 12. Principal of ply bending, tensile of the upper side and compression of the lower side.
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The majority of the energy dissipated during forming comes from the tensile loading of the
fibres according to Boisse et. al. [31]. In comparison to intraply shear, loading along the fibre
normally results in very large forces and very low maximum strains at least if the fibre is well
aligned. However  fibre roving in a prepreg could differ in configuration. Since roving may be
twisted, un-twisted or “never been twisted” [32] there is a possibility of small axial
deformations.

Material transportation during compaction/consolidation of prepregs involves both fibre bed
compaction and resin infiltration [33]. Depending on the prepreg architecture, the resin flow
could be either resin percolation or squeeze flow [34]. Compaction takes place both during
the forming and the cure process.

Forming	Defects	
A well-known problem with multi-stack forming is fibre wrinkling, especially on double
curved geometries. This wrinkling may be divided into two main groups; out-of-plane
wrinkling and in-plane wrinkling. Out-of-plane wrinkling can, in most cases, be detected
visually (see Figure 10). As mentioned above, these wrinkles are considered to cause serious
strength knock down [23] and are therefore restricted in composite aircraft parts. In-plane
fibre wrinkling might also occur however these wrinkles are often not detectable since they
are only barely visible in the stack surface plies. Since in-plane wrinkling is often considered
as not detectable it must be accounted for in the general knock down factors.

A large number of studies, related to wrinkle development, eg. [35, 36] have been
performed on hemispheres with woven composite preforms. These studies mostly consider
dry fabrics and take the intra ply shear and shear locking angles into account and do not give
the same wrinkling conditions as UD prepreg formed on a geometry such as a joggled spar.
In [37] it is stated that UD prepreg give superior forming capabilities to woven cloth in
forming over more challenging shapes. This due to kinematic fixed links in woven cloth that
might result in fibre locking.

Tam and Gutowski [38] has showed that for forming of UD prepreg, fibre buckling occurs
when the fibres follow geodesic paths creating non-uniform fibre spacing. However, forming
a double-curved geometry with a lay-up with more than two unique fibre directions must
invoke both interply slippage and intraply deformations in order to end up with a wrinkle
free laminate [39]. It has been shown that when forming a multi-stacked UD prepreg, out-of-
plane wrinkling often occurs due to a combination of in-plane shear and ply compression
[40]. Later studies have commented on that wrinkling normally starts in the ply with least
stiffness in the load direction [41].

Out-of-plane wrinkling may also occur at radii areas during compaction/consolidation of a
prepreg stack [42]. This type of wrinkling is not focus in this thesis.
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The forming defects in this work are defined as: out-of-plane wrinkling, out-of-plane
waviness and in-plane waviness (see Figure 13).

Figure 13a. Out-of-plane wrinkling Figure 13b. Out-of-plane waviness

Figure 13c. In-plane waviness

Pre-study	of	scale	effects	
Before starting the work presented in this thesis, a larger-scale experimental study was
performed setting the base-line for the work described in the appended papers. In this pre-
study, forming of 2m spars with pad-up areas as shown in Figures 10 and 14 was performed.
Since the 2m spar demanded considerable material and lay-up resources, trials were instead
continued with down-scaled geometries. The 2m spar was scaled down to a 480mm long
spar with a 1:20 ramped pad-up area in the middle, see Figure 15. When forming the same
lay-up sequence as for the 2 m spar, the 480 mm spar showed the same wrinkling behaviour
as the 2m spar (see Figure 16). The pre-study also showed a possible route for wrinkle free
forming of pad-up areas [43] which was further explored in this research.

Figure14. Principal sketch of a pad-up area and a fully interleaved pad-up. Courtesy of Torbjörn Alenby, Saab.
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Figure 15a. 480 mm long tool with a pad-up area

Figure 15b. Composite spar with a pad-up area.

Figure 16. Out-of plane wrinkling in the pad-up area of the 480 mm long spar.
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Experimental	geometry	in	thesis	
The pre-study showed a possible route for studying the fibre wrinkling in a small scale
experiment. However the 480mm pad-up spar was believed to contain too many complex
features to suite a research study. The spar geometry used in this work was therefore
simplified to a spar with a recess area in one flange (see Figure 17). This joggled spar was
assumed to give an approximately equal level of ply deformation as compared to the
continuous plies in the pad-up spar.

Recess area

Transition zone

Straight flange

Recess flange

x

y

z

Spar length [mm] 480

Web width [mm] 70

Flange length [mm] 55

Chamfer length [mm] 125

Chamfer depth [mm] 6.25

Nominal thickness [mm] 4.192

Inner Radii [mm] 2

Figure 17. Experimental spar geometry.

Forming	a	joggle	geometry	
When forming a spar with a recess geometry as shown in Figure 17, using stacked UD
prepreg, different forming mechanisms simultaneously come into action.  Assuming that the
lay-up is initially fixed or nearly fixed on the spar web, ply bending will first occur in the radii
accompanied by interply shear (and local intraply shear). If the stacked material is not able
to follow the radius, excessive material will gather causing wrinkles just beneath the radii
after final forming and compaction. During the second forming step, the material must
compensate for the recess geometry. This compensation could be divided in three, essential,
forming sub-steps (see Figure 18):
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A. Fibre rotation due to “folding” when entering or leaving the transition zone.

B. Tension towards the centre of the spar and in a direction parallel to the radius develops in
all layers due to the longer path through the recess geometry than the flat geometry.

C. Shear to move excess material just outside the transition zone towards the centre, where
there is a lack of material after folding over the radius in the transition zone.

 At the end of the forming, ply compaction will occur. Simplified compaction includes fibre
bed compaction and resin infiltration [33]. Since the prepreg, for reasons described in the
prepreg material chapter, often contain a dry fibre core there is always a difference between
the original prepreg thickness and the cure ply thickness. This phenomenon is known as the
bulk factor. If the bulk factor and the number of plies is considerable, out-of plane defects

easily occur in the radii.

Figure 18a. Forming sub-step A and B in the second forming step

Figure 18b. Forming sub-step C in the second forming step

CC
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Different	ways	of	manipulating	the	interfacial	architecture	
The most obvious way to avoid out-of-plane wrinkling is to design a geometrically
compensated part which will always be formable. However if this cannot be done there
might also be different ways of changing the multi-stack forming characteristics, such as the
interply friction, towards wrinkle free forming. One possible route is to manipulate the
interfacial structure. As mentioned above, pre-consolidation of a prepreg ply containing
thermoplastic toughener particles is one way of increasing interply friction. In addition,
Åkermo et. al. [44] have shown differences in the interply friction for different fibre angle
combinations. Adding an interlayer might also be possible using aligned Multiwall Carbon
Nanotubes (MWCNT) [45-47] or thermoplastic veils [48], see Figure 19.

Figure 19a. Aligned MWCNTs. Courtesy of Robert Guzmán Villoria, IMDEA Materials
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Figure 19a. Aligned MWCNTs in between prepreg layers. Courtesy of Camilla Söderström, Exova

Figure 19c. Thermoplastic veils in between prepreg layers. Courtesy of Camilla Söderström, Exova

Numerical	analysis	
In an experimental study it is difficult to evaluate what is happening inside the stack during
the forming sequence. So far it has only been possible to evaluate the final part with some
kind of non destructive testing (NDT) or with a cut-up followed by microscopic analysis.
Numerical analysis is therefore a valuable tool to combine with the experimental tests to
gain a better understanding of forming behaviour during the entire forming sequence.

In addition to the experimental work in this thesis, a numerical study was also performed
simulating the forming of the experimental spar geometry (See figure 17) using the methods
in [49]. The software used for the study was Aniform, which is a continuum model
formulation implemented into Finite Element software for simulation of composite forming.
This software is developed with forming of multi-layer composites in mind; It enables
modelling all important forming mechanisms such as intra-ply shear, interply friction and
out-of-plane deformation, while it keeps track of the fibre angles. Further, it enables
predicting out-of-plane deformation due to the 2.5-finite elements used. This could not have
been achieved with the more computer effective mapping methods that are implemented
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into modern software for computer aided design (CAD) and structural analysis, see e.g
Fibersim, Composite Modeler and SimuLayt.

Summary	of	appended	papers	
This research focuses on pair effects of plies and effects of interlayer architecture when
forming multi-stacked carbon fibre/epoxy prepregs for aircraft parts.

The research is mainly experimental and its aim is to study (1) dependency between stacking
sequences of Uni-directional prepreg laminate and wrinkle development when forming a
spar geometry with a shallow recess area, (2) if the wrinkle development can be avoided by
either making the lamina more wrinkle resistant or by reducing the compression developed,
(3) the effect of local compression in single layers, (4) how multifunctional materials affects
and are affected by the forming mechanisms (5) how locally arranged tailored prepreg
interlayers affect global forming behaviour.

The experimental study was performed on a spar with a shallow recess area (see Figure 17).
The lay-up sequence for the multi-stack forming always contained a least three unique fibre
directions. The multi-stack forming of the 3-D geometry above therefore required several
different forming mechanisms such as intraply shear, interply shear ply bending, intraply
axial loading and compaction/consolidation. The forming was performed with HDF using a
fixed forming assembly and temperature.

Three different 180˚C cure epoxy prepreg materials were used in the study containing
different interply friction. A further three different interlayer materials were used in the
prepreg interfaces: thermoplastic toughener particles, aligned Multi Wall Carbon Nanotubes
(MWCNT) and thermoplastic veil.

Paper	A	

In Paper A the test geometry, a spar with a shallow recess area, was developed to create
local compression in an area that was globally under tension. Defect types were identified
and verification methods were developed. The opportunities of detecting the different
defect types with Micro CT was also explored. In addition some essential forming
requirements to compensate for the spar geometry were described (see Chapter entitled
Forming a joggled geometry). The most important finding in this paper was that the lay-up
sequence has a dominant effect on the out-of-plane wrinkling behaviour when forming a
joggled geometry. The paper also involved some work on co-stacking by using plies of
different ply thicknesses.

Paper	B	

Paper B is a direct continuation of the research presented in Paper A. The paper focuses on
how wrinkle development can be avoided by reducing compression. This was achieved by
locally changing the friction in critical layers, thereby enabling sliding, by reducing the
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number of interfaces causing compression or by reducing compression through reducing
global tensioning. The work in Paper B also further explores how the laminate can be made
more wrinkle resistant by using co-stacked layers. The paper also includes some work on
locally stiffer fibres. The study maps how several different wrinkles appear in the laminate
depending on local material properties and lay-up sequence used. Some wrinkles could be
avoided by enabling shearing induced by fibre stresses developed in some layers and fibre
directions. However the same kind of fibre stresses were causing another kind of wrinkling if
the laminate was stacked in a non-beneficial order. The forming result was improved slightly
by changing the friction in some prepreg layers or by reducing difficult combinations of fibre
angles. However a more significant improvement was achieved by co-stacking critical layers
to increase buckling resistance.

Paper	C	

Paper C is a twin paper to Paper B and clarifies the experimental findings in Paper B by
performing numerical simulations which can describe the forming sequence and the
mechanical load during the forming cycle. In addition, this paper also covers experimental
characteristics for the intraply shear and interply friction necessary for the simulation.
Wrinkle development was identified as global buckling of the entire lay-up and local
compression of single layers. In this geometry, global buckling occurs due to excessive
material. However local compression of single layers followed by wrinkling also occurs due
to compressive stresses as the material shears during forming. The simulations show good
indications of different kind of wrinkles which appear during the forming.

Paper	D	

Paper D is an experimental study on how aligned Multiwall Carbon Nano Tubes (MWCNT)
are affected by the forming process. The same geometry used in Papers A, B and C is used in
this study. A brief numerical study was also performed to support the experimental study.
Experimental characterization of prepreg with MWCNT interlayers in terms of interply
friction and intraply shear, necessary for the numerical study, was also performed. The
paper show the opportunities of using MWCNT layers as a “marker” for some deformation
modes and visualized some detailed forming mechanisms. The most important finding in
Paper D was that cross-plied prepreg material with MWCNT mats at ply interfaces promoted
seemingly continuous shear according to the Pin Jointed Net Theory. The study also showed
significant increase of intraply shear stiffness and interply friction when introducing MWCNT
mats at the prepreg ply interfaces. Furthermore, the MWCNT mat was more prone to shear
than buckle during the forming process.

Paper	E	

Paper E is an experimental study of how forming behaviour can be changed by locally
manipulating prepreg interfacial characteristics, especially interply friction at some
important interfaces. The aim of this study is to determine whether it is possible to steer the
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forming mechanism which will act between neighbouring layer pairs during the multi-layer
forming. By locally manipulating the prepreg interlayers, some layer pairs could be more
connected. The manipulation is performed by using Multi Wall Carbon Nano Tubes
(MWCNT), thermoplastic veil or consolidation of thermoplastic toughener particle
interlayers. The paper shows that the interfacial characteristics could  be manipulated to
achieve a larger forming process window towards a wrinkle free forming.  The manipulation
could be performed to achieve intraply shear as the less energy consuming forming
mechanism in the cross plied layer pairs . At the same time the forming mechanism will be
forced by interply shear in the rest of the interlayers.

Contribution	to	the	field	
When the work with this thesis began nothing, to the author’s knowledge, has been written
about stacking pair effects or interlayer architectures' influence on multi-stack forming.
Consequently this thesis contains some important contributions to the field of
understanding the forming process of multi-stacked prepreg materials for aerospace parts.
Especially when forming pad-up or joggled geometries.

The thesis presents a test geometry more suitable than the classic half sphere to describe
industrial forming issues.

The work with forming on the test geometry shows that the lay-up sequence for this
geometry has a dominant effect on the out-of-plane wrinkling behaviour. Especially when
forming a quasi-isotropic lay-up. This has not been considered before for multistack forming.

As a continuation of stacking sequence work, the thesis shows that different layer pairs exert
different effects on wrinkle development. This hd not been considered before for multi-stack
forming of UD-prepreg lay-ups.

The thesis carefully explains that wrinkling behaviour could be either global buckling of the
entire lay-up or local compression of single layers. This local compression makes an
important contribution to how wrinkle develops.

As natural continuation of the research work performed by Larberg [49], numerical analysis
has been used to understand the forming behaviour. The numerical work in this thesis
provides information on the forming behaviour in single layers during forming of the multi-
stacked lay-up, which is difficult to study with experimental methods.

The thesis presents pioneer work on how forming is affected by MWCNT or thermoplastic
veil interlayers. This study shows that it will be possible to steer the forming mechanism
within a layer-pair, which contributes how prepreg interlayers could be tailored to expand
the forming process window.
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Future	work	
This thesis opens up a number of opportunities for future work both in the materials and the
process research fields. The manipulation of the interlayer and intraply characteristics give
material suppliers a opportunity to purpose-design materials for forming.  This thesis also
reveals that the influence of interlayer stiffness must be further explored in order to
understand if thermoplastic veils could be used to promote a defect free forming.

The careful description of wrinkle development during multi-stack forming opens up the
field of further research into tool technology. As an example, geometric tool compensation
for increased forming behaviour becomes an interesting field of study.

The observation of radius thinning as a function of forming is also something that should be
further explored.
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