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SUMMARY

M ETAL-composite laminates, also known as fibre metal laminates (FMLs), which
are made by alternating thin sheets of metal alloys and layers of fibre reinforced

polymers, have attracted the interest of many scholars and researchers in the field of
aerospace applications, including manufacturing. These hybrid materials are widely ap-
plied owing to their significant advantages of weight reduction, superior specific strength,
higher stiffness, and more fatigue resistance than monolithic metal sheets as well as the
better impact strength and damage tolerance compared with the full composites. How-
ever, the manufacturing process of such laminates is difficult as various forming and
curing stages are required in combination with the complex deformation and failure
mechanisms. Hence to improve the manufacturabilty of these structures, it is crucial to
develop a material forming method with optimized material compositions and process
parameters.

The proposed press forming process, consists of an integral forming and curing cycle,
is an innovative method for manufacturing small-to-medium sized components. The cy-
cle involves a laminate preparing and preheating process, forming of the uncured lami-
nate, consolidation and (partial) curing in a same mould as well as cooling and removal
of the component. The most critical aspect of the cycle is a proper control of the differ-
ent deformation mechanisms in different layers. For that, during the preheating stage,
temperature and time needs to be carefully controlled so that the inter-ply sliding at the
metal-prepreg interfaces and the intra-ply shear within the prepregs can be greatly en-
hanced when the resin viscosity decreases. Then, the still uncured laminate is formed
and subesequently cured under pressure, avoiding a separate curing system with pres-
sure, which is time and cost-saving.

The research presented in this thesis started with the investigation of the inter-ply
slip deformation for uncured metal-composite laminates. An inter-ply friction model for
the metal-prepreg interfaces was developed using a double-lap sliding test method. The
static and kinetic coefficients of friction were quantified considering the effect of various
process parameters. Then, the friction coefficients obtained from experimental results
were analysed to fit the current friction models and by using those models, optimised
conditions for proper sliding can be determined. Finally, the inter-ply friction model was
incorporated into a finite element simulation which can be applied in the press forming
process.

Secondly, the intra-ply shear properties of uncured metal-composite laminates were
characterised through a modified bias-extension test. The hybrid material system con-
sisting of different metal sheets as well as carbon fibre reinforced prepregs of woven fab-
ric and cross-plied UD, was used to understand the role of metal sheet layers on the
shear deformability of the prepreg layer. In addition, different shearing mechanisms for
the two prepregs were observed and the results were compared with the theoretical pin-
jointed net (PJN) method. Finally, the shear angle evolution of each prepreg system and

xi
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its corresponding metal-composite laminates can be analysed.
Thirdly, the flexural behaviour of uncured metal-CFRP laminates was studied by a

clamped-beam bending test method. The role of local clamping pressure on the bending
properties was illustrated in terms of plastic strain in the metal sheet for the hybrid mate-
rials. Experimental test and numerical simulation methods were performed to compare
and validate the results of load-displacement response and laminate bendability charac-
terisation. Besides, the radius and angle of the bent materials can be evaluated and the
optimisations for material as well as process parameters can be achieved for the press
forming of the uncured metal-CFRP laminates.

The previous chapters focused on separate deformation mechanisms occur during
forming. However, the combined effects after forming and during curing were also im-
portant. Therefore, the research presented an investigation on the effect of spring-back
on the final quality of the formed component after the curing stage. A series of experi-
mental tests were performed to compare the impact of two processing conditions of full-
cured and partially-cured after the press forming process on the calculated spring-back
ratio.The factors affecting the cure-dependent spring-back of uncured metal-composite
laminates were evaluated.

Lastly, the simultaneous deformability during the forming stage of dome compo-
nent was validated through numerical simulations. The results from the previous stud-
ies were incorporated into the simulation model. The failure modes during the press
forming simulation were analysed and compared. The effect of material constituent, fi-
bre orientation, clamping force as well as inter-ply friction were analysed and combined
to explore which factors are the most important and how they affect the final quality of
the component.

In conclusion, the thesis has proposed and developed a press forming process in-
tegrated with forming and curing for the manufacturing of uncured metal-composite
laminates. The deformation mechanisms including inter-ply friction, intra-ply shear,
flexural bending, cure-dependent spring-back were studied and a numerical simulation
on the simultaneous deformation was validated. This thesis contributes to a better un-
derstanding of the deformability, and opens opportunities for material and process op-
timisations for the press forming of uncured metal-composite laminates.



SAMENVATTING

M ETAAL-composiet laminaten, ook wel vezelmetaallaminaten (FMLs) genoemd, die
worden gemaakt door dunne platen van metaallegeringen en lagen vezelversterkte

polymeren af te wisselen, hebben de belangstelling getrokken van veel wetenschappers
en onderzoekers op het gebied van de luchtvaart- en ruimtevaart(productie). Deze hy-
bride materialen worden op grote schaal toegepast vanwege aanzienlijke voordelen op
het gebied van gewichtsvermindering, en superieure specifieke sterkte, hogere stijfheid
en meer weerstand tegen vermoeiing dan voor de monolithische metalen platen, evenals
de betere impactsterkte en schadetolerantie vergeleken met de pure composieten. Het
vervaardigingsproces van dergelijke laminaten is echter moeilijk omdat er verschillende
vormings- en uithardingsfasen nodig zijn in combinatie met complexe vervormings- en
bezwijkmechanismen. Om de maakbaarheid van deze constructies te verbeteren, is het
daarom van cruciaal belang om een materiaalvormingsmethode te ontwikkelen met ge-
optimaliseerde materiaalsamenstellingen en procesparameters.

Het persvormproces, dat bestaat uit een integrale vormings- en uithardingscyclus
en, is een innovatieve methode voor het vervaardigen van kleine tot middelgrote compo-
nenten. De cyclus omvat een voorbereidings- en voorverwarmingsproces van het lami-
naat, het vervormen van het niet-uitgeharde laminaat, het consolideren en (gedeeltelijk)
uitharden in dezelfde mal, evenals het afkoelen en verwijderen van het onderdeel. Het
meest kritische aspect van de cyclus is een goede beheersing van de verschillende ver-
vormingsmechanismen in verschillende lagen. Daarom moeten tijdens de voorverwar-
mingsfase de temperatuur en de tijd zorgvuldig worden gecontroleerd, zodat het glijden
tussen de lagen op de grensvlakken van metaal en prepreg en de afschuivings in de pre-
pregs aanzienlijk kunnen worden verbeterd wanneer de viscositeit van de hars afneemt.
Vervolgens wordt het nog niet uitgeharde laminaat gevormd en vervolgens onder druk
uitgehard, waardoor een apart uithardingssysteem met druk wordt vermeden, wat tijd-
en kostenbesparend is.

Het onderzoek dat in dit proefschrift wordt gepresenteerd, begint met onderzoek
naar de afschuif vervorming tussen de lagen bij niet-uitgeharde metaal-composiet lami-
naten. Een model voor de wrijving tussen de lagen op de metaal-prepreg-grensvlakken
werd ontwikkeld met behulp van een dubbele-lap-afschuiftest. De statische en kine-
tische wrijvingscoëfficiënten werden gekwantificeerd rekening houdend met het effect
van verschillende procesparameters. Vervolgens werden de wrijvingscoëfficiënten ver-
kregen uit experimentele resultaten om toe te passen in wrijvingsmodellen om door die
modellen geoptimaliseerde omstandigheden voor afschuiving te kunnen bepalen. Ten
slotte werd het wrijvingsmodel geïntegreerd in een eindige-element model dat kan wor-
den toegepast in het persvormproces.

Ten tweede werden de afschuifeigenschappen persvormproces van niet-uitgeharde
metaal-composietlaminaten gekarakteriseerd door middel van een aangepaste bias-trek
test. Het hybride materiaalsysteem bestaande uit verschillende metaalagen en koolstof-
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vezel versterkte prepregs van weefsel en kruislings gelegd UD, werd gebruikt om het
effect van de metaallagen op de afschuifvervorming van de prepreglaag te analyseren.
Daarnaast werden verschillende afschuifmechanismen voor de twee prepregs waarge-
nomen en werden de resultaten vergeleken met de theoretische pin-jointed net (PJN)-
methode. Ten slotte kan de evolutie van de afschuifhoek van elk prepreg-systeem en de
bijbehorende metaal-composietlaminaten worden geanalyseerd.

In de derde plaats werd het buiggedrag van niet-uitgeharde metaal-CFRP-laminaten
bestudeerd met behulp van een buigtestmethode met ingeklemde uiteinden. De invloed
van lokale klemdruk op de buigeigenschappen werd zichtbaar in de plastische vervor-
mingen in de metaalplaat van de hybride materialen. Experimentele tests en numerieke
simulatiemethodens werden uitgevoerd om de resultaten van de kracht-verplaatsings
krommen en de karakterisering van de buigbaarheid van laminaten te vergelijken en te
valideren. Bovendien kan de radius en buighoek van de gebogen materialen worden ge-
ëvalueerd en kunnen optimalisaties voor zowel materiaal als procesparameters worden
bereikt voor het persvormen van de niet-uitgeharde metaal-CFRP-laminaten.

De voorgaande hoofdstukken concentreerden zich op afzonderlijke vervormings-
mechanismen die optreden tijdens het vervormen. De tijdens het vervormen effec-
ten op het stadium van vervorming en uitharding zijn echter ook belangrijk. Daarom
presenteerde het onderzoek een onderzoek naar het effect van terugveren op de uit-
eindelijke kwaliteit van het gevormde onderdeel na de uithardingsfase. Er werd een
reeks experimentele tests uitgevoerd om de effecten van twee verwerkingsomstandig-
heden van volledig uitgehard en gedeeltelijk uitgehard na het heetpersproces te verge-
lijken door de variatie van de berekende terugveringsverhouding. De factoren die de
uithardingsafhankelijke terugvering van niet-uitgehard materiaal beïnvloeden metaal-
composietlaminaten werden geëvalueerd.

Ten slotte werd de gelijktijdige vervormbaarheid tijdens de vormingsfase van een
halve bolvorm gevalideerd door middel van numerieke simulaties. De resultaten uit de
eerdere onderzoeken zijn verwerkt in het simulatiemodel. De bezwijkvormen tijdens de
simulatie van het persen werden geanalyseerd en vergeleken. Het effect van het type
materiaal, de vezeloriëntatie, de klemkracht en de wrijving tussen de lagen werden ge-
analyseerd en gecombineerd om te onderzoeken welke factoren het belangrijkst zijn en
hoe deze de uiteindelijke kwaliteit van het onderdeel beïnvloeden.

Concluderend is in het proefschrift een persvormproces voorgesteld en ontwikkeld,
waarin vervormen en uitharden geintegreerd worden, voor het vervaardigen van niet-
uitgeharde metaal-composietlaminaten. De vervormingsmechanismen, waaronder wrij-
ving tussen de lagen, afschuiving binnen de composiet lagen, buiging en uithardingsaf-
hankelijke terugvering, werden bestudeerd en een numerieke simulatie van de gelijktij-
dige vervorming werd gevalideerd. Dit proefschrift draagt bij aan een beter begrip van
de vervormbaarheid en opent mogelijkheden voor materiaal- en procesoptimalisaties
voor het persvormen van niet-uitgeharde metaal-composietlaminaten.
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2 1. INTRODUCTION

1.1. METAL-COMPOSITE LAMINATES

I N recent years, lightweight composite materials with excellent mechanical and physi-
cal properties have became a trend for aircraft manufacturing. Metal-composite lam-

inates, also known as fibre metal laminates (FMLs), are one of those materials consist of
thin, high-strength metal sheets alternatively bonded to plies of fibre-reinforced poly-
mers [1, 2].This hybrid combination provides substantial weight reductions, superior fa-
tigue behaviour and damage tolerant properties, inherent resistance to corrosion, good
fire resistance for safety improvement, which makes the metal-composite laminates very
attractive candiate materials for aircraft structures [3, 4].

A wide range of combinations are available according to the type of metal sheets, the
choice of fibres and resins, the number and thickness of layers, etc [5, 6]. The metal al-
loy sheets currently being used are aluminium, titanium, stainless steel or magnesium,
and the fibre reinforced polymers (FRPs) can be made from dry fibres such as aramid,
carbon or glass fibres with the infusion of resin or prepregs made by pre-impregnated
fibres and a partially cured polymer matrix. Among the family of metal-composite lami-
nates, GLARE is the most well-known member, which consists of thin aluminium sheets
(usually 0.3-0.5 mm thick) and unidirectional S-2 glass fibre reinforced prepreg layers.
A schematic graph of the standard GLARE grades is shown in Figure 1.1 where GLARE
4B 3/2-0.4 denotes that the GLARE material consists of 3 layers of metal sheet of 0.4
mm thickness and 2 layers of prepreg with the fibre orientation of 90°/0°/90° (coded as
4B). The fibre orientation of 0° is parallel to the rolling direction of the metal sheet. The
most widely application of GLARE for aerospace thus far is the fuselage skin of the Air-
bus A-380 (total surface area of about 470 m2) where single-curved and double-curved
GLARE panels are applied [7]. Other combinations of the metal-composite laminates
include aramid-reinforced aluminium laminate (ARALL), carbon-reinforced aluminium
laminate (CARALL) and graphite-reinforced titanium laminate (TIGR). These combina-
tions have their respective benefits and drawbacks despite that most of them have been
successfully applied for aircraft structures [8–10].

PREPREG

thickness of 

metal layers 

Glare 4B - 3/2 - 0.4

prepreg layers

metal layers 

METAL

0°

2A 2B 3 4A 4B

5 6

Figure 1.1: Schematic graph of the standard GLARE grades [7]
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In addition to the traditional classification of metal-composite laminates, the com-
position of composite layers can also consists of woven fabrics and thermoplastic resins
instead of the unidirectional (UD) reinforcements and thermoset epoxies. The hybrid
laminate with UD fibre reinforced composites have higher mechanical performance,
while the anisotropic properties as all the fibres running in one parallel direction make
it easier to crack and induce winkles during the forming process. Another advantage
for the choice of UD-fibre prepreg is that all variants (2A to 6) can be made by one type
of prepreg just by changing orientations and number of layers. The woven fabric rein-
forced metal laminates like the plain, twill and satin types are more favourable for form-
ing due to the symmetric properties, while the deformation and failure mechanisms are
more complex [11, 12]. The thermoset epoxies are most commonly applied due to the
low shrinkage during curing, high-strength and excellent durability in hot and moist en-
vironment. The advantages include the drapability at room temperature, the low pro-
cessing temperatures as well as the easier impregnation with low viscosities [13]. How-
ever, the long curing cycle of such matrix system increases the production time and con-
sequently restricts the fabrication volume. The thermoplastic based metal-composite
laminates have received increasing interest because of their potential advantages includ-
ing superior toughness and chemical resistance in service, better recyclability, as well as
their decreased processing time. While the disadvantages for such hybrid thermoplastic
materials include the higher processing temperatures which may result in problems with
the temperature of metal alloys as well as the increase in residual stress, and the reduced
bonding capability between composite and metal sheets [14–16]. The typical classifica-
tion of metal-composite laminates based on the material constituents, laminate layups
as well as fibre architectures is presented in Figure 1.2.

Metal-composite laminates

Based on Reinforcement 

Constituent

Based on Metal 

Constituent

Based on Matrix 

Constituent

Based on Laminate 

Lay-up

Based on Fibre 

Architecture

Aluminium-Based 

Stainless steel-Based 

Magnesium-Based 

Titanium-Based 

Aramid-Based 

Glass-Based 

Carbon-Based 

Thermoset-Based 

Thermoplastic-Based 

n/n-1 Layup

2/1 Lay-up 

3/2 Lay-up  

4/3 Layup

Unidirectional-Based 

Woven-Based 

TIGR 1 - 4

ARALL 1 - 4
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1.2. LITERATURE ON FORMING TECHNIQUES

T HE most common and simplest approach for forming metal-composite laminates is
through lay-up techniques followed by autoclave curing (Figure 1.3), which is appli-

cable for large components like fuselage and wing panels. The forming quality and me-
chanical properties are excellent for single-curved components while this technique is
significantly limited for double-curved components [5] [17]. As the metal sheet is not de-
formed plastically at these processing temperature, the waviness generated at the edges
during layup is suppressed at high curing pressure, leaving acceptable residual stresses
remain in the panels. Other forming methods for large components by metal-composite
laminates such as press brake bending [18], stretch forming [19] , shot peening or incre-
mental sheet forming [20] and laser forming [21] are described in the literature including
their benefits and drawbacks.

Figure 1.3: Autoclave curing process for forming metal-composite laminates [22]
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Lower 

Die
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Die

Metal FRP

Die
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Figure 1.4: Three categories of the press forming techniques for metal-composite laminates

As for the forming of small and medium sized components with relatively small radii
and complex shapes, the concept of press forming is introduced where the sheets are
forced by solid dies which are shaped in the required geometry. This concept has proven
to be a well-developed mass-production technology for forming metal sheet compo-
nents, and fibre-reinforced polymer (FRP) components in recent years [23, 24]. There-
fore, the method of press forming can be utilized to form metal-composite laminates for
the hybrid material with thermoplastic matrix because of the short processing time and
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the improved formability of FRP layers at elevated temperatures. However, the higher
processing temperature which may affect the heat treatments of the metal sheet and
induce higher residual stresses hinders its development [25]. There are three main cate-
gories of the press forming techniques feasible for the forming of metal-composite lam-
inates, and the schematic graphs are shown in Figure 1.4. Stamping is the most widely
applied press forming method which consists of an upper and lower die and a blank
holder. The tools and hybrid sheets are usually preheated before the stamping pro-
cess and the cycle time can be short for both thermoplastic-based and thermoset-based
metal-composite laminates [26, 27]. Hydroforming, which uses pressurized liquid re-
placing the lower rigid dies, is a widely applied press forming process for metal sheet and
tubular components. The benefits of the hydroforming process are its uniform load dis-
tribution and better surface quality, which is applicable to form metal-composite lami-
nates [28, 29]. Electro-magnetic forming, which utilizes a pulsed magnetic field to apply
loads on the workpiece, is a high speed and non-contact forming technology for metal
sheet and tubular components. One of the studies investigated the feasibility for the
forming of metal-composite laminate components using this method and it has shown
the possibility of formability increasing due to change of strain state [30].

ogForming
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Bonded sheets
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Metal sheets
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Figure 1.5: Processing strategies for the forming of metal-composite laminates [17]

The metal-composite laminate parts can be manufactured by forming metal sheets
and shaping FRP sheets into designed shapes separately and then bonding them to-
gether with adhesives [31]. Zafar et al. [32] developed a “3A” method which is based
on simultaneous forming of multi-layer metal sheet through hydroforming technology.
This method helps to make the part with any type of dry fibre/polymer matrix systems as
well as any layup and thickness of the hybrid laminates. However, the long cycle time, the
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required heat and pressure, the as-formed geometric accuracy and final product quality
it achieved all limit its development. Therefore, the direct forming methods of metal-
composite laminate might offer a better solution. The methods can be categorised into
four processing strategies with various raw materials and pre-process steps before form-
ing as schematically illustrated in Figure 1.5.

The first strategy is to have bonded hybrid laminates as raw materials, which might
undergo the reheating and a subsequent forming process for the sheet. For thermoset-
based metal-composite laminates, such laminates go (without heating) directly through
a cold forming process as the epoxy matrix cannot be remelted. Therefore, this method
is typically applied for the thermoplastic-based metal-composite laminates as the de-
formability is poor at low temperatures. Mosse and Kalyanasundaram et al. [26][33]
applied the stamp forming process of aluminium alloy based polypropylene (PP) lam-
inates after heating the bonded blanks and studied the effect of process parameters.
They found that these hybrid laminates have potential for high formability characteris-
tics and significant reductions in shape errors can be achieved. Nam et al. [34] and Zal et
al. [35]extended this strategy to the steel/PP-based and Al/PVC-based metal-composite
laminates, respectively, and similar conclusions can be obtained from their studies.

The second strategy aims to achieve the forming of thermoset-based hybrid lami-
nates where the metal sheets and FRP sheets (uncured prepregs) are stacked and pre-
heated prior to forming. The preheating temperature is always below the curing tem-
perature of the prepreg which reduces the resin viscosity. Lee et al. [36] preheated semi-
finished stacks consisting of steel and carbon fibre-reinforced epoxy prepregs before
deep drawing. He concluded that the forming depth increases with lower blank holder
force while the influence of punch velocity is limited. Liu et al. [37] applied the method
to semi-finished GLARE laminates stacked at room temperature to validate the forma-
bility under different fibre orientations in a stamp forming process. He believed that
multi-directional fibre layers are a good alternative compared to the unidirectional fibre
layers especially when a better formability is the main goal. In the study of Behrens et
al. [38], the aluminium alloy sheets and carbon fibre-reinforced PA6 sheets were stacked
at room temperature and heated in a forming tool system with heating concepts. Here,
the forming and adhering of thermoplastics and metal sheet in one step can be achieved
following this method. The resulting hat profiles can be produced successfully with a
tool temperature of 250°C and the application results in economic benefits.

The third strategy is the method where metal sheets and FRP sheets are separately
heated to different temperatures and subsequently stacked before forming. Guo et al.
[39] formed the steel/CFRP U-shaped and box-shaped structures when heating the CFRP
sheets at the melting temperature of the resin matrix (120°C) and steel sheets at the warm
forming temperature (550°C), respectively. He discovered that the formed components
have a higher forming precision and much higher load-carrying capability as well as bet-
ter energy absorption than their pure steel counterparts. However, one of the drawbacks
may be the damage of the composite parts when two sheets come into contact at this
high temperature, which hinders its development.

Compression moulding and resin transfer moulding (RTM) are techniques devel-
oped to fabricate composite components where the bottom metal sheet is placed on a
heated tool with the dry fibres on top, and the polymer matrix is injected onto the sheet
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before the top steel layer is being stacked. Mennecart et al. [40] proposed two innova-
tive methods applying such techniques to form the metal-composite laminates. One is
the combination process of deep drawing and wet compression moulding, and the other
is the deep drawing process coupled with resin transfer moulding. He mentioned that
these processes have better forming behaviour due to the application of the epoxy resin
which polymerizes directly between the metal sheets. The used polymer matrix is usu-
ally low-viscosity thermoset in the laminates, while the forming of thermoplastic-based
hybrid laminates can be achieved once the polymer has a suitable viscosity.

Metal FRP Polymer
Fibre

In-plane deformation Intra-ply shearBiaxial strain Tranverse tension

Metal Woven/Cross-plied UD Uniaxially oriented UD

Out-of-plane bending Inter-ply sliding Transverse flow

Figure 1.6: Primary deformation mechanisms for metal-composite laminates during forming

1.3. DEFORMATION MECHANISMS

D URING the forming process of metal -composite laminates, the material properties
and layer interactions are the key indexes for evaluating the deformability of the

hybrid materials. The primary deformation mechanisms shown in Figure 1.6 reveal that
the forming behaviour of metal-composite laminates is determined by the deformation
mechanisms of metal and FRP sheets, and the movements between the sheets. As for
the deformation modes involved in sheet metal forming, the in-plane deformations like
biaxial straining dominate the forming of three-dimensional (3D) shapes. The mechan-
ical responses of the metal sheets can be either obtained from the uniaxial tensile tests
[41], or characterised through the forming limit diagram (FLD) created by different test
methods [42–44]. The deformation mode for FRP sheets varies with different types of
fibre reinforcement, including woven and unidirectional (UD), with the UD being avail-
able in cross-plied UD and uniaxially oriented UD. The dominating deformation mech-
anism for woven fabrics or cross-plied UD fibres is intra-ply shear, which denotes the
rotation of the inextensible fibres. The intra-ply shear mechanism, also known as Trel-
lis effect, is mainly responsible for FRP sheet to be formed into three-dimensional (3D)
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shapes [45, 46]. Transverse tension is the deformation mechanism in the UD polymers
oriented parallel to the tension line during forming since the tension force in transverse
direction is much lower than the shear force. The influence of tension along the longi-
tudinal direction for the FRP sheets can be neglected due to the limited failure strain of
the UD fibres [47, 48].

The movements between metal sheets and FRP sheets should also be noted as sig-
nificant factors affecting the laminate deformability. Out-of-plane bending is one of the
deformation mechanisms in forming metal-composite laminates and the bending per-
formance depends on the types of metal and FRP materials, as well as on the inter-ply
interaction of sliding and through-the-thickness behaviour like transverse flow.

The bending behaviour for sheet metal forming has been well illustrated in the lit-
erature [49, 50], but the bending of a FRP sheet seems to be less important due to the
fact that the bending resistance is usually orders of magnitude lower than the intra-ply
shear resistance for uncured polymers [51]. Inter-ply sliding is also one of the defor-
mation mechanisms for the bending of metal-composite laminates, especially for the
forming of single-curved parts. The relative movement at the metal-composite inter-
faces contributes to the reduction of wrinkles at the inner metal layer and cracks at the
outer metal layer of a laminate [52, 53]. Transverse flow is another important factor af-
fecting the deformation during bending, particularly for hybrid laminates with UD fibre
reinforced polymers oriented parallel to the bend line at elevated temperatures. The un-
even pressure applied on the metal surface induces thickness variations by allowing the
polymers to flow in transverse direction. Furthermore, the resin flow parallel to the fibre
direction is hindered by high friction force (large contact areas), which makes transverse
flow become much easier. Therefore, the fibres tend to move sideways with the polymer
when flow occurs in a direction off-axis to the fibre orientation [54].

1.4. DEFORMATION DEFECTS

A S the above-mentioned deformation mechanisms affect the deformability of metal-
composite laminates, there are some deformation defects like spring-back, wrin-

kling, cracking, thickness variation as well as delamination, that limit the formability
of the hybrid materials. These defects are the results of interaction of factors including
laminate structure, component geometry and process parameters like speed, pressure,
temperature, etc. Schematic graphs of some deformation defects are presented in Figure
1.7.

The concept of spring-back comes as a consequence of elastic strain recovery after
the removal of forming loads. During sheet metal forming, the spring-back is inevitable
and common in each stage where the metal sheet undergoes plastic deformation. The
spring-back behaviour of metal-composite laminates is complex where the anisotropic
elastic recovery of FRP should be taken into account at the same time [55, 56].

Wrinkling is another common defect that occurs in sheet metal forming process,
especially in the wall or flange regions of the component. The wrinkles are caused by
compressive stresses, and can be prevented if the forming strategy and formed compo-
nents are designed properly [57]. Wrinkling is related to metal sheet where a thickness
increase helps to postpone such phenomenon, which is also true for cured hybrid lami-
nates. However, the FRP layers have limited influences on the wrinkling of the thin metal
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layers in case of uncured hybrid laminates. For the FRP layers with woven fabrics, angle
locking with rapid increase of shear stress results in (fibre) wrinkling [58, 59]. Besides,
also the lack of inter-ply sliding will induce wrinkles and cracks at the inner and outer
layers of a laminate, respectively [60].

Despite the fact that the metal sheets usually have a higher failure limit than the com-
posite layers, the cracks of metal sheets often occur due to the high local strains induced
by delamination, fibre failure, etc. When the laminate or some layers are cracked, the
material has failed and the mechanical performance is jeopardised [61, 62].

Moreover, the hybrid laminated structure has a complex multi-interface system with
fibre-matrix and metal-matrix interface. Delamination is usually one of the failure modes
for the cured laminates, and it may occur at different interfaces coupled with thickness
variation and matrix percolation for the uncured laminates. The resistance of delami-
nation can be measured using the interlaminar fracture toughness testing [63], and the
damage caused due to the growth of delamination results in the decrease of strength,
toughness and fatigue [64, 65].

Spring-back Wrinkling Cracking Delamination

After spring-back

Before spring-back

Fibre wrinkling

Metal wrinkling

Metal

Metal

FRP

Thickness variation

Delamination

Percolation

Metal fracture

Fibre breakage

Matrix crack

Figure 1.7: Primary deformation defects for metal-composite laminates during forming

1.5. PRESS FORMING OF UNCURED LAMINATES

T He forming process of metal-composite laminates focuses on the epoxy-based hy-
brid materials under low temperature conditions. In order to improve the formabil-

ity of such laminates, a press forming cycle is proposed and the processing temperature-
time profile of the cycle is shown in Figure 1.8. The press forming cycle consists of a
laminate preparing and preheating process, forming of uncured laminate, consolidation
and (partial) curing under pressure in a same mould and the cooling and removal of the
component. The most critical stage is in the forming cycle which requires a proper con-
trol of the different deformation mechanisms in different layers. During the preheating
stage, temperature and time needs to be carefully controlled so that the inter-ply sliding
at the metal-prepreg interfaces and the intra-ply shear within the prepregs are greatly
enhanced when the resin viscosity decreases [66, 67]. Then, the still uncured laminate is
formed and cured in subsequent stages, avoiding a separate curing process and an extra
curing , which can be time-saving and cost-saving [68]. This method contributes to a
better formability of metal-composite laminates based on the utilisation of deformation
mechanisms for both material layers and the optimisation of processing parameters in
a press forming cycle. For example, the metal sheets are usually deformed into three-
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dimensional shapes by bending and in-plane plastic deformation, while the deforma-
tion of fibre reinforced prepreg is always achieved by inter-ply sliding in-between the
layers and intra-ply shear within the layers. All these mechanisms need to be combined
and considered in the proposed press forming cycle. In addition, the processing param-
eters such as preheating temperature and time, curing pressure and time, etc should also
be studied and optimised for the press forming of uncured laminates.
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Figure 1.8: Processing temperature and time profile of the tool surface and uncured hybrid laminate in a press
forming cycle

1.6. RESEARCH GOAL AND SCOPE

D Uring press forming process of the uncured metal-composite laminates as shown in
Figure 1.8, the goal is a high-quality deformation of the component into a desired

shape without defects and failures. The uncured laminate deformation occurs in a nar-
row timeslot between the preheating stage and the curing/consolidation stage, and it is
expected that multiple deformation mechanisms play a significant role during forming.
Therefore, it should become clear how the application of preheating, subsequent form-
ing and curing affect the deformability of the uncured laminate. In addition, the role
of individual layers in a complex multi-interface system in an uncured hybrid laminate
remains to be explored. To this end, the material constituents, laminate structures and
process parameters need to be selected and optimised.

Therefore, the thesis aims at evaluating the deformation mechanisms and defects
for the uncured epoxy-based metal-composite laminates applying corresponding test-
ing methods. The research gaps are covered by the following research questions:

• How to analyse and characterise the mechanisms and defects in non-coherent de-
formations？

• What roles have the individual layers of metal sheet and uncured fibre prepreg play
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during forming？

• Which factors influence the simultaneous deformation of uncured laminates and
how do they correlate？

By answering the above questions, we can have a clear formability assessment of the
uncured metal-composite laminate during the proposed press forming process . These
achievements enhances the understanding of material selection, process design and pa-
rameter optimisation for the hybrid laminates. As mentioned in the previous literature,
forming behaviour for such materials is quite complex and most studies focus on the
forming process of the cured laminates. Therefore, it is meaningful to contribute this
effort in the forming of uncured laminates.

The method to address these questions is based on the experimental analysis and
characterisation with the measurement and digital microscopy techniques to study the
evolution of the sliding surface, fibre orientation and cross-section thickness. Then, the
numerical modelling method is proposed to validate the test results and help to support
the understanding of the deformation behaviour of uncured hybrid laminates.

1.7. THESIS OUTLINE

T He outline of the thesis is planned as a series of investigations following the de-
formation mechanisms of the proposed press forming cycle (Figure 1.8), which is

schematically described in Figure 1.9. The stages of the process which are relevant to
each chapter are indicated in this figure.

The inter-ply sliding behaviour of uncured metal-composite laminates is investi-
gated in Chapter 2. An inter-ply friction model at the metal-prepreg interfaces is de-
veloped and by using the model, the optimised conditions for proper sliding can be de-
termined. Such model involving the influence of various process parameters can be in-
corporated into a finite element simulation .

In Chapter 3, the intra-ply shear properties of uncured hybrid laminates are charac-
terised and the effect of metal sheet layers on the shear deformability of the prepreg layer
is investigated. The results are compared with theoretical pin-jointed net (PJN) method
and the shear angle evolution of the prepreg system coupled with the corresponding un-
cured metal-composite laminates are analysed.

In Chapter 4,the flexural behaviour of uncured metal-CFRP laminates is investigated
and the role of clamping pressure on the bending properties is discussed. Experimental
tests and finite element simulations are proposed to compare and validate the results. In
addition, the final shape of the bent materials is evaluated.

The previous chapters focused on deformation mechanisms which may encounter
after the preheating stage on two-dimensional levels. In Chapter 5, a valuable comple-
mentary study on the effect of spring-back for the final shape of the formed component
after curing stage is outlined. Two processing conditions of full-cured and partially-
cured after press forming are performed and the spring-back ratio is calculated. The
parameters including laminate structure, temperature, time and pressure are evaluated
on their effect of cure-dependent spring-back as those effects are interrelated.

In Chapter 6, the simultaneous deformation during the forming stage of a dome part
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is analysed and validated through numerical simulation. The effect of material con-
stituent, fibre orientation, clamping force as well as inter-ply friction are investigated
and combined to explore which factors are the most important and how they affect the
final shape of the component.

Finally, Chapter 7 summarizes the main conclusions of the thesis and offers some
suggestions for future work.
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Figure 1.9: Schematic description of the research outline of the PhD thesis

REFERENCES
[1] A. Asundi and A. Y. Choi, “fibre metal laminates: An advanced material for future

aircraft,” Journal of Materials Processing Technology, vol. 63, no. 1, pp. 384–394,
1997.

[2] L. Vogelesang and A. Vlot, “Development of fibre metal laminates for advanced
aerospace structures,” Journal of Materials Processing Technology, vol. 103, no. 1,
pp. 1–5, 2000.

[3] E. C. Botelho, R. A. Silva, L. C. Pardini, and M. C. Rezende, “A review on the develop-
ment and properties of continuous fibre/epoxy/aluminum hybrid composites for
aircraft structures,” Materials Research, vol. 9, pp. 247–256, 2006.

[4] T. Sinmazçelik, E. Avcu, M. Özgür Bora, and O. Çoban, “A review: Fibre metal lam-
inates, background, bonding types and applied test methods,” Materials & Design,
vol. 32, no. 7, pp. 3671–3685, 2011.



REFERENCES

1

13

[5] J. Sinke, “Manufacturing of glare parts and structures,” Applied composite materials,
vol. 10, pp. 293–305, 2003.

[6] D. Nardi, M. Abouhamzeh, R. Leonard, and J. Sinke, “Investigation of kink induced
defect in aluminium sheets for glare manufacturing,” Composites Part A: Applied
Science and Manufacturing, vol. 125, p. 105531, 2019.

[7] T. de Jong, Forming of Laminates. PhD thesis, Delft University of Technology, 2006.

[8] L. Vogelesang and J. Gunnink, “Arall: A materials challenge for the next generation
of aircraft,” Materials & Design, vol. 7, no. 6, pp. 287–300, 1986.

[9] M. Sasso, E. Mancini, G. Dhaliwal, G. Newaz, and D. Amodio, “Investigation of
the mechanical brhaviour of carall fml at high strain rate,” Composite Structures,
vol. 222, p. 110922, 2019.

[10] M. E. Kazemi, L. Shanmugam, L. Yang, and J. Yang, “A review on the hybrid tita-
nium composite laminates (htcls) with focuses on surface treatments, fabrications,
and mechanical properties,” Composites Part A: Applied Science and Manufactur-
ing, vol. 128, p. 105679, 2020.

[11] P. Boisse, J. Colmars, N. Hamila, N. Naouar, and Q. Steer, “Bending and wrinkling
of composite fibre preforms and prepregs. a review and new developments in the
draping simulations,” Composites Part B: Engineering, vol. 141, pp. 234–249, 2018.

[12] J.-Y. Kim, Y.-T. Hwang, J.-H. Baek, W.-Y. Song, and H.-S. Kim, “Study on inter-ply
friction between woven and unidirectional prepregs and its effect on the composite
forming process,” Composite Structures, vol. 267, p. 113888, 2021.

[13] R. Lokesh, V. Jagadesh, and S. Suresh, “Mechanical and low velocity impact
brhaviour of al based kevlar fabric reinforced epoxy laminate,” International Jour-
nal of Applied Engineering Research, vol. 16, no. 8, pp. 660–669, 2021.

[14] Y. Yang, R. Boom, B. Irion, D.-J. Van Heerden, P. Kuiper, and H. De Wit, “Recycling
of composite materials,” Chemical Engineering and Processing: Process Intensifica-
tion, vol. 51, pp. 53–68, 2012.

[15] R. Santiago, W. Cantwell, and M. Alves, “Impact on thermoplastic fibre-metal lam-
inates: Experimental observations,” Composite structures, vol. 159, pp. 800–817,
2017.

[16] D. Mamalis, W. Obande, V. Koutsos, J. R. Blackford, C. M. Ó. Brádaigh, and D. Ray,
“Novel thermoplastic fibre-metal laminates manufactured by vacuum resin infu-
sion: the effect of surface treatments on interfacial bonding,” Materials & Design,
vol. 162, pp. 331–344, 2019.

[17] Z. Ding, H. Wang, J. Luo, and N. Li, “A review on forming technologies of fibre metal
laminates,” International Journal of Lightweight Materials and Manufacture, vol. 4,
no. 1, pp. 110–126, 2021.



1

14 REFERENCES
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2
A DOUBLE-LAP SLIDING TEST

METHOD FOR AN INTER-PLY

FRICTION MODEL

Forming with pre-stacked and uncured epoxy-based metal-composite laminates offers
improved deformability compared to full-cured hybrid laminates especially for the pro-
duction of complex structural components. In this chapter, the inter-ply friction behaviour
at the metal-prepreg interface of glass fibre reinforced aluminium laminate is investigated
through a double-lap sliding test setup. The effect of sliding velocity, normal force, fibre
orientation and resin viscosity coupled with temperature on static and kinetic friction co-
efficients are studied. The kinetic friction behavior in the transition region between mixed
and hydrodynamic lubrication, shows a good agreement with the Stribeck-curve theory.
While for the static friction, a modified Coulomb friction model is found to fit the exper-
imental results. These models are translated into a phenomenological inter-ply friction
model which is incorporated into Abaqus/Explicit as a user-defined friction subroutine
for verification. The findings contribute to the development of the forming process with
uncured metal-composite laminates.

This chapter has been published in: Liu S, Sinke J, Dransfeld C. An inter-ply friction model for thermoset based
fibre metal laminate in a hot-pressing process. Composites Part B, 109400, 227, (2021).
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2.1. INTRODUCTION

M ETAL-composite laminates are the type of lightweight composite materials made
by alternating layers of fibre reinforced polymers and thin metal sheets. The hy-

brid structure achieves superior properties over its constituents, especially in fatigue re-
sistance and corrosion [1]. For the epoxy-based metal-composite laminate such as glass
fibre reinforced aluminium laminate (GLARE), the matrix obtains its properties through
a cross-linking process, also referred to as curing. This cross-linking mechanism is ir-
reversible and usually performed in autoclaves to apply the required temperatures and
pressures [2]. However, the latest development in resin pre-treatment technology has
made it possible to deform such hybrid laminate with epoxy prepregs, instead of auto-
claving, offering relatively short cycle times while retaining the exceptional mechanical
performance as the autoclaved laminate [3].

The forming process of epoxy-based metal-composite laminates as shown in Figure
1.8, aims at preforming an initial flat blank into a final 3D shape. The forming cycle in-
volves preheating the pre-stacked laminate prior to the curing stage thereby decreasing
the resin viscosity and increasing the ease of deformation, in particular inter-ply friction.
Temperature and time are two critical factors that need to be carefully controlled as the
initiation of resin cure would increase the stiffness of the prepreg and hamper the lami-
nate from deforming. Preforming an initial flat blank requires the laminate that deforms
following the desired shape in a predictable and repeatable way without the occurrence
of fracture, wrinkles and other possible defects [4]. This method is achieved by allowing
the individual layers to deform by intra-ply shear within the prepreg and inter-ply slid-
ing in-between the metal sheets and prepreg layers. The latter mechanism is the focus
of this chapter.

2.2. LITERATURE ON INTER-PLY FRICTION

M OST of the recent papers on the frictional properties of thermoset materials are lim-
ited to the unidirectional reinforcements and woven fabrics without metal sheet

layers. These studies showed that processing parameters like temperature, sliding rate
and normal force greatly affect the degree of sliding deformation within and in-between
the layers [5–8]. Martin et al. [9] focused on the frictional resistance of woven thermoset
prepregs and proposed that the friction coefficient depends on the prepreg system and
temperature, and that prepreg with a lower viscosity and high amount of resin at the
sliding surface exhibited lower frictional resistance. Dutta et al. [10] investigated the fric-
tional properties of a unidirectional carbon/epoxy prepreg and found that fibre orienta-
tion greatly affects the friction coefficient at the prepreg-prepreg interfaces. The inter-
faces where 0◦ and 45◦ prepreg layers contact each other show the highest inter-ply fric-
tion while 0◦/0◦ interfaces exhibit friction values similar or lower than 0◦/90◦ interfaces.
Therefore, resin rheology, fibre architecture and fibre orientation significantly influence
the inter-ply friction coefficient for the thermoset polymers. In addition, the evalua-
tions of tool-ply friction behaviours during composite forming are also crucial and the
parameters like normal pressure, laminate temperature, tool temperature, atmosphere
temperature and laminate orientation were found to affect friction coefficient between
the metal tool and composite laminates [11], [12].
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Generally, there exist two main methods in the simulation of the forming process
for composite laminates. For the micromechanical approach: all the components of
composite layers are modelled consisting of fibres and matrix. This method is supposed
to be more realistic while it requires partitioning the model into small pieces, making
the simulation complex and time-consuming [13]. The meso-level approach regards the
composite layers as a homogeneous and continuum material which can be discretised
into shell or solid elements. Usually the adhesive region between the adjacent layers is
simulated by using a cohesive layer with zero thickness [14, 15]. This method is preferred
to analyse damage problems like fracture and delamination by adopting a softening rela-
tionship between traction and separation based on cohesive law. However, the inter-ply
sliding deformation is unable to be characterised using the cohesive zone modelling as
the interfaces are loaded with high shear stresses. Also, the material parameters for co-
hesive elements are difficult to obtain and not suitable to fit in the applied processing
conditions. Therefore, a frictional contact model applied at the interfaces can be a sim-
ple alternative method when considering relative motions of individual plies [16].

In previous frictional models for composite laminates, most researchers performing
the forming simulations assume a constant friction coefficient at the tool-ply and ply-
ply interfaces due to the lack of friction data [17, 18]. However, studies discovered that
the friction coefficient is greatly affected by the reaction force of the tool as well as the
formability and stress-strain relations on the laminate throughout the duration of the
forming process. Fetfatsidis et al. [19] studied a hemisphere stamping simulation on wo-
ven fabric composites and found that the punch force is more than halved when using a
friction coefficient of 0.1 versus the conventional 0.3. Mosse et al. [20] developed a finite
element model for simulating the stamp forming process of thermoplastic based fibre
metal laminate materials. He compared a friction coefficient of zero similar to stamping
at high temperatures where the layers can slide over each other and a very high friction
coefficient of 100, corresponding to fully coupled layers at low temperatures. The results
indicated that the coupled layers result in higher strains accompanied with wrinkling in
a critical corner region whereas the friction-less model had a more accurate represen-
tation of the experimental surface topology and strain features. The determination of
friction phenomenon plays a significant role in establishing the frictional contact model
for the finite element forming simulations.

2.3. THEORY OF FRICTION MODELS

T HE friction models of two surfaces in contact generally consist of two mechanisms.
If no fluid separates the interface, the friction is governed by the force normal to the

dry surface which is usually described as Coulomb friction. The Coulomb coefficient of
friction µ can be written as [21]:

µ= F /N (2.1)

where F is the pull-out force and N is the normal force. The equation is used by many
scholars in determining the friction coefficient at the metal-polymer interfaces [22, 23].
However, Ajayi [24] studied the Coulomb friction coefficients for cotton and wool fabrics
under two different surfaces at room temperature. He found that with the increasing
number of test samples, the coefficient of Coulomb friction decreases due to the fabric
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structures. The effective contact surface influences the friction and the increasing sliding
velocity exhibited no consistent change in the friction coefficient. In addition, he noted
that the relationship between normal force and friction force can be described as:

F = k ·N n (2.2)

where F is the friction force, N is the normal force, k and n are the friction constant and
index which can be determined from experimental tests in a regression analysis.

Besides the Coulomb friction which occurs between dry surfaces, purely hydrody-
namic friction exists when two surfaces in relative motion are completely separated by a
fluid film. In this case the friction can be predicted in terms of the traction force acting on
the film, ignoring the effect of surface roughness on the friction [25]. The hydrodynamic
friction is independent of the normal force under steady load conditions, but depending
on resin viscosity and shear rate as shown:

τ= η · γ̇ (2.3)

where η is the matrix viscosity, γ̇ and τ are the shear rate and shear stress, respectively.
In addition, Wilks [26] designed a friction test that pulls a thin metal sheet from two
pre-consolidated fibre-glass-polypropylene sheets where the normal force is applied by
springs. He analysed that the shear stress is influenced by many processing parameters
and established a friction model considering both Coulomb friction and hydrodynamic
friction coefficients:

τ=µ ·PN +η · γ̇ (2.4)

where µ is the coefficient of Coulomb friction , PN is the normal pressure, η is the matrix
viscosity and γ̇ is the shear rate.

Clifford et al. [27] optimised the Wilks’ friction model by adding a term for the effec-
tive contact ratio on Coulomb friction by investigating the tool-ply friction interactions.
His analytical model considered the the Coulomb friction coupled with the polymer vis-
cosity because of the variation in shear stress with shear rate and temperature,

τ=ϕ ·µ ·PN +η · γ̇ (2.5)

where ϕ is the ratio of dry fibre regions in effective contact to the whole mould surfaces.
The Clifford model showed good agreement with experimental results for shear stresses
larger than 0.02 MPa.

Stribeck developed a theory to describe different types of friction mechanisms in re-
lation to sliding velocity, bearing pressure and lubricant viscosity in tribology [28, 29].
He identified that at low sliding velocities, surface asperities coming into contact domi-
nate and lead to high friction coefficients (called boundary lubrication), wheras at high
velocities the friction is dominated by a hydrodynamic film resulting in low friction co-
efficients (called hydrodynamic friction). The so called Stribeck-curve which plots the
relation of friction coefficient versus Hersey number as shown in Figure 2.1, exhibits the
characteristic transition region between boundary, mixed and hydrodynamic lubrica-
tion. The Hersey number H , also referred as the Stribeck number, can be interpreted as
a normalised sliding velocity and is a function of matrix viscosity η, sliding velocity v ,
and normal force N , where:

H = η · v

N
(2.6)
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Figure 2.1: Stribeck curve on friction coefficient versus Hersey number, indicating the range of Chow’s
research [23]

Figure 2.1 demonstrates a theoretical Stribeck curve and shows the three lubrication
regimes based on different types of friction (mechanisms). The first region is governed
by boundary lubrication where the influence of the fluid film is negligible resulting in
the friction similar to the Coulomb friction. The second part is an elasto-hydrodynamic
mode friction, which is also referred as mixed lubrication. This mode would gradually
transfer into a third hydrodynamic (full-film) region when the lubrication layer becomes
thicker. The surfaces in this area are completely separated by a fluid film and the friction
coefficient increases as the lubrication layer thickness (viscosity) increases. The curve
provides a qualitative explanation of the mechanism affecting the friction coefficient for
a range of processing parameters such as normal force, sliding rate, resin viscosity and
temperature. This theory is used to study the friction at different composite laminate
interfaces as well as the tool-ply interactions [8, 19, 30]. Chow [23] proposed an ana-
lytical model for the inter-ply friction on tool-ply surfaces for the glass-polypropylene
fabrics. He predicted that the effective friction coefficient that can be used in numeri-
cal simulations under different processing values by incorporating the friction models
of both Coulomb and hydrodynamic friction. The results illustrated that a correspond-
ing relationship from the Stribeck curve is able to cover the transition of Coulomb and
hydrodynamic friction under various test parameters .

A combination of the normal force and sliding velocity in Equation (2.6) can be ad-
justed to obtain the equal Hersey numbers at a constant viscosity. Consequently, the
friction coefficients are expected to be equal in comparable situations with equal Hersey
numbers. Since polymer viscosity is dependent on the processing history, a rheological
model needs to be established for the calculation of Hersey numbers. At a given tem-
perature, the viscosity for thermosets evolves as a function of the degree of cure. The
empirical formula for temperature and degree of cure dependent viscosity model of the
thermoset matrices can be expressed as [31, 32]:

η= η0 exp(
△Eη
RT

+k ·αc ) (2.7)
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where η0 is the initial viscosity, △Eη is the viscous activation energy, αc is the degree of
cure, k is a constant, R is the universal gas constant and T is the absolute temperature in
Kelvin. Once the test temperature and degree of cure for a certain epoxy thermoset is de-
termined, the viscosity can be obtained using this rheological equation. The relationship
between friction coefficient and Hersey number considering viscosity and temperature
effects will be discussed further in the section 2.6.

0 4 8 12 16 20 24
23

40

60

80

100

120

140

P
re

h
e

a
t 

T
e

m
p

e
ra

tu
re

 (
o
C

)

Preheat Time (min)

5
o C/m

in

40oC

60oC

80oC

100oC

120oC

Figure 2.2: Preheat temperature and time cycles for the pre-stacked GLARE materials

2.4. INTER-PLY FRICTION EXPERIMENT

2.4.1. MATERIALS

T HE material systems used in this chapter are the aerospace graded metal-composite
laminates named as GLARE which are glass fibre reinforced aluminium laminates.

Experimental samples consist of three 0.5-mm thick 2024-T3 aluminium sheets by GKN-
Fokker and two composite layers of fibre reinforced unidirectional prepreg S2-glass/FM-
94 epoxy provided by Solvay. Each composite layer consists of two prepreg plies and the
nominal thickness is 0.18 mm for each ply. The unidirectional fibre oriented at 0◦ direc-
tion corresponds with the rolling direction of the aluminium sheet. Prior to assembling,
the aluminium surfaces are pre-treated with chromic acid anodising and primed with
BR 127 to inhibit corrosion [4] since the surface treatment has a huge impact on the fric-
tion. Conventional manufacturing process for GLARE materials is through a standard
autoclave cycle with one-hour curing at a maximum temperature of 121 °C and an auto-
clave pressure of 6 bar. In this chapter, the laminate samples are pre-heated following the
cycles shown in Figure 2.2. The specimen undergoes an initial heating rate of 5°C/min to
the target temperature and subsequent holding to a total time of 20 minutes. The layup
configuration and thickness of pre-stacked laminates are presented in Table 2.1.
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2.4.2. SETUPS

C URRENT friction measuring methods consider the effects of normal force, pull-out
velocity and temperature, while other factors which are critical in composite form-

ing process such as resin property and fibre orientation have not been taken into account
[21–23, 29]. Applying ASTM standard D 1894 as a basis, an inter-ply friction test appara-
tus and procedure that allowed for testing at various conditions, is designed for the mea-
surement of the friction coefficient at the metal-prepreg interface based on a double lap
specimen. The schematic diagram and dimension for the laminate sample is presented
in Figure 2.3 and a normal force is applied on top and bottom aluminium sheets by a
clamping loadcell (40 mm × 40 mm) using fine thread locking screws as shown in Figure
2.3(c). The force is measured by strain gauges in a wheatstone bridge, which are installed
on the central region of the clamping loadcell. Figure 2.4(a) exhibits the calibration test
of the normal force and the results shown in Figure 2.5 are used as the reference values
for different test temperatures. The apparatus is used in a Zwick-20kN tensile /compres-
sion machine with a temperature chamber. The samples are put into the tensile machine
and clamped by the loadcell in normal direction shown in Figure 2.4(b). The loadcell
along the pull-out direction is fixed and the normal force can be adjusted to selected val-
ues through the rotating shaft. The temperature inside the chamber is preset and read
by a thermocouple in contact with the aluminium sheet. Other variables such as fibre
orientation and sliding velocity are altered by the layup design and manual input.

Table 2.1: Details of layup configuration and thickness of pre-stacked laminates

Structure Stacking configuration Total thickness Schematic graph

GLARE 3/2
Al/[0◦/0◦]/Al/[0◦/0◦]/Al

2.2 mm Aluminium 

alloy 2024-T3

UD prepregs

(S2 glass fibre 

+FM-94 epoxy)

Metal 

sheet

Fibre 

prepreg

Al/[45◦/45◦]/Al/[45◦/45◦]/Al
Al/[90◦/90◦]/Al/[90◦/90◦]/Al

The load-displacement relationships under different conditions are measured up to
a pull-out displacement of 20 mm which make the inter-ply (0°/0° and 0°/90°) and intra-
ply (45°/-45°) deformations significant. For the double-lap friction test in Figure 2.3(a),
the middle aluminium sheet is clamped by both top and bottom aluminium sheets where
the sliding occurs in four potential interfaces. Therefore, the experimental friction coef-
ficient for the study is written as,

µ= F

2 ·N
(2.8)

where F is the pull-out force obtained from the experiments and N is the set value of the
normal force applied by the clamping loadcell. The friction coefficient calculated from
Equation 2.8 is extracted from test data until the normal force begins to drop, and at least
three samples are tested for each test configuration.
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Figure 2.3: (a) Schematic graph and (b) Dimension for the friction test, (c) Details of the clamping loadcell
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Figure 2.4: Experimental setup and apparatus: (a) Calibration test of normal force; (b) Inter-ply friction test
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To investigate the effect of various parameters on the friction coefficient at the metal-
prepreg interfaces, a set of value ranges are chosen for these parameters. The experi-
ments are conducted varying one or two parameters at a time while keeping other pa-
rameters at their baseline value. Table 2.2 lists the parameters investigated for the fric-
tion test. These test parameters are chosen to illustrate whether the Stribeck-curve the-
ory corresponds with the experimental results by fitting the relationship of the friction
coefficient and Hersey number. It is assumed that equal Hersey numbers derived from
the relations of normal force and sliding velocity lead to equal friction coefficients. There-
fore, the same two test parameters are selected for each of the nine Hersey numbers ( 2.3)
where the constant viscosity (η0) for the experimental prepreg is assumed to be around
104 Pa·s at room temperature (23°C) [33].

Table 2.2: Test parameters used for inter-ply friction experiments

Parameter Baseline value Additional values investigated
Normal force (N) 500 100, 200, 300, 600, 1000

Sliding velocity (mm/min) 10 5, 15, 20, 30, 40
Fibre orientation (°) 0/0 45/45, 90/90

Preheat temperature (°C) 23 40, 60, 80, 100, 120

For fibre-reinforced epoxy FM-94 applied in the experiment, the viscosity is mainly
influenced by the temperature and degree of cure. According to Equation 2.7, three mod-
elling parameters should be determined and applied in the viscosity model. From the
prior research and model fitting procedure [34–36] the rheokinetic model constants for
FM-94 epoxy in Equation 2.7 are given in Table 2.4. Figure 2.6 reveals the predicted cure
development of the FM-94 epoxy at different test temperatures including the degree of
cure as a function of time and the viscosity evolution. In this chapter, inter-ply friction
experiments on pre-stacked fibre metal laminate are conducted at the preheat temper-
ature of 40, 60, 80, 100, 120°C and those temperatures are kept constant for the entire
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experiment. Because the whole process consists of an initial heating ramp and subse-
quent holding at the preheat temperature (Figure 2.2). Viscosity values used in the fric-
tion model with a constant preheat time of 20 minutes are calculated by Equation 2.7
shown in Table 2.5. Incorporating the viscosity parameters into Hersey number (Equa-
tion 2.6), the relationship between the friction coefficient and Hersey number at various
temperatures can be obtained to see if they fit the Stribeck curve.

Table 2.3: Test conditions for Hersey number studied at room temperature of 23°C (η0 ≈ 104 Pa·s)

Sample Hersey number (m−1) Sliding velocity (mm/min) Normal force (N)
A-1 1.67E-03 5 500
A-2 1.67E-03 10 1000
B-1 2.78E-03 5 300
B-2 2.78E-03 10 600
C-1 3.33E-03 10 500
C-2 3.33E-03 20 1000
D-1 4.17E-03 5 200
D-2 4.17E-03 15 600
E-1 5.00E-03 15 500
E-2 5.00E-03 30 1000
F-1 6.67E-03 20 500
F-2 6.67E-03 40 1000
G-1 8.33E-03 5 100
G-2 8.33E-03 15 300
H-1 1.67E-02 10 100
H-2 1.67E-02 30 300
I-1 3.33E-02 20 100
I-2 3.33E-02 40 200

Table 2.4: The constants used in the viscosity model (Equation 2.7) for FM-94 epoxy [35, 36]

η∞ (Pa·s) △Eη (kJ/mol) k
3.38E-03 36.67 10.44

Table 2.5: Computed viscosity used in the friction models with a constant preheat time of 20 minutes

Temperature (°C) Degree of cure Viscosity (Pa·s)
23 0 9997.8
40 0.001 4501.3
60 0.004 1993.1
80 0.008 981.5

100 0.011 518.3
120 0.016 299.2



2.5. RESULTS AND DISCUSSION

2

29

0 50 100 150 200 250 300 350

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

D
e
g

re
e
 o

f 
C

u
re

Cure time (min)

  23oC

  40oC

  60oC

  80oC

 100oC

 120oC

(a)

0.00 0.02 0.04 0.06 0.08 0.10

1.0E+02

2.0E+03

5.0E+03

1.0E+04

2.0E+04

V
is

c
o

s
it

y
 (

P
a
×s

)

Degree of Cure

  23oC

  40oC

  60oC

  80oC

 100oC

 120oC

(b)

Figure 2.6: Predicted cure evolution of FM-94 epoxy at various temperatures: (a) Degree of cure; (b) Viscosity

2.5. RESULTS AND DISCUSSION

A LL the results for the pull-out force and displacement relationship follow the same
general trend sketched in Figure 2.7. Firstly, the laminate samples undergo elastic

deformation where the pull-out force increases sharply and reach a peak without move-
ments at the metal-prepreg interfaces. This force corresponds to the static friction force
required to initiate sliding between surfaces. After that, the load drops quickly and then
reaches a nearly steady sliding corresponding to kinetic friction. This kind of stick-slide
phenomenon can be analogous to the Stribeck-curve theory, where the interfaces over-
come a boundary condition with high friction, break surface asperities and establish a
lubrication layer that leads to the occurrence of kinetic sliding. In Figure 2.7, point A
represents the initial static peak force, and the displacement is usually less than 0.5 mm.
The displacement at point B for steady sliding is assumed to be 10 mm for all test config-
urations as the normal force gradually drops after that in the experiment. The pull-out
forces at point A and B are used in Equation 2.8 to calculate the values for the static
and kinetic friction coefficients, respectively. Based on the test results, the relationship
on the friction coefficients and different sliding parameters can be obtained. Then, an
initial fitting of the Stribeck curve for the inter-ply friction model is derived.
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Figure 2.7: Schematic curve of pull-out force and displacement relation for the friction test
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2.5.1. EFFECT OF NORMAL FORCE AND SLIDING VELOCITY

F IGURE 2.8 shows the experimental results of the static and kinetic friction coefficients
and illustrates the influence of normal force on the inter-ply friction tested at vari-

ous sliding velocities. For the test values in the figure, two factors, the fibre oriented at
0◦/0◦ and the room temperature of 23°C, are kept at the baseline values. It can be seen
that both the static and kinetic friction coefficients increase with the increasing sliding
velocity and this relationship suggests that friction is characterised by Newtonian shear-
ing of the epoxy matrix where shear stresses increase with the increasing shear rate. In
contrast, the friction coefficient decreases with the increasing normal force and the ki-
netic friction drops before reaching a minimum value and plateau. One reason is that
for low normal forces, interfaces between fibre reinforced prepreg and pre-treated alu-
minium sheet have a relatively rough surface contact with high asperities. Although
higher frictional forces are required to pull the adjacent surfaces apart as the normal
force increases, the oriented fibres as well as asperities at the contacting interfaces can
be flattened out, resulting in a reduction of the roughness and consequently, the fric-
tion coefficients. The sketch of this phenomenon is mentioned in Figure 2.9 and upon
increasing the normal force, further compaction of the laminate seems impossible be-
cause the frictional force would greatly increase and even damage may happen when the
fibres in prepreg have direct contact with the aluminium surface.
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Figure 2.8: Friction coefficients as a function of normal force and sliding velocity at room temperature (23°C):
(a) Static; (b) Kinetic
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Figure 2.9: Sketch for illustrating the effect of normal force and temperature after the friction test
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Cross-section micrographs of the sample perpendicular to the sliding direction after
the friction test and subsequent curing (Figure 2.10(a)) are exhibited in Figure 2.11. The
samples are tested with a normal force of 200 and 1000 N at the temperature of 80°C. Two
fibre reinforced composite layers are separated by the three aluminium sheets shown in
(striped) grey regions and the interfaces can be perfectly discerned. The distance mea-
sured on the micrographs reveals that a normal force of 1000 N leads to a higher degree
of compaction compared with a lower normal force of 200 N. The nominal thickness for
one composite layer is 360 µm. The average thickness after performing the friction test
with a normal force of 200 N is 292.3 µm, while it is calculated to be 270.9 µm on av-
erage with a normal force of 1000 N. It can be concluded that the thickness decreases
with the normal force increases and this reduction in thickness leads to a lower friction
coefficient.

Main view Top view

Cross section Sliding surface

(a) (b)

Figure 2.10: Sketch of the laminate sample after the friction test: (a) Cut-outs; (b) Sliding surfaces
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Figure 2.11: Cross-section micrographs after friction test performed with a normal force of (a): 200N and
(b)1000N at the temperature of 80°C – (×80)

The values of normal force and sliding velocity play an important role in determining
the Hersey numbers in the Stribeck curve theory. Therefore, the relationships of Hersey
number and friction coefficient at room temperature are plotted in Figure 2.12 with stan-
dard deviations. Upon fitting these test results, it is observed that the Hersey numbers
studied at room temperature for kinetic friction coefficient look to fall into the hydro-
dynamic lubrication region in the Stribeck curve (Figure 2.1), since the lubrication re-
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gion appears exponential with a positive slope (Figure 2.12(a)). Besides, it is shown that
equal Hersey numbers (Table 2.3) have equal friction coefficients and the kinetic fric-
tion values gradually stabilise as the Hersey number gets smaller. For the static friction
coefficient curve plotted in Figure 2.12(b) , the trend follows a power law which does
not correspond to the Stribeck curve and therefore cannot be explained with the known
concept of fluid lubricated contacts.
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Figure 2.12: Hersey number versus test friction coefficient at room temperature: (a) Kinetic; (b) Static

2.5.2. EFFECT OF FIBRE ORIENTATION

O RIENTATION of the unidirectional fibres within the prepreg varies during the forming
process, and the potential effect for different fibre orientation such as 0◦/0◦, 45◦/45◦

and 90◦/90◦ on friction is investigated. The results show that fibre orientation did not af-
fect the coefficients of static friction. The reason is mainly due to the fact that the fibre
orientation in the prepreg has a little impact on the fibre asperities and initial degree of
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intimate contacts, which mostly decide the evolution of static friction. However, the ki-
netic friction behaves differently under various conditions of normal force and temper-
ature. Figure 2.13 presents the two sliding effects in three different fibre orientations and
the other variables are kept at their baseline values. It is shown that the kinetic friction
coefficient decreases as the normal force or temperature increases. The fibre oriented at
45◦/45◦ exhibits the highest kinetic friction coefficient while the 0◦/0◦ layup interfaces
show a lower friction coefficient compared with the 90◦/90◦ interfaces under the same
conditions. The difference implies that the presence of 45◦ and 90◦ plies increase in-
terfacial shear stress when fibre orientation and aluminium rolling direction deviates.
The effects of fibre orientation become more distinct with the increase of temperature,
which shows that the interactions at metal-prepreg interfaces occur by the direct contact
between the oriented fibres and aluminium surface at elevated temperatures.
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Figure 2.13: Kinetic friction coefficients of (a) different normal forces at room temperature of 23°C and (b)
different temperatures at normal force of 500N

Figure 2.14: Sliding surfaces after the friction test performed with different fibre orientations – (×12)
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The trend can be further explained through investigation of micrographs of the slid-
ing surface and cut-outs. Sliding surfaces are performed by a digital microscope after
subsequent curing to recognize the variations of sliding length in Figure 2.10(b). The
fibre orientation of 45◦/45◦ and 90◦/90◦ at room temperature coupled with the temper-
ature at 80°C after the inter-ply friction test are presented in Figure 2.14. A correspond-
ing pull-out of fibre reinforced prepregs can be observed with the movement of middle
aluminium sheet. At room temperature, the average sliding length for the prepreg of
45◦/45◦ layup is 6.22 mm and the value increases to average 6.75 mm with the fibre ori-
entation of 90◦/90◦. The increase in prepreg sliding length means a lower frictional resis-
tance at the interface. Even though the maximum displacement for both layups shows
a positive elevation at high temperature, the laminate with 45◦/45◦ interfaces exhibits
a decrease in sliding length of prepreg on the bottom side. This phenomenon can be
explained by the occurrence of intra-ply shear for 45◦/45◦ interfaces while the layups of
0◦/0◦ and 90◦/90◦ only undergo inter-ply sliding during the friction test. The inter-ply
sliding dominates the evolution of friction coefficient while intra-ply shear within the
prepreg also contributes to friction. Therefore, the 45◦/45◦ interfaces have the highest
kinetic friction coefficient values compared with the 0◦/0◦ and 90◦/90◦ interfaces. The
shearing phenomenon at elevated temperature demonstrates that decreasing viscosity
has a positive influence on both inter-ply sliding and intra-ply shear behaviours. Figure
2.15 reveals that the cross-section thickness slightly drops from for 45◦/45◦ interfaces to
90◦/90◦ interfaces at the temperature of 80°C. This small difference of thickness shows
that the fibre-orientation effect has a limited influence on the thickness reduction and
friction coefficient. Although it affects the kinetic friction coefficient at various normal
forces and temperatures, it is unable to determine the Hersey number in the Stribeck-
curve theory or other friction models and no consistent law can be followed. Therefore,
fibre orientation is not further considered for the development of the inter-ply friction
model in the research.
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Figure 2.15: Cross-section micrographs after friction test performed with a fibre orientation of (a) 45◦/45◦ and
(b) 90◦/90◦ at the temperature of 80°C and 500N – (×80)
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2.5.3. EFFECT OF RESIN VISCOSITY AND TEMPERATURE

T O investigate the influence of resin viscosity on friction coefficient, the combinations
of the sliding velocity and normal force (v/N) are kept constant ranging from 0.01 to

0.1 mm/N·min shown in Figure 2.16. In this research, the resin viscosity decreases with
the elevation of test temperature. Results reveal that the static and kinetic friction coef-
ficients decrease as the test temperature increases from the room temperature of 23°C
to the maximum temperature of 120°C. Rather than the quasi-linear reduction of static
friction as the test temperature increases, the kinetic friction coefficient gradually con-
verges at elevated temperatures. It can be concluded from the results that an increase of
resin flow as viscosity decreases has a significant impact on the friction. The decreasing
trend in the friction coefficient can be due to the resin squeezing out from the center
of prepreg layer to the top and bottom interfaces. More resin at the interfaces creates
resin film layers which increase the lubrication and reduce the friction coefficient as dis-
cussed in the Stribeck-curve theory. The illustrating sketch is also shown in Figure 2.9.
However, the viscosity variations provide limited effects on the static friction state before
the onset of sliding, and the decrease in friction coefficient may result from the tempera-
ture effect which alters the interface asperities. Therefore, the combined effect of sliding
velocity and normal force has a small influence on the kinetic friction coefficient as the
temperature rises.
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Figure 2.16: Experimental Friction coefficients under different temperatures: (a) Static; (b) Kinetic

Figure 2.17 shows the micrographs of the sliding surfaces at three different tempera-
tures for 0◦/0◦ interfaces at 500N and 10mm/min. A slight length increase for the sliding
of prepreg layer shown on the surface top region are measured from 7.05 mm at 40°C
to 7.62 mm at 120°C. This result helps to explain why the friction coefficient drops with
increased resin flow by the elevation of test temperatures. However, it is also obvious
to see the uneven ply boundary displacement on the surface bottom region for 0◦/0◦
interfaces at the temperature of 120°C in Figure 2.17. There are two reasons which can
explain the defects: One is that the polymer matrix tends to flow parallel to the fibre axis,
which makes the transverse flow less likely to happen. Once the resin flow occurs in a
direction off-axis the fibre orientation at high temperatures, the fibres are more likely to
move with the resin. The other reason for the uneven ply boundary displacement can be
caused by the direct contact in some regions between the oriented fibres and aluminium
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sheet at high temperatures. When the normal force becomes very high or the degree of
cure for the epoxy prepreg increases, the sliding interface would be damaged as the vis-
cosity increases and results in higher friction coefficients. Further research on laminate
cut-outs after performing the friction test (Figure 2.18) shows that the average thickness
at the temperature of 40°C is 303.7 µm, while it is 251.9 mm average at the temperature
of 120°C. The results imply that more resin flow at elevated temperature would lead to a
distinct decrease in cross-section thickness.

Figure 2.17: Sliding surfaces after the friction test performed with different temperatures for 0◦/0◦ interfaces
at 500N and 10mm/min – (×12)
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Figure 2.18: Cross-section micrographs after friction test performed with a temperature of (a) 40°C and (b)
120°C – (×80)

As stated in the theoretical section of this work, viscosity is another critical index on
the Hersey number in the Stribeck-curve theory. A constant preheat time under various
test temperatures is incorporated into the viscosity model. The relationships of friction
coefficient and Hersey number at these test temperatures are made into a fitting curve
shown in Figure 2.19. The result ignores the viscosity parameter in Hersey numbers for
the static friction coefficient while a temperature compensation term [37, 38] for both
friction coefficients is considered to incorporate into the inter-ply friction model.
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Figure 2.19: Effect of temperature on test friction coefficient and Hersey number: (a) Kinetic; (b) Static

2.6. DEVELOPMENT OF INTER-PLY FRICTION MODEL

T HE inter-ply friction model for the kinetic friction can be derived by fitting a curve
from the test results in Figure 2.12(a),

µk = 0.22 ·e27.25H −0.03 (2.9)

where µk is the coefficient of kinetic friction and H is the Hersey number.
It can be seen that an exponential fit represents the experimental data at room tem-

perature and suggests that the range of studied values corresponds to the hydrodynamic
lubrication domain in the Stribeck curve (Figure 2.1). However, the trend of the fitting
curve only corresponds with the experimental results at room temperature when the ef-
fect of viscosity at different test temperatures is not considered. To account for the vari-
ations of temperature for the kinetic friction coefficient in the friction model, Gorczyca
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et al. [37]proposed a temperature shift term, Skk , which can be added to the model,

µk = (0.22 ·e27.25H −0.03)−Skk (2.10)

where Skk is the shift term to compensate for the temperature effect. Based on the result
obtained from Figure 2.19(a), a linear fit can be matched to the test temperature versus
kinetic friction data and the friction coefficient can be expressed as:

µkk =−7.42×10−4 ·T +2.27×10−1 (2.11)

where µkk is the kinetic friction coefficient at the temperature T in °C. Then, the shift
term for Equation 2.10 is written which represents the difference of the actual tempera-
ture and the baseline temperature (23°C),

Skk =−7.42×10−4(TB −TA) (2.12)

where TA ,TB are the value of the actual temperature and baseline temperature in °C,
respectively. When incorporating the result from Equation 2.12 into Equation 2.10 with
the temperature difference △T = TA −TB , the kinetic friction coefficient considering the
investigated sliding effect is expressed as:

µk = 0.22 ·e27.25· ηv
N −7.42×10−4 ·△T −0.03 (2.13)

where η,v ,N and △T are the processing parameters of resin viscosity, sliding velocity,
normal force and temperature difference, respectively. From the Equation 2.13, it can
be concluded that the kinetic friction plots in the transition region between mixed and
hydrodynamic lubrication can be fit into the Stribeck curve.

However, the fitting curve for static friction coefficient versus Hersey number (Fig-
ure 2.12(b)) does not match with the Stribeck curve. The result in Figure 2.19(b) reveals
that the viscosity parameter in the Hersey number has limited contribution to establish
a static friction model, while the shift term should be applied to compensate for the tem-
perature effect. Therefore, the static friction coefficient following a power-law fit at room
temperature can be written as:

µs = 5.02 · (
v

N
)0.12 (2.14)

whereµs is the static friction coefficient, v is the sliding velocity and N is the applied nor-
mal force. To compensate for test temperature effect on the static friction, a static shift
term is added to the model again [37]. This shift term Sss also corresponds to a linear fit
according to Figure 2.19(b) and the static friction coefficient at actual temperature, µss ,
can be expressed as:

µs = 5.02 · (
v

N
)0.12 −Sss (2.15)

µss =−6.35×10−3 ·T +9.84×10−1 (2.16)

Sss =−6.35×10−3 · (TB −TA) (2.17)

where TA ,TB are the value of the actual temperature and baseline temperature in °C, re-
spectively. Then, the static friction coefficient considering the investigated sliding effect
can be written as,

µs = 5.02 · (
v

N
)0.12 −6.35×10−3 ·△T (2.18)
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Here, the static friction coefficient is determined as a function of sliding velocity v ,
normal force N and temperature difference △T . This static friction model could be fit
into a modified Coulomb friction model by combining Equation 2.1 and Equation 2.2
where µ= k ·N n−1 with a friction index n = 0.88. The modified friction model considers
temperature effects and the friction constant k is also influenced by sliding velocity. It is
known from the model that the test temperature has the largest effect on static friction,
followed by the applied normal force and the sliding velocity. As a result, an inter-ply fric-
tion model considering the static and kinetic friction coefficients under different sliding
parameters can be applied in process simulation.

2.7. FINITE ELEMENT MODEL VALIDATION

T HE commercially available finite element package Abaqus/Explicit allows for the im-
plementation of user-defined frictional behaviour via a subroutine. A finite element

model of the experimental friction test setup is run to validate the ability of the proposed
friction model to replicate the response of the inter-ply friction test. The finite element
model shown in Figure 2.20 includes two outer aluminium sheets fixed at one end and
a middle aluminium sheet pulled out from the other end, together with two alternating
glass fibre prepreg layers. A normal force is applied on the outer aluminium surfaces
and the sizes as well as thicknesses are the same as the experimental setups. To simplify
the setup and reduce computation time, the aluminium sheets and glass fibre prepreg
are all created as four-node doubly curved conventional shell element with reduced in-
tegration (S4R) with the mesh size of 1 mm. Such laminate model is represented in the
composite layup module where all layers and material parameters such as orientation,
thickness, property and relative location can be defined.

Aluminium alloy

Glass fibre prepreg

Pull-out

Normal force

Normal force

Fixed

Fixed
Scale factor:1

Figure 2.20: Finite element model of the inter-ply friction test of the pre-stacked laminates

A normal force corresponding to the inter-ply friction experiments is applied on the
fixed top and bottom platens in first step of the analysis. In the subsequent steps, the ap-
plied force is held constant and a velocity is prescribed in the pull-out direction on the
middle aluminium sheet for a maximum distance of 20 mm. A static-kinetic exponen-
tial decay equation (Equation 2.19) is used to model the transition from static to kinetic
friction under different sliding effects,

µ=µk + (µs −µk ) ·eβγ̇ (2.19)



2

40 2. A DOUBLE-LAP SLIDING TEST METHOD FOR AN INTER-PLY FRICTION MODEL

where µs is the static friction coefficient, µk is the kinetic friction coefficient, β is the
decay constant and γ̇ is the slip rate. The decay constant defines the transition rate from
zero velocity to the final velocity, and a decay constant of 0.16 is calculated to best-fit
the experimental data points which can be used in the finite element models. The fric-
tion coefficient versus displacement curves from Abaqus/Explicit friction-test and ex-
perimental validation are plotted in Figure 2.21 under some conditions. The model can
capture a peak state as it is associated with the static friction and a steady sliding state
for the kinetic friction. However, the static peak force and onset sliding displacement
obtained from the model does not correspond exactly to the experimental results, and
the model observes a steady kinetic friction at early stage of displacement while the ex-
perimental coefficient of friction continues to drop slightly. Because the kinetic friction
coefficient is the dominating factor, the peak value is less important and can be fixed by
a contact stiffness constant in the model. Therefore, the friction coefficient results indi-
cate that the finite element model accurately accounts for the variations in sliding veloc-
ity, normal force and temperature to update the friction coefficient as a function of the
test conditions. Through incorporating the inter-ply friction model into Abaqus/Explicit
as a user-defined friction subroutine, an accurate press forming simulation of thermoset
based fibre metal laminates can be established.
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Figure 2.21: Comparison between numerical and experimental results for inter-ply friction of unucured
hybrid laminates: (a) At room temperature of 23°C; (b) At sliding velocity of 10mm/min

2.8. CONCLUSIONS

T HE inter-ply friction coefficient at the metal-prepreg interfaces for the glass-fibre re-
inforced aluminium laminate (GLARE) under different sliding parameters has been

measured using a double-lap sliding test method. The influencing parameters are nor-
mal force, sliding velocity, fibre orientation, resin viscosity coupled with the temper-
ature. Friction coefficient results are studied by the sliding displacement and cross-
section thickness measurements. The sliding parameters which decrease the friction
coefficients are obtained and an inter-ply friction model based on the test result is incor-
porated into Abaqus/Explicit as a user-defined friction subroutine. The main achieve-
ments are:

(1) The static friction coefficient increases with the increase of sliding velocity and
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decreases with the increase of normal force, while the kinetic friction coefficient drops
with the increase of normal force at different sliding velocities before reaching a mini-
mum value and plateau. Besides, the static friction coefficient drops quasi-linear with
the increasing temperature. In contrast, the kinetic friction coefficient gradually con-
verges at elevated temperature due to the decrease of resin viscosity. Combining the
effect of the sliding velocity and normal force has a small influence on kinetic friction
when the temperature becomes higher.

(2) The fibre orientation has limited impact on the coefficient of static friction while
the fibre oriented at 45◦/45◦ exhibits the highest kinetic friction coefficient and the 0◦/0◦
interfaces show a lower friction coefficient compared with 90◦/90◦ interfaces under the
same conditions. Inter-ply sliding dominates the friction coefficient evolution while for
45◦/45◦ interfaces, the intra-ply shear behavior within the prepreg affects the friction. In
addition, the decreasing viscosity at elevated temperature has a significant influence on
both inter-ply sliding and intra-ply shear behaviours.

(3) The kinetic friction for various combinations of sliding effects results in a relation-
ship similar to the Stribeck curve with plots in the transition region between mixed and
hydrodynamic lubrication. The static friction coefficient versus Hersey number does not
match the trend in Stribeck-curve theory but obeys a modified Coulomb type of friction
where resin viscosity has limited influence.

(4) A static-kinetic exponential decay equation in Abaqus/Explicit is applied to model
the transition from the static to kinetic friction. The kinetic friction shows to be the dom-
inating factor in the finite element model, and the friction coefficients obtained from the
simulations correlate well with the experimental results.
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3
A MODIFIED BIAS-EXTENSION TEST

METHOD FOR INTRA-PLY SHEAR

CHARACTERISATION

The bias-extension (BE) test is one of the test methods to characterise the intra-ply shear
behaviour of continuous fibre reinforced composites including fabrics and unidirectional
(UD) materials. For the determination of the major mechanical properties of metal sheets,
often a uniaxial tensile test is used. Combination of these two methods for the in-plane
shear deformation of uncured hybrid laminates is proposed comparing the method for
cross-plied unidirectional prepregs and woven fabric prepregs. The influences of mate-
rial constituent, clamp displacement rate, preheat temperature and normal pressure on
the intra-ply shear behaviour are investigated. The results indicate that the material con-
stituents and friction depending on processing parameters play a critical role in the in-
plane shear characterisation of the hybrid laminate. The shear angle measurement under
four typical strains demonstrates that the support of metal layers improves the shear de-
formability by delaying the onset of fibre wrinkling. The modified intra-ply shear test con-
tributes to a better understanding of the process design for the forming of metal-composite
laminates.

This chapter has been published in: Liu S, Sinke J, Dransfeld C. A modified bias-extension test method for the
characterisation of intra-ply shear deformability of hybrid metal-composite laminates. Composite Structures.
116964, 314, (2023).
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3.1. INTRODUCTION

T HE metal-composite laminates consist of alternating thin sheets of metal alloys and
layers of fibre reinforced polymers. A wide range of combinations are available based

on the type of metal sheets, the architecture of fibres and resins, the number as well as
thickness of layers, etc [1]. Advantages of such lightweight hybrid materials compared
with the monolithic metal sheets are a better resistance to damage in case of impact,
fatigue and corrosion [2]. However, one of the main difficulties of forming components
made of metal-composite laminates, appears in its complex deformation mechanisms,
which may result in tears, folds, wrinkles [3–5]. One promising method for the forming of
such hybrid materials is through a press forming process especially designed for epoxy-
based metal-composite laminates. The proposed process steps are shown in Figure 1.8
and involve preheating a laminate, forming of the uncured laminate, consolidation and
(partial) curing in the same mould. Temperature and preheating time need to be care-
fully controlled to decrease the resin viscosity and thus increase the ease of deformation.
This method could improve the laminate deformability based on the understanding of
the deformation mechanisms for both material constituents. Here, the metal sheets are
usually deformed into three-dimensional shapes by bending and in-plane plastic defor-
mation [6, 7]. The deformation of fibre reinforced composites is achieved by inter-ply
sliding in-between the layers and intra-ply shear within the prepreg layers [8–10]. Both
mechanisms need to be combined in the proposed press forming process.

3.2. LITERATURE ON INTRA-PLY SHEAR

I NTRA-PLY shear behaviour of the individual plies in composite laminates is recognised
as the dominant mode of fibre deformation for shaping three-dimensional parts. This

mechanism has been investigated by many researchers [11–15] especially for the woven
fabrics which are shear dominated and deform as modelled by the pin-jointed net (PJN)
theory. The PJN theory assumes that yarns are inextensible without any slippage at the
cross-overs and free rotations are allowed for the fibre tows between warp and weft. The
shear resistance gradually grows during deformation as the yarns rotate over each other.
The deformation causes a sharp increase in shear force at a point and beyond which fibre
wrinkling phenomena occur. This point, often called ‘locking angle’, depends largely on
the properties of textile reinforcement, like type of fibre, type of weave, weave density,
etc (Figure 3.1). Potter [16, 17] found some similarities on the shear behaviour between
woven fabrics and cross-plied unidirectional plies although the complete deformation
is more complex for cross-plied UD materials than for woven fabrics due to the lack of
physical interlocking constraints. He concluded that the shear deformation for cross-
plied UD prepregs can be modelled by the same PJN assumption that was used for woven
fabric prepregs and an improved forming capability can be obtained by controlling the
linkage between the UD plies. However, there is no equivalent test standard to measure
the shear angle of cross-plied UD prepreg and the limit of shear deformation can be
either wrinkling or splitting within the fibre layers [18, 19].

The shear behaviour of dry fabrics or prepregs is typically characterised applying the
well-known intra-ply shear tests with a picture frame (PF) test or a bias-extension (BE)
test [20–23]. In the picture frame test, the fabric specimen is clamped with the yarns
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aligned parallel and perpendicular to the four clamping bars. The shear deformation is
developed by fixing one hinge of the frame while imposing a tensile load on the hinge at
the opposite end of the frame. The main advantage of the PF method is the uniformly
induced shear on the sample region which allows a direct measurement of the shear
deformation. The limitation, however, is the sensitivity of misalignments in the direc-
tion of fibres and the accuracy needed when cutting the sample and clamping in the
frame. Besides, the frame has been shown to cool the material immediately adjacent to
the deforming sample during high-temperature testing, which may influence the results
[20, 21].

At the start of a bias-extension (BE) test, the fibre orientations of the specimen are
±45° with respect to the tensile direction. The test sample is cut into a rectangular shape
with the specimen length typically more than two times its width to obtain a suitable
shear region. Normally, there are three distinct regions: ‘pure shear’, ‘half shear’ and ‘un-
deformed’. The BE test shows mainly intra-ply sliding for dry fabrics or prepregs (both
in fabrics/weaves and UDs), but as they reach higher shear angles the PJN method may
not be applicable anymore because of other deformation mechanisms involved [22, 23].
Rashidi et al. [24] proposed a slip-bias extension test to investigate the effect of slip con-
ditions during the forming process of the woven fabric prepregs. They developed a mod-
ified shear stress formulation for the fast 3D simulations considering the effects of fric-
tional interactions at different shear angles, normal pressures and asymmetric gripping
conditions.

Initial state Intra-ply shear Locking point Wrinkling

Warp (90°)

Weft (0°)

After small

 deformation

Further

 deformation

 Deformation

beyond 

locking angle

Figure 3.1: Typical intra-ply shear deformation behaviour of textile reinforcement materials

The PF and BE approaches can both be used to characterise the intra-ply shear be-
haviour of the unidirectional prepregs. The picture frame tests are usually not adopted
for the UD prepregs because the difficulty of tight clamping of specimens, the tendency
of ply splitting and the adverse fibre tension under the effect of slight fibre misalign-
ment [18]. Larberg et al. [25] proposed a bias-extension test on different cross-plied
UD prepregs and found that intra-ply shear only dominates at small deformations while
intra-ply and inter-ply friction together play an important role at large deformations.
Besides, the research demonstrated that prepreg systems and temperature distributions
were important factors affecting the degree of fibre rotation and the deformation modes
as well as their limits. Brands et al. [26] conducted bias-extension experiments on the
cross-plied laminates of thermoplastic UD tapes under various processing conditions
and showed that the deformation is consistent with a PJN up to a shear angle of 25°.
Haanappel and Akkerman [18] proposed a torsion bar test to characterise the shear mech-
anisms of unidirectional thermoplastic melts and developed a non-linear material model
for carbon UD/PEEK under small strains. Wang et al. [27] conducted the intra-ply shear
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characterisation of UD prepregs using a 10° off-axis BE test under various temperature
distributions and test rates. The results validated that the shear stress and strain can be
obtained using the off-axis BE test and the material response under these testing param-
eters provides robust models for composite manufacturing simulation.

The mechanical response of metal sheets is usually characterised through uniaxial
tensile test where the material properties like yield and ultimate tensile strength, uni-
form and total elongation in a standard gauge length can be measured. Dog-bone shapes
are primarily used for the tensile test samples to eliminate the effect of stress concentra-
tion in the clamping region and to ensure the highest probability that the sample fails
in the standard gauge region [28]. A biaxial tensile test has becoming prevalent for eval-
uating the mechanical properties of metal sheets as the standard tensile test can only
determine the performance in one direction while is not applicable to multi-directional
forming processes such as deep-drawing [29]. Unlike the classical tensile tests, the in-
plane shear behaviour of metal sheets is difficult to obtain through simple shear tests as
the shear stress distribution is usually inhomogeneous and no intrinsic gauge length can
be applied to define the local strain [30]. The shear tests of complex geometrical speci-
mens are designed for some experimental setups while they are inconvenient for the dy-
namic testing [31, 32]. In addition, the in-plane torsion tests prove to be inappropriate
for obtaining the shear behaviour of metal sheets due to their high plastic deformation
and potenial fracture at free edges [33].

As for the evaluation of the in-plane deformation for hybrid materials like the metal-
composite laminates, most researchers prefer the same uniaxial tensile test for metal
sheets [34–38]. The samples were consolidated following a standard curing cycle before
the test and the shape of the specimen can either be rectangular or dog-bone. By the
modification of metal surfaces and the adjustment of layup sequences or fibre orienta-
tions, the in-plane mechanical properties such as ultimate tensile strength can be greatly
improved. Studies found that the in-plane deformability of metal-composite laminates
mainly depends on the maximum failure strain and the interlaminar shear strength of
composite layers. Due to the high bonding strength after consolidation and the lim-
ited fibre failure strain, the deformation of the hybrid laminates is constrained and the
higher elastic-plastic deformability of metal sheets cannot be fully exploited. Therefore,
the investigation on the role of metal sheet which affects the biaxial deformation of the
uncured fibre prepreg becomes a meaningful topic. Also, there is an increasing interest
for many researchers in the intra-ply shear behaviour of the uncured fibre prepreg inside
the hybrid laminates during deformation. However, there are few related studies on dis-
covering the shear properties of the uncured hybrid laminates due to the lack of efficient
manufacturing and testing methods.

3.3. MATERIALS AND METHODS

3.3.1. MATERIAL CONSTITUENTS

T HE hybrid material systems used in this research consist of two metal alloys and two
types of fibre reinforced prepregs. For the metal materials, aluminium alloy 2024-

T3 and AISI 304 stainless steel are selected for their different failure strains [39]. The
aluminium alloy 2024-T3 is widely used in aircraft structures because of its high strength



3.3. MATERIALS AND METHODS

3

49

and fatigue resistance, but the elongation at break is relatively low at around 15-18%. The
AISI 304 stainless steel can withstand 45%-50% maximum tensile strain, which greatly
increases the deformability of the entire hybrid laminates. The metal sheets are ma-
chined into a dog-bone shape with a specific dimension and a thickness of 0.5 mm.
The woven and UD architectures for the fibre reinforced prepregs are based on the same
epoxy resin and chosen for their different shear properties. Figure 3.2 displays the image
of the two prepregs in undeformed state. The materials are commercially available from
SHD composites (UK). The SHD-TW is a T-700 carbon reinforced prepreg with 3k tow
size and Twill Weave (2×2) fabric having a thickness of 0.2 mm and fibre volume content
of 58%, while SHD-UD is a T-700 carbon reinforced prepreg with the unidirectional rein-
forcement having a thickness of 0.15 mm and fibre volume content of 63%. The MTC510
epoxy system for both prepregs is designed to cure between 80°C and 120°C. The viscos-
ity profile of MTC510 as a function of temperature at a ramp rate of 2°C /min as provided
by the material supplier [40] is shown in Figure 3.3.

SHD-TW SHD-UD

Figure 3.2: Two types of fibre reinforced prepregs used for the intra-ply shear tests
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Figure 3.3: Viscosity profile for MTC510 matrix system used for SHD-TW and SHD-UD prepreg as a function
of temperature
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3.3.2. MODIFIED BIAS-EXTENSION TEST

T HE uniaxial tensile test aims to obtain the tensile behaviour of the metal sheets while
the bias-extension test is used to measure the in-plane intra-ply shear behaviour of

fabrics or prepregs. A combination of these two test methods with dog-bone shaped
metal sheets and rectangular shaped fibre prepregs, referred as a modified bias-extension
test, is proposed to investigate how the support of metal sheet influences the shear prop-
erties of the prepreg layer under different conditions. The modified BE test with idealised
shear regions is illustrated in Figure 3.4, with dimensions and schematics of the unde-
formed and deformed specimens according to the pin-joint net (PJN) theory. The ge-
ometry of fibre prepreg is rectangular where the sample length is 6.5 times the width to
acquire a suitable state of shearing. The initial orientation of the fibre tows is at ±45° to
the loading direction for both cross-plied UD and woven fabric prepreg. In the modified
bias-extension test, the PJN behaviour is assumed, predicting three shear zones within
the specimen: A, B and C. Zone A is the pure shear region where the shear is uniform and
a theoretical shear angle can be calculated through Equation 3.1 [22, 23],

γ= 90◦−2 ·arccos
L+δp
2×L

(3.1)
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Figure 3.4: Schematic graph and dimension for the modified bias-extension test of metal-composite laminate

Here, L is the length of the pure shear region A, δ is the clamp displacement. The
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shear angle in zone B is supposed to be half the value of zone A while zone C ideally
has no effect on the overall deformation of the specimen. During deformation of the
uncured laminate in the modified BE test, the strain in length direction for both ma-
terials is the same. In the transverse direction, however, the contraction of the metal
sheet is (isotropy assumed) half of the lengthwise extension, while the contraction for
the prepreg layer is equal to the lengthwise extension. This difference induces friction
between the metal sheet and prepreg layer along both length and transverse direction. In
addition, if a local pressure is applied on the central part of the pure shear region (40 mm
×40 mm) as showed in Figure 3.4, the influence is twofold: possible wrinkling or wrin-
kling of the prepreg is suppressed, but also the intra-ply shear movement is hindered.

3.4. EXPERIMENTAL SETUPS

3.4.1. TEST CONDITIONS

T HE modified bias-extension tests are performed on a Zwick-250kN tensile and com-
pression machine equipped with a temperature chamber. The sample with the size

and shape shown in Figure 3.4 is put into the tensile machine and clamped by the grips
at two ends. Extensometers for measuring the tensile strains of metal sheets are used to
determine the yield and elongation values at lower strains (<5%) of the specimen. The
load-displacement curve for a given parameter combination can be obtained through
the measurement system of the machine. The test temperature inside the chamber is
preset at a ramp of 2°C/min and the real-time temperature is recorded by thermocou-
ples. Other test parameters like clamp displacement rate and normal pressure can be
altered by manual input and addition of an external tool. Figure 3.5 shows the experi-
mental setups and apparatus for the modified BE tests used for three different pressure
conditions. Next to the standard condition with no pressure applied on the forming re-
gion, the vacuum condition of 0.1 MPa and the autoclave condition of 0.6 MPa are con-
ducted by a vacuum pump and a clamping loadcell, respectively [5], to put pressure on
the forming regions.

Temperature

Chamber 

Clamping

Loadcell 

Upper Tool

Upper Tool Upper Tool

Bottom Tool Bottom Tool Bottom Tool

Extensometer

Vacuum

Pump 

(a) (b) (c)
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Figure 3.5: Experimental setups and apparatus for modified BE test used under various normal pressure
conditions: (a) Standard condition; (b) Vacuum condition of 0.1 MPa; (c) Autoclave condition of 0.6 MPa

The material configurations and test conditions used for the modified bias-extension
test are summarised in Table 3.1 and Table 3.2. The test for metal-composite laminate
is performed with four combinations of material constituents and three different clamp
displacement rates, three typical temperatures and three normal pressures. The tests
are conducted varying one parameter at a time while keeping the other two parame-
ters at their baseline value, and at least three samples are tested for each configuration.
Two different fibre reinforced prepregs are characterised using the corresponding bias-
extension test geometry under the same clamp displacement rate and preheat tempera-
ture conditions. These selected test conditions are based on the industrial conditions in
material processing [4, 5] and are applied to investigate the influence of process param-
eters on the intra-ply shear performance, in particular the shear angle evolution during
the modified BE test.

Table 3.1: Material configurations used for modified bias-extension test

Structure Metal sheet Fibre prepreg Schematic graph

Hybrid laminate 2/1
Aluminium alloy Cross-plied UD

Aluminium 

alloy 2024-T3

UD prepregs

(S2 glass fibre 

+FM-94 epoxy)

Metal 

sheet

Fibre 

prepreg

Stainless steel Woven fabric

Table 3.2: Test conditions used for modified bias-extension test

Test parameter Baseline value Additional values investigated
Clamp displacement rate (mm/min) 10 2, 20

Preheat temperature (°C) 23 50, 80
Normal pressure (MPa) 0 0.1, 0.6

3.4.2. SHEAR ANGLE MEASUREMENT

T HE characterisation of the intra-ply shear behaviour of metal-composite laminates
as well as their corresponding woven fabric and cross-plied UD prepregs depend

on an accurate shear angle measurement during the in-plane shear deformation. It has
been expected that the prediction of shear angles in simulated bias-extension tests de-
viate from the experimentally measured shear angles during the course of shear defor-
mation. Therefore, as the shear angle cannot directly be observed on the hybrid sam-
ples because of the metal sheets on the outside, it is critical to develop an experimental
method which could measure the shear angle, particularly in the ‘pure shear region’ of
the test specimens. For the pure fibre reinforced prepreg, the shear angle γ is obtained
using a DIC (digital image correlation) measurement [23, 24]. The optical method is well
suited for woven fabrics as the strain and fibre rotation on the specimen surface can be
calibrated by the dual camera system in DIC. It is also applied for measuring the shear
of cross-plied UD prepreg as the strain and shear angle of the surface layer can be mea-
sured, assuming that the shear at the non-visible backside layer is symmetrical.

However, it is difficult to measure the intra-ply shear angles of the hybrid laminates
because of the metal sheets covering the outer surfaces. One possible solution is to sep-
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arate the layers after shear tests as the hybrid laminate is still uncured with low bond-
ing performance. However, this method can only be performed at room temperature
when no normal pressure is applied, since the degree of cure as well as the application
of pressure may affect the fibre distributions and the surfaces. In order to visualise and
evaluate the shear characterisation using the traditional measuring methodology, one
side of metal sheet is removed from the sample after the tests. A second solution which
is mainly applied in the study is the application of Alkaline Etching Method after curing
[7, 41, 42]. The tested samples are first placed in a vacuum bag and transferred into an
autoclave, and undergo a standard curing cycle with a maximum temperature of 120°C
and a minimum cure time of an hour. After curing, the pure shear region (40×40mm2)
is cut and one of the metal sheet layers is removed by etching using a 15% NaOH solu-
tion. To obtain a clear vision of fibre distributions, the dissolved specimens are ground
and finally put on a digital microscope for the measurement of the shear angle. The latter
method is rather robust since the movement of the fibres is minimal, and as the compos-
ite layers are cured and the outer metal layer is removed by etching, only rough grinding
or other poor treatment may influence the fixed fibre shear angles. The entire testing
sequence is shown in Figure 3.6 and the shear angles for various material constituents
and processing parameters can be measured and compared from the samples.

Autoclave curing Alkaline etching Surface grinding Angle measuring

Woven fabric

Cross-plied UD

Figure 3.6: Whole process for the shear angle measurement of metal-composite laminates

3.5. RESULTS AND DISCUSSION

3.5.1. EFFECT OF FAILURE MODE

T HE intra-ply shear behaviour for four metal-composite laminate combinations are
analysed, and compared with their pure woven fabric and cross-plied UD counter-

parts. The stress-strain curves for various material combinations under the condition
of room temperature and 10mm/min clamp displacement rate are shown in Figure 3.7.
It is noted that the main failure mode for both prepregs is fibre wrinkling even though
the deformation mechanisms for woven fabric and cross-plied UD fibres are different.
However, the onset strain for wrinkling, which also relates to the locking angle, is dif-
ferent although the strain value is affected by test parameters such as clamp displace-
ment rate and temperature as well as the difficulties for accurately define out-of-plane
wrinkles in DIC. The two tangential slopes in the curve represent the shear modulus
in the intra-ply shear and fibre wrinkling state. Therefore, the slope change occurs at
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the shear-wrinkling transition point that defines the onset of fibre wrinkling. The result
shows that the cross-plied UD prepreg buckles earlier than the woven fabric prepreg un-
der the same conditions. The reason is due to the fact that woven fabrics have bundles
and the fibres are supported in the nodes, whereas the fibres in the UD material is not
supported, which result in the earlier formation of the wrinkles. As the strain continues
to increase after wrinkling, the final deformation limit for the cross-plied UD prepreg is
fibre splitting (>50%), which occurs when the shear force required for in-plane rotation
is larger than the load transfer between the UD layers or within the fibre tows in a layer.
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Figure 3.7: Stress and strain curves for different combination of hybrid as well as composite materials under
the condition of room temperature and 10mm/min clamp displacement rate: (a) Based on woven fabric

reinforced laminates; (b) Based on cross-plied UD fibre reinforced laminates

The failure modes for the metal-composite laminates are shown in the Figure 3.7.
The aluminium alloy 2024-T3 and AISI 304 stainless steel exhibits the failure strains of
around 16% and 50%, respectively. The 45°/-45° hybrid materials with aluminium alloy
2024-T3 fracture along 55∼60° direction corresponding to the direction of its maximum
stress. When replacing the type of metal sheet for the hybrid materials to AISI 304 stain-
less steel, the laminate undergoes a fracture nearly perpendicular to the tensile stress
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direction as plastic deformation grows in that region. Besides, the failure of aluminium-
fibre reinforced laminate is introduced by the failure of the aluminium alloy 2024-T3 at
the strain of around 16%. This is due to the fact the failure strain of the aluminum sheet
is lower than the strain at which the fibre layers will buckle. While for the hybrid lam-
inates with AISI 304 stainless steel, the failure of metal sheet with the combination of
cross-plied UD prepreg and woven fabric prepreg undergo 48.3% strain and 46.5% on
average, respectively. Since the onset strain of wrinkling for the two different prepregs is
less than the above values, it can be duduced that the prepreg buckling occurs preceded
metal failure for the stainless steel based hybrid laminates.

Initial state

Initial state

o90 =

Strain:2% Strain:5% Strain:10% Strain:15%
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Figure 3.8: Microscopic measurements of the rotation angle (α) evolution for aluminium-fibre reinforced
laminate under the condition of room temperature and 10mm/min clamp displacement rate: (a) Cross-plied

UD structure; (b) Woven fabric structure

3.5.2. EFFECT OF MATERIAL CONSTITUENT

T HE intra-ply shear angle in pure shear region after the modified bias-extension test
is the most significant index for evaluating the intra-ply shear behaviour of metal-

composite laminates. Figure 3.8 exhibits the intra-ply rotation angle evolution for the
aluminium-fibre reinforced laminate at five typical strain stages under the condition of
room temperature and 10mm/min clamp displacement rate using microscopic mea-
surement as noted in Figure 3.6 . The increase of strain decreases the rotation angle
α between two initially perpendicular fibre tows, and thereby increasing the shear an-
gle γ where γ = 90◦ −α. The result reveals that the hybrid woven fabric structure has
a slightly larger decrease of rotation angle α, compared to the hybrid cross-plied UD
structures. This is attributed to the different shear deformation mechanism of the two
prepregs presented in Figure 3.9. Shearing of woven fabrics mainly involve in-plane ro-
tation of the fibre tows at cross-over points of the weave especially under small strains
and room temperature conditions. However, the kinematics of shear in cross-plied UD
fibres are different from woven fabrics where the adjacent plies of the prepreg rotate and
slide over each other and are only coupled through a viscous resin. Therefore, the shear
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deformation for cross-plied UD fibres does not comply to the same PJN assumption that
is used for woven fabrics as suggested by Potter [16, 17], and the higher inter-ply sliding
ratio for cross-plied UD fibres results in a lower shear angle at the same strain.

Metal Sheet

Woven Fabric Prepreg

Rotate Rotate and Slide

Cross-plied UD Prepreg

(a) (b)

Metal Sheet

Figure 3.9: Shear deformation mechanism schematic of two different fibre prepregs:(a) Woven fabric; (b)
Cross-plied UD fibres

Same trends are found when replacing the metal sheet from aluminium alloy to stain-
less steel and the value of shear angle γwitnesses a significant difference at higher shear
strains. Figure 3.10 exhibits the average shear angle values for different combinations of
the metal-composite laminates each at four shear strains within their respective strain
ranges at room temperature and clamp displacement rate of 10mm/min. The results
demonstrate that hybrid materials with woven fabric prepreg experience higher shear
angles than hybrid materials with cross-plied UD prepreg at same shear strains. When
the strain reaches 30% or even 45% , the measured shear angle for stainless steel-woven
fabric reinforced laminate is almost twice the value for the same cross-plied UD type.
The increasing gap of shear angles indicates that inter-ply sliding has a large influence
at large strains for cross-plied UD prepregs. Even though both prepregs within the hy-
brid laminates have not reached their corresponding onset of wrinkling at 45% of strain,
pure stretching instead of inter-tow rotation may occur for woven fabrics when the shear
strain increases. This kind of stretching greatly decreases the deformability of the woven
fabric reinforced stainless steel laminate and the inter-ply sliding of the UD prepregs ex-
plains why the stainless steel combined with cross-plied UD prepreg has larger failure
strain. Besides, the four combinations which are all measured at 5% and 15% strain re-
veal that the stainless steel with both woven fabric prepreg and cross-plied UD prepreg
exhibits somewhat lower shear angle when replacing the metal sheet to aluminium alloy.
This can be observed in the stress-strain curve of the hybrid materials shown in Figure
3.7. At these two specific strains of 5% and 15%, the stress required to deform is higher
for the aluminium alloy which increases the force for the fibre prepreg to shear. There-
fore, the intra-ply shear angle is higher for aluminium-fibre reinforced laminate under
the same strain although the difference is small.
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Figure 3.10: Shear angle and strain curves for different combinations of metal-composite laminates under the
condition of room temperature and 10mm/min clamp displacement rate

3.5.3. EFFECT OF CLAMP DISPLACEMENT RATE

F IGURE 3.11 and 3.12 show the effect of clamp displacement rate for different combi-
nations of material constituents compared with the theoretical PJN approach calcu-

lated by Equation 3.1. Shear angles for hybrid materials with aluminium alloy are mea-
sured at a lower strain range while the stainless steel-fibre reinforced laminates show a
larger range of shear angles due to its higher failure strain. The figures reveal that the
PJN assumptions seem to be valid only for woven fabric prepreg up to 20∼25° which fol-
lows the result of Brands [26] and when the intra-ply shear angle reaches more than 25°,
the theoretical and experimental values deviate from each other. For the cross-plied UD
prepreg, the shear angle deviates significantly under all ranges of shear strain because
of the contribution of sliding at prepreg-prepreg interfaces as explained in Figure 3.9(b).
However, the dominance of inter-ply sliding and the occurrence of pure stretching after
the onset of wrinkling for the cross-plied UD prepreg and woven fabric prepreg causes
the stabilization of shear angles at large strains. Also, the results indicate that the shear
angle increases with the increase of clamp displacement rate for different combinations
of material constituents. This can be explained by the characterisation of viscous contri-
bution of epoxy matrix where the shear stress increases with the increase of clamp dis-
placement rate, and higher shear stress promotes more rotations of fibres to achieve the
specified deformation. The result from Larberg [25] proves that the shear force increases
with the increase of clamp displacement rate for cross-plied UD prepregs and woven
fabric prepregs [11, 14]. However, the effect of clamp displacement rate for the metal-
composite laminate seems less sensitive compared to their corresponding prepreg. The
reason can be attributed to the presence of a different force-transmitting mechanism
and the increase of contact surfaces. For pure fibre reinforced prepreg like woven fab-
rics, the shear forces are transferred through fibre tows where very small variations in
shear force lead to deformation of the prepreg. However, the shear forces for hybrid
laminate are mainly transmitted from metal sheet to the woven fabric prepreg at the
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metal-prepreg interfaces. The intrinsic slow force response of the metal sheet and the
increased contact surfaces make it hard for the fibre tows to deform sensitively within
the studied clamp displacement rate ranges as shown in Figure 3.13.
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Figure 3.11: Shear angle and strain curves of aluminium-fibre reinforced laminate and its pure prepreg under
different clamp displacement rates without normal pressure: (a) Woven fabric structure; (b) Cross-plied UD

structure
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Figure 3.12: Shear angle and strain curves of stainless steel-fibre reinforced laminate and its pure prepreg
under different clamp displacement rates without normal pressure: (a) Woven fabric structure; (b)

Cross-plied UD structure

Figure 3.13: Schematic of the force transmitting and contact surfaces: (a) Woven fabric prepreg; (b)
Metal-composite laminate
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Another conclusion from the figures is that the shear angle values at specific strains
for metal-composite laminates are lower than their corresponding prepregs. This indi-
cates that the support of metal sheets reduces the shear deformation of fibre tows and
thereby delays the onset of wrinkling. The decrease of shear angles for hybrid laminates
is mainly due to the occurrence of friction at metal-prepreg interfaces and the differ-
ent strain state for the metals and prepregs during shearing. Figure 3.14 shows the test
specimens for the pure prepreg and a one-side metal-composite laminate at the shear
strain of 30%. The initial width for all materials on the pure shear zone is 40 mm, but
it changes as the elongation of the specimen increases. The width for the stainless steel
drops to 36.7 mm, while for the attached cross-plied UD and woven fabric prepreg width
drop to 31.8 mm and 28.9 mm, respectively. After comparing to their corresponding pure
prepreg shear under the same condition, it is obvious to validate the fact that the outer
metal sheet limits the fibre deformation by inducing the inter-ply friction. Meanwhile,
the pure prepregs are free to move or deform through the thickness direction where they
are greatly constrained for the hybrid structures. Moreover, another interesting phe-
nomenon for woven fabric reinforced stainless steel laminate in Figure 3.14 is that the
shear of woven fabric does not seem to follow the theoretical PJN approach, where the
widths of the assumed ‘half shear’ and ‘undeformed’ regions (circled in the figure) are
smaller than the ‘pure shear’ region. The smaller width results in a higher shear angle
and can be attributed to the fact that the fibre tows are clamped close to the tabs where
a tensile force can be transmitted, while the fibres in the middle of the specimen have
freedom to move as both ends are not clamped. Therefore, due to the relatively low force
transfer in the assumed ‘pure shear’ region of the woven fabric, the displacement of the
prepreg become less in this region under the same friction conditions. Furthermore, the
smaller width for woven fabric prepreg shown in the figure further validates that cross-
plied UD fibres are even more ‘free’ than the woven fabrics.

Figure 3.14: Picture of test-specimens to the shear strain of 30% at room temperature for different material
combinations without normal pressure (UD-Cross-plied unidirectional fibre prepreg, WF-Woven fabric

prepreg, Ss-Stainless steel)



3

60
3. A MODIFIED BIAS-EXTENSION TEST METHOD FOR INTRA-PLY SHEAR

CHARACTERISATION

0 2 4 6 8 10 12 14 16

0

2

4

6

8

10

12

14

16

18

20

22

24

S
h

e
a
r 

a
n

g
le

 g
 (

D
e
g

)

Strain (%)

 Theoretical PJN 

 RT_10mm/min     Woven Fabric Prepreg

 50oC_10mm/min  Woven Fabric Prepreg

 80oC_10mm/min  Woven Fabric Prepreg

 RT_10mm/min     Al+Woven Fabric Prepreg

 50oC_10mm/min  Al+Woven Fabric Prepreg

 80oC_10mm/min  Al+Woven Fabric Prepreg

10%

15%

5%
2%

(a)

0 5 10 15 20 25 30 35 40 45

0

10

20

30

40

50

60

70

80

90
 Theoretical PJN 

 RT_10mm/min     Woven Fabric Prepreg

 50oC_10mm/min  Woven Fabric Prepreg

 80oC_10mm/min  Woven Fabric Prepreg

 RT_10mm/min     Ss+Woven Fabric Prepreg

 50oC_10mm/min  Ss+Woven Fabric Prepreg

 80oC_10mm/min  Ss+Woven Fabric Prepreg

S
h

e
a
r 

a
n

g
le

 g
 (

D
e
g

)

Strain (%)

30%

45%

15%

5%

(b)

Figure 3.15: Shear angle and strain curves of woven fabric reinforced-metal laminate and its pure prepreg
under different preheat temperatures without normal pressure: (a) Aluminium alloy structure; (b) Stainless

steel structure

3.5.4. EFFECT OF PREHEAT TEMPERATURE

P REHEAT temperature is also one of the key factors which affects the intra-ply shear
performance by altering the epoxy resin viscosity. In this research, the resin viscos-

ity decreases with the increase of preheat temperature from room temperature (23°C) to
the temperature of 80°C. The residual thermal effects are ignored as the degree of cure
is low under these time and temperatures. Figure 3.15 shows the effect of preheat tem-
perature on shear angles for woven fabric prepreg and its reinforced hybrid laminates
compared to the theoretical PJN assumption calculated by Equation 3.1. The deviation
of PJN behaviour for woven fabric prepreg gradually increases at higher temperature and
is even larger for its reinforced hybrid laminate with aluminium alloy and stainless steel
structure. The increased deviation suggests that the significant drop in resin viscosity at
high temperatures triggers other deformation mechanisms than just pure shear. As the
intra-ply shear angle decreases with the increase of preheat temperature for woven fab-
ric reinforced metal laminates and their prepreg constituent, it can be concluded that an
increased inter-tow slippage at higher temperature for the woven fabric prepreg affects
the shear. This can also be found from Khan’s research [15] that the elevated temperature
testing of woven prepreg promotes inter-tow slippage and higher temperature leads to
earlier deviation from PJN assumptions. As depicted in Figure 3.16(a) that the kinematic
assumption of PJN theory is well maintained at room temperature for the woven fabric
prepreg as the viscous resin acts like a pin at cross-over points and the inter-tow slip-
page is limited. When increasing the temperature, the decreasing resin viscosity lowers
the stiffness of the material in shear deformation and inter-tow slippage tends to occur.
To validate the existence of inter-tow slippage at high temperature, test specimens in
actual shear response of 30% strain for woven fabric prepreg at room temperature (RT)
and 80°C are presented on the right side of Figure 3.17. It is found that the width of the
pure shear region at RT is relatively small compared to the width when tested at 80°C.
A close-up view of the central shear region shows that the intra-ply rotation angle α is
higher at higher temperature (80°C) and this indicates that inter-tow slippage becomes
much easier with less viscous resin displacing out of the fibre tows and the overall re-



3.5. RESULTS AND DISCUSSION

3

61

sistance towards intra-ply shear decreases. Besides, Figure 3.15 reveals that the values
of shear angle at specific strains for hybrid laminates with woven fabric are lower and
the effect of preheat temperature is more sensitive compared to the pure woven fabric
prepreg. The support of metal sheet creates more friction at metal-prepreg interfaces
which restricts the rotation of fibre tows, however, the elevation of temperature lowers
such inter-ply friction and thus decreases the intra-ply shear angles.

Increase temperature 

Increase temperature 

(a)

(b)

Figure 3.16: Shear deformation of two different prepregs at higher temperature:(a) Woven fabric; (b)
Cross-plied UD

Figure 3.17: Picture of test-specimens to the shear strain of 30% at room temperature and 80°C for pure
composite prepregs (UD-Cross-plied unidirectional fibre prepreg, WF-Woven fabric prepreg)
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Figure 3.18: Shear angle and strain curves of cross-plied UD reinforced-metal laminate and its pure prepreg
under different preheat temperatures without normal pressure: (a) Aluminium alloy structure; (b) Stainless

steel structure

The temperature trends are interestingly contrasting for the cross-plied UD prepreg
and its reinforced metal laminates under the same conditions. As shown in Figure 3.18,
the PJN behaviours are invalid for all cross-plied UD type of materials while the increase
of preheat temperature makes it more closer to the theoretical PJN curve. The increase in
shear angle as the temperature increases is mainly due to the different shear behaviour
of UD materials compared to woven fabrics. As mentioned in the previous section, there
are no physical links enabling the PJN kinematics for the cross-plied UD layers at room
temperature and rotation as well as sliding is allowed through the viscous resin. At higher
temperature like 80°C, the viscosity of the resin decreases and reduces its capability as
a lubricant between the plies, and thus providing more opportunities for the frictional
interaction between the cross-plied UD fibres. This kind of quasi-physical linking can
act like the PJN approach, and increase the shear angle at higher temperature. The same
observation is found in the literature [15] that maximum shear angles at elevated tem-
perature are higher than those at RT as the viscous resin provides more contact between
UD layers. The schematic graph in Figure 3.16(b) reveals that although the increasing
temperature accelerates the slide at prepreg-prepreg interfaces, the dominance of inter-
layer bonding increases the shear angle. The test specimens for cross-plied UD prepreg
shown in Figure 3.17 exhibit that the intra-ply rotation angle α decreases as the temper-
ature increases. Meanwhile, it is measured that the specimen width is narrow for the
cross-plied UD prepreg at 80°C and a close-up view of the central shear region witnesses
obvious fibre wrinkling due to the occurrence of higher shear angle α at this temper-
ature. The shear angle for the cross-plied UD fibre reinforced metal laminates follows
the same trend as their pure cross-plied UD prepreg, despite the lower value of intra-ply
shear angle at specific strains. The reason can also be explained by the less fibre rotation
because of the occurrence of friction at the metal-prepreg interfaces. However, the re-
sult from Figure 3.18 reveals that the effect of temperature is no longer sensitive for the
cross-plied UD fibre reinforced metal laminates as the decreasing friction at the metal-
prepreg and prepreg-prepreg interfaces conflicts with the inter-ply bonding of UD fibres
at high temperatures.
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Figure 3.19: Shear angle values at two strains for aluminium alloy-fibre reinforced laminate and its pure
prepreg under different normal pressures: (a) Woven fabric structure; (b) Cross-plied UD structure5 15
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Figure 3.20: Shear angle values at two strains for stainless steel-fibre reinforced laminate and its pure prepreg
under different normal pressures: (a) Woven fabric structure; (b) Cross-plied UD structure

3.5.5. EFFECT OF NORMAL PRESSURE

N ORMAL pressure is not taken into account for the shear of fibre reinforced prepregs
through bias-extension test, while the influence of normal pressure is vital for the

investigation of intra-ply shear characterisation of metal-composite laminates to obtain
a situation which will be relevant for forming experiments. Figure 3.19 and 3.20 exhibit
the values of shear angle at two different shear strains for the aluminium alloy and stain-
less steel based fibre reinforced laminates under different normal pressure conditions.
The results are also compared with the theoretical PJN method and their pure fibre re-
inforced prepreg to understand how it affects the intra-ply shear behaviour. The result
indicates that the support of metal sheet and normal pressure greatly decrease the shear
angle of fibre reinforced prepregs for both woven fabric and cross-plied UD types at the
same strain. As mentioned in previous section that the outer metal sheet induces friction
between the metal and prepreg layers, the increase of normal pressure further increases
the friction and lowers the shear deformation of the prepreg layers. Furthermore, the hy-
brid metal-composite laminates with cross-plied UD structure shown in Figure 3.19(b)
and 3.20(b) are more sensitive to normal pressure at different levels of strain as com-
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pared with hybrid woven fabric structures shown in Figure 3.19(a) and 3.20(a). The de-
crease of shear angle for woven fabric reinforced metal laminate is less than 15% and
45% under the normal pressure of 0.1 MPa and 0.6 MPa, while the shear angle reduction
for the hybrid cross-plied UD structures is more than 30% and 60%, respectively. This
demonstrates that the frictional response is much higher for the hybrid cross-plied UD
structures as more resin squeezes out from the prepreg-prepreg interface to the metal-
prepreg interface as the normal pressure increases. Besides, the UD material has smooth
and flat contact surfaces with the metal, whereas the contact surface of the woven fab-
ric is much more rough. Therefore, further compaction of the hybrid laminates seems
impossible because the inter-ply friction would largely increase and damage may occur
when the fibres have direct contact with the metal surface. The specimens shown in Fig-
ure 3.21 corroborate the explanation that the two cross-plied UD layers undergo higher
friction resulting in a larger width coupled with the hard-to-move fibre tows. The un-
pressurised shear regions (Circled in the figure) undergo higher shear deformation than
the specimen applied without normal pressure; in this situation the shear deformation
is concentrated in these regions. The result makes it abundantly clear that the applica-
tion of normal pressure has a huge effect on the shear properties of metal-composite
laminates.

Figure 3.21: Picture of test-specimens to the shear strain of 45% at RT under two normal pressures for hybrid
laminates (UD-Cross-plied unidirectional fibre prepreg, WF-Woven fabric prepreg, Ss-Stainless steel)

3.6. CONCLUSIONS

T HE intra-ply shear angle which is the evaluation parameter in the in-plane shear
characterisation for the metal-composite laminate has been measured using a mod-

ified bias-extension test. Various combinations of material constituents as well as the in-
fluenced processing parameters such as clamp displacement rate, preheat temperature
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and normal pressure are investigated and compared. The results indicate that the shear
mechanism of woven fabrics and cross-plied UD fibres is different and intra-ply shear
deformability of the hybrid materials is highly controlled by the viscosity state of epoxy
resin and the application of external normal pressure. These parameters have huge ef-
fects on a number of output parameters like fibre shear stress, shear angle, inter-tow and
inter-ply sliding. This chapter contributes to the material selection, process design and
modelling for the forming of double-curved products by metal-composite laminates. It
can be concluded that:

(1) The support of metal sheets generally decrease the shear angles in the modified
BE test due to the differences in contraction between metal sheet and composite layers,
and the variations in shear angles for hybrid laminates are mainly caused by the friction
at the metal-prepreg interface. The intra-ply shear deformability of the fibre reinforced
stainless steel laminate can be greatly improved as the failure strain increases 5∼10%
with the delay of fibre wrinkling.

(2) The effects of clamp displacement rate and preheat temperature on the shear
angles of metal-composite laminate follow the trends of their corresponding prepregs.
The shear angles increase with the increasing clamp displacement rate for all material
combinations while the growth is less sensitive (<5%) at various shear strains especially
for hybrid laminates. However, the effect of preheat temperature differs in two prepreg
systems. The shear angles decrease with the increasing preheat temperature for pure
woven fabrics and the reduction for woven fabric reinforced metal laminate is becoming
larger (>20%). But the shear angle undergoes an increase as the temperature increases
for cross-plied UD structures especially for the cross-plied UD reinforced metal lami-
nates (<10%).

(3) The shear angles show a sharp decrease when applying the normal pressure on
the central shear region. The decrease of shear angle for woven fabric reinforced metal
laminate is 15% and 45% under the normal pressure of 0.1 MPa and 0.6 MPa, while the
shear angle reduction for the hybrid cross-plied UD structures is 30% and 60%, respec-
tively. The maximum value for the applied normal pressure is 6 bar as it may cause de-
fects or even damages for the hybrid materials. Besides, it is better to apply the normal
pressure on the entire shear region rather than the central region, which is more realistic
for practical applications.

(4) The pure PJN approach is only valid for the woven fabric prepreg to a shear an-
gle of up to 20∼25° and the woven fabric reinforced metal laminates are more suitable
to deform under low strain conditions. And for the hybrid material deforming under
large strain conditions, cross-plied UD reinforced metal laminates are more favourable.
Even though the size and edge effects of the metal sheet and fibre prepreg are not con-
sidered in the modified bias-extension test, this chapter provides good insights on the
press forming of uncured hybrid laminates which is relevant for material selection and
process optimization.
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4
A CLAMPED-BEAM BENDING TEST

METHOD FOR LAMINATE FLEXURAL

BEHAVIOUR

In this chapter, flexural behaviour of uncured metal-CFRP laminates under clamped-
beam bending conditions is investigated with various local pressures. The test method
is designed to evaluate the effect of clamping on the ratio between stretching and drawing
of the laminate deformation during a proposed press forming process. The variations of
laminate structure including metal constituents, layup and fibre orientation, as well as
processing temperature on the evolution of bending force, spring-back depth and length
of laminate sliding are measured and compared. The results indicate that the increase
of clamping pressure reduces the sliding, causing higher plastic strain in the metal layers
and a lower spring-back. Moreover, the flexural behaviour of uncured hybrid laminates
depends mainly on its constituents, where the maximum bending force is the largest for
aluminium based materials with higher overall thickness. The fibre orientation and pro-
cessing temperature affect the properties of CFRP material, while an increase of intra-ply
shear within the prepregs and a decrease of inter-ply friction at the interfaces play a lim-
ited role. Furthermore, the numerical and experimental results show a good correlation at
room temperature with various clamping pressures for the studied materials. This study
contributes to a better understanding of the bendability during the press forming process
for uncured metal-CFRP laminates.
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4.1. INTRODUCTION

I N recent years, new lightweight materials with excellent mechanical properties have
attracted the interest of many scholars in the field of aircraft manufacturing. Metal-

composite laminates, also known as fibre metal laminates (FMLs), are one of those ma-
terials, made by alternating layers of thin metal alloy sheets and fibre reinforced poly-
mers [1, 2]. The hybrid laminate combines the advantages of metallic materials and fi-
bre reinforced matrix systems with its significant weight reduction, high specific strength
and stiffness, as well as other excellent properties like better fatigue and corrosion resis-
tance [3–5]. As a kind of hybrid material, the metal-composite laminate has multiple-
interfaces consisting of the interfaces of fibre-metal sheet, fibre-matrix and the matrix-
metal sheet. However, these interfaces are sensitive to delamination due to the exter-
nal loading like bending and torsion. Therefore, the manufacturing process of metal-
composite laminate is difficult as various forming and curing stages are required involv-
ing complex deformation and failure mechanisms [6–8].

In order to improve the manufacturability of such hybrid materials, an integral form-
ing and curing cycle is proposed in Figure 1.8 which includes the stages of preheating
before and curing of the laminates after a press forming process. Time and tempera-
ture are carefully controlled during the preheating stage, so that the inter-ply sliding at
the metal-prepreg interfaces and the intra-ply shear within the prepregs are greatly en-
hanced as the resin viscosity decreases [9–12]. In addition, the still uncured laminate is
formed and subsequently cured, thereby avoiding extra process steps like unloading and
reloading in a separate curing system with lower pressure, which can be time-saving and
cost-saving [13, 14]. Moreover, the advantages such as interlaminar bonding enhance-
ment in such cycles are attractive especially for the small and medium sized components
with special-shaped geometry [15, 16]. The press forming of such laminate geometries
is a combination of bending, stretching and drawing which results in multiple in-plane
and out-of-plane deformations. Therefore, the flexural properties of the individual lay-
ers and the ability to simultaneously bend at the metal-composite interfaces, is the topic
of the research.

4.2. LITERATURE ON LAMINATE BENDING

B ENDING is a manufacturing process that produces the V-shape, U-shape or channel
shape parts along a straight axis in ductile materials, most commonly metal sheet.

The bending over a non-straight axis is beyond the scope of the research although it is
a common element in three-dimensional (3D) manufacturing. Among the test meth-
ods for the characterisation of material bending behaviour, three-point bending is the
most frequently used flexural test which involves a specified test fixture on a universal
testing machine. This method provides values for the flexural modulus, bending stress-
strain responses of the material, etc [17–19]. The four-point bending test is similar to
the three-point bending test while the main difference is that the centre section of the
beam between the two inside load bearing points is under constant stress without shear.
Advantages for both test methods consist of simple sample geometries and test fixtures,
and the possibility to use as-fabricated materials. However, one of the disadvantages
for four-point flexural test are the complex stress-strain distribution through the sample
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[20]. The two methods for the evaluation of the bending properties are also applied for
the fibre reinforced composite materials, although most studies regard the bending be-
haviour for such composites as unimportant due to the fact that the bending stiffness is
small compared to the in-plane shear/tension stiffness. Also, many studies found that
the bending stiffness of the fibre reinforced composites should be considered as it may
play a critical role on the formation of wrinkling during forming [21–23].

Figure 4.1: Setups for the characterisation of bending behaviour for fibre reinforced composites: (a)
Cantilever test based, (b) Kawabata test based and (c)-(e) Vee-bending test based methods

Therefore, various test methods are developed for fibre reinforced composites, and
the three main types of bending coupled with temperature for the carbon fibre rein-
forced polymer (CFRP) are shown in Figure 4.1. The cantilever test set up has one end
fixed and the other end free, which results in a free radius after bending. Liang et al. [24]
improved the cantilever test with an environmental chamber to study the effect of tem-
perature on bending stiffness. However, the influence of weight itself cannot be avoided
in this method and a “vertical” cantilever test would be a better solution to overcome the
issues. The Kawabata test based approach, as presented in Figure 4.1(b), was designed to
characterise the bending behaviour of the continuously fibre reinforced composites for
either a UD or a woven reinforcement. The approach aims to test the bending moment
by imposing a constant radius on the specimen through the rotation of a clamp [25].
Sachs et al. [26] proposed an improved test method including a standard rheometer and
an environmental chamber to evaluate the rate-dependency as well as the temperature-
dependent bending behaviour of UD tapes. The results mentioned that the test setup
was highly suitable for the bending characterisation, especially for large curvature de-
formation. Moreover, the Vee-bending test method based on the three-point bending
test setup for characterising the bending behaviour of CFRP fabricated with UD tapes
was illustrated in Figure 4.1(c). This method was further improved by controlling the de-
formation of the specimen under two certain geometric supports [27], as presented in
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Figure 4.1(d) and (e) where the latter device requires two clamps on top of the flanges in
order to have complete equilibrium. In addition, even though the vee-bending mecha-
nism used to characterise the out-of-plane bending properties was able to consider the
influence of test speed and temperature, the fixtures tend to be unstable when the tem-
perature is close to the melting point of the thermoplastic resin [28].

The literature studies focus not only on the bending behaviour of metal alloys and
some types of fibre reinforced composites, but also on the combination of these two ma-
terials in particularly the cured hybrid laminates. In addition, the aim of these studies
applying the bending test for metal-composite laminates is to evaluate and measure the
interlaminar shear strength (ILSS) through the short-beam test methods. For example,
Ostapiuk et al. [29] analysed the bending and failure behaviour of glass and carbon fibre
reinforced metal-composite laminates. He noted that the maximum strain and stress
of the fibres are directly related by the modulus, and besides, the thicknesses of metal
layers as well as the fibre orientations are also critical factors to be considered. Liu et
al. [30] studied the interlaminar failure behaviour of Glare-3/2-0.3 laminates with dif-
ferent span length-to-specimen thickness ratios (L/h) under short-beam three-point-
bending loads. He found that the lay-up configuration of the glass/epoxy layers affects
the load-deflection response, especially the failure loads and the corresponding failure
modes. Li et al. [31] investigated the bending failure mechanisms and flexural proper-
ties of Glare laminates with various stacking sequences in a short-beam bending test.
He mentioned that the bending modulus decreased with the increase of the number of
layers from 3/2 to 6/5, while the variations of bending strength are opposite for unidirec-
tional and cross-ply Glare laminates. Hu et al. [32] worked on the experimental and nu-
merical characterisation of the flexural properties and failure behaviour of the Al/CFRP
laminates through a series of three-point-bending test. He found that a lower bending
modulus and strength can be obtained with the increase of metal volume fraction for
the aluminium sheet, and the CFRP materials played a prominent role in the bending
properties of Al/CFRP laminates.

Since most of the recent findings on the flexural behaviours and failure mechanisms
of metal-composite laminates focus on short-beam three-point-bending test (L/h<10)
and on cured laminates where hybrid material undergoes full curing, the test approaches
for the characterisation of the flexural properties for uncured epoxy-based hybrid lam-
inates on a long-beam bending test (L/h>100) has not been proposed. Besides, the ap-
plication of local pressure tends to influence the ratio between stretching (Deform in
horizontal direciton) and drawing (Deform in vertical direction) of the laminates: where
higher clamping pressures lead to more stretching and the bending stresses are super-
imposed with in-plane stresses due to such stretching. Therefore, the increasing plastic
strain in the cross-section of the metal sheet is significant for laminate deformation dur-
ing the press forming process. Moreover, the flexural behaviour under various material
constituents and laminate structures, as well as the processing parameter conditions
for metal-composite laminates forming with uncured prepregs remain to be discussed.
Then, the numerical modelling method applied to verify the experimental results are
also needed. Therefore, the study for the solution of the above scientific issues is becom-
ing crucial for understanding the flexural behaviour of the uncured metal-composite
laminates.
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4.3. MATERIALS AND METHODS

4.3.1. MATERIAL PREPARATION

T HE metal-composite laminates used in the research are composed of metal sheets of
aluminium alloy 2024-T3 and stainless steel 304L, as well as the T300 carbon fibre-

MTC510 unidirectional (UD) prepregs. The surfaces of the aluminium alloy are anodized
by phosphoric acids and both metal materials with a thickness of 0.5mm are washed by
acetone [1, 2]. As for the carbon fibre reinforced composite layers, two cross-ply UD
prepregs of 0°/90° and 45°/-45° with a nominal total thickness of 0.3mm are chosen. The
fibre volume fraction for each ply is 60% and the viscosity of the epoxy-based prepregs
greatly decreases from room temperature (23°C) to the temperature of 110°C when in-
creased at a ramp rate of 2°C/min [33]. The mechanical properties of the material con-
stituents in laminates are shown in Table 4.1 and it is assumed that the properties of the
metal sheets will not be affected under the studied temperature ranges [34, 35]. Two
parameters of the elastic modulus, shear modulus and ultimate strength for the UD
prepregs denote the properties in the fibre orientation of 0° and 90°, respectively. The
rolling direction for the metal sheets and the fibre orientation of 0° for the fibre rein-
forced prepregs are parallel to the bending line of the laminate in the test.

Table 4.1: Mechanical properties of the material constituents in bending test [33–35]

Materials
Density
(g /cm3)

Elastic
modulus

(GPa)

Shear
modulus

(GPa)

Yield
strength

(MPa)

Poisson’s
ratio

Ultimate
strength

(MPa)

Elongation
at break (%)

Aluminium
alloy 2024-T3

2.7 71 28 320 0.33 480 16.2

Stainless
steel 304L

8.0 200 77 210 0.30 574 45.6

UD carbon
fibre prepreg

-MTC510
1.5 119.3/8.2 3.6/2.0 - 0.34 2282/54 1.3

4.3.2. CONCEPT DESIGN

T HE concept of clamped-beam bending test came from the design of an integral form-
ing and curing cycle in the proposed press forming process as shown in Figure 1.8.

The traditional three-point-bending method can consider the influence of material con-
stituent, laminate structure, and preheat temperature on the flexural behaviour of un-
cured metal-CFRP laminates. However, the factor which is important for material flow
and wrinkling control like forming pressure especially on the flange regions are not taken
into account. Therefore, based on the three-point bending as well as fixed-beam bend-
ing method, a clamped-beam bending test is designed for the evaluation of the flexural
behaviour of uncured metal-CFRP laminates under various conditions. The schematic
graph and dimensions of the clamped-beam bending concept are shown in Figure 4.2.
The hybrid laminate with a size of 300 mm × 50 mm is placed symmetrically on the sup-
ports and clamped by two blocks with a size of 50 mm × 50 mm. Then, the punch with
a diameter of 10 mm moves vertically down the centreline of the laminate to a specified
displacement. In order to achieve a uniform and symmetrical loading of the clamping
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force, a double acting pneumatic cylinder ADN-50-10-A-P-S6 from FESTO is selected
and the schematic graph of the pressure loading concept for the product is presented in
Figure 4.3. The pneumatic cylinder performs in both extension and retraction strokes,
and meets the need of the test conditions for high temperature and pressure. Based on
the dimension and stroke of the pneumatic cylinder, a bending tool system is designed
and manufactured as shown in Figure 4.4. The bending tool system contains four ver-
tical columns and fixed guides, two lateral support blocks and pressure blocks, as well
as two pneumatic cylinders and one ground plate. The maximum dimension for the
whole system is 400 mm × 240 mm × 300 mm and the size for each component follows
the concept in Figure 4.2. The radii for the two support blocks are 5 mm and the influ-
ence on the bending and unloading is neglected. The pressure block and upper profile
are bolted and connected through the pneumatic cylinder, and the vertical column can
have adjustable movement along the ground plate. Then, the laminate specimen can be
placed horizontally on the support blocks and pressed by the two pressure blocks.

Support
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Clamped
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Figure 4.2: Schematic graph and specimen dimensions for the laminate clamped-beam bending concept
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Figure 4.3: Double-acting pneumatic cylinder and the schematic graph of the pressure loading concept
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Figure 4.4: Bending tool system with two pneumatic cylinders for the clamped-beam bending concept

4.3.3. EXPERIMENTAL PROCEDURE

T HE clamped-beam bending test method is performed on a Zwick-250kN tensile-
compression machine equipped with a temperature chamber. The bending tool

system with two pneumatic cylinders for the concept is installed and fixed on the lower
table of the machine, while the bending punch is connected to the upper tool along the
vertical centreline for the specimen as presented in Figure 4.5(a). The load-displacement
curve for a given parameter combination can be obtained through the measuring sys-
tem of the machine. Moreover, the processing temperature is preset by the temperature
chamber system while the real-time temperature inside the chamber is recorded by the
thermocouples. Other test parameters like punch speed of 10 mm/min and punch dis-
placement of 40 mm are set as constants by the manual input in the machine system. To
measure and control the pressure, a real-time pressure tank and manual pressure con-
troller are used as shown in Figure 4.5(b) and (c). The maximum pressure from the tank
is 9 bar, and the air pressure inlets as well as return flow outlets are converged in two
separate channels and connected to the tank, respectively. Through the preset value on
the controller, the pressure block is able to adjust the load.

Table 4.2: Material configurations and test parameters used for clamped-beam bending test

Structure Material configuration
Metal sheet Aluminium 2024-T3 Stainless steel 304L

Fibre prepreg (UD) CFRP (T300 carbon-MTC510)
Layup and orientation 2/1(0°/90°) 2/1(45°/-45°) 3/2(0°/90°) 3/2(45°/-45°)

Processing temperature (°C) 23(RT) 50 80 110
Clamping pressure (Bar) 0 1 3 6

The material configurations and test conditions used for the clamped-beam bend-
ing test of the uncured metal-CFRP laminates are summarized in Table 4.2. The tests
are performed with Al/CFRP and Ss/CFRP laminates, as well as four combinations of
layup and fibre orientation, four processing temperatures and four clamping pressures.
In addition, the tests are conducted varying one parameter at a time while keeping the
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other parameters at the baseline value, and at least three specimens are applied for each
configuration. The baseline values for the bending are the layup and orientation of 2/1
and 0°/90°, processing at room temperature (23°C) and clamping pressure of 0 bar. The
single-layer metal sheets are characterised using the same specimen geometry under
the same conditions compared with the corresponding hybrid laminates. These selected
test conditions are based on the industrial applications for the laminate press forming
and are used to study the effect on the flexural behaviour, in particular the bending force
evolution during the clamped-beam bending process.

(a) (b)

(c)

Figure 4.5: Experimental procedure and apparatus of the laminate bending: (a) Clamped-beam bending
setup; (b) Real-time pressure gauge tank; (c) Manual pressure controller

4.4. FINITE ELEMENT MODEL

T HE application of a finite element model made it efficient to analyse the proposed
clamped-beam bending process and support the results from the actual experimen-

tal tests. In the study, finite element analysis software Abaqus is used to simulate the
bending procedure of the uncured metal-CFRP laminates by using the stress-strain dis-
tributions of the metal sheet and the unique anisotropic properties of the carbon fibre
reinforced prepreg (CFRP). Figure 4.6 exhibits the simulation model established for the
research and all the materials as well as tool geometries followed the concept of the ex-
perimental setups. The elastic-plastic properties of the metal sheets and the elastic con-
stants for the uncured CFRP lamina as shown in Figure 4.7 and Table 4.1 are imported
into the material property module in the Abaqus software. In the finite element model,
all tools including the bending punch, upper and lower supports are modelled as dis-
crete rigid shell elements with a mesh size of 2 mm. Metal sheets and the uncured CFRP
material are all created as four-node doubly curved conventional shell elements with
reduced integration (S4R) in a same mesh size of 2mm. The laminate structure in the
FE model is represented in the composite layup module where all layers and their pa-
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rameters such as orientation, thickness, property and relative location are defined and
assembled into the bending simulation. As for the interactions and boundary conditions
in the model, the value of clamping force and punch displacement can be set, and the
contacts between the fixed tools and uncured metal-CFRP laminates are set as penalty
friction in a constant value of 0.15. The interaction at the metal-prepreg interfaces is
defined as friction contact which consists of the mechanical elastic and viscous flow. A
static-kinetic exponential decay model in Abaqus is applied to simulate the transition
of friction and the value can be obtained from a previous study [11]. In order to char-
acterise and validate the flexural behaviour of the test materials, the load-displacement
response in the Static/Standard step, and the spring-back depth as well as the length re-
duction coupled with plastic deformation in the Dynamic/Explicit step are analysed and
compared with the experimental results [32, 36].

Upper support

Lower support

Bending punch

Hybrid laminate

(Gray: metal sheet

Green: Uncured CFRP)

F 

F 

Scale factor:1

Figure 4.6: Finite element model of the clamped-beam bending test for the uncured metal-CFRP laminates
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Figure 4.7: Stress-strain curve of the metal sheets applied for the clamped-beam bending test simulations
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4.5. RESULTS AND DISCUSSION

4.5.1. BENDING LOAD-DISPLACEMENT RESPONSE

EFFECT OF METAL CONSTITUENT

D URING the clamped-beam bending process, the load-displacement response is one
of the most quantitative results to characterise the flexural behaviour of the test

materials. The experimental results coupled with the finite element simulation results
on the bending load-displacement response without clamping at room temperature are
shown in Figure 4.8. At the initial stage of bending, the increase of bending force in the
simulation model is a bit larger when compared to the test conditions for the bent ma-
terials. This is mainly because of the delayed response of the testing machine at the
initial contact between the punch and specimen. However, with the increasing punch
displacement, the bending force gradually grows to be consistent at the displacement
of 40mm. Therefore, the values of the maximum bending force can be regarded as an
appropriate evaluation indicating that the test method and finite element model show a
good agreement at the end of bending. For the effect of the metal constituent, the max-
imum bending force for the single-layer aluminium alloy 2024-T3 and Al/CFRP lami-
nate is larger compared with the single-layer stainless steel 304L and the correspond-
ing Ss/CFRP laminate under the same configurations and conditions. Furthermore, the
bending force levels off earlier for the stainless steel based materials during the bending
process. This can be explained by the stress-strain curve of these two metal sheets in
Figure 4.7, which indicates that the aluminium alloy has a higher yield stress than the
stainless steel and higher stress causes the higher reaction forces of the punch. However,
due to the lower yield stress of the stainless steel, the material would enter the plastic
stage earlier which results in the slow growth of the stress as well as bending force.
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Figure 4.8: Experimental and numerical results on the bending force evolution of the metal sheet and the
corresponding metal-CFRP laminate at room temperature (RT) with the clamping pressure of 0 bar

Moreover, it can be obtained from Figure 4.8 that the maximum bending force of
the uncured metal-CFRP laminate is higher than the sum force of two single-layer metal



4.5. RESULTS AND DISCUSSION

4

81

sheets under the same test conditions. One reason is that the uncured hybrid laminates
are deformed independently from each other, the required bending moments are sum
of bending all these sheets. Other explanations can be obtained from the differences of
the stress distribution through the thickness direction after bending as shown in Figure
4.9. The bending deformation of the metal sheet is simplified as a material exhibiting
elastic-ideal plastic behaviour without hardening. For a single-layer metal sheet, the
stress distribution is symmetrical along the neutral layer where the metal surfaces 1&2
undergo the maximum tensile stress and compressive stress, respectively. In the outer
surfaces, the stress will be capped at the maximum stressσm where the vertical lines de-
note the plastic deformation regions. The outer surfaces 1&4 for a hybrid laminate with
the 2/1 layup experience the same stress state as the metal sheet, while the metal sheets
and fibre prepreg deform independently from each other when the hybrid laminate is
bent with an uncured fibre prepreg in the middle. The inner surfaces (2&3) of the metal
sheet could slip over the prepreg layer and the sliding resistance depends on the fric-
tion at the metal-prepreg interfaces. Therefore, the stress at the outer metal surface for
the uncured hybrid laminate σh is higher than the stress for the single-layer metal sheet
σm due to the inter-ply friction. Moreover, it is noted that the maximum bending force
for Al/CFRP and Ss/CFRP laminate with a 2/1 layup is slightly over twice the value than
their corresponding single-layer metal sheet. The finding shows that the bending prop-
erties of the hybrid laminates depend mainly on the properties of metal sheets while the
uncured CFRP material plays a limited role.
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Figure 4.9: Schematic graph of the stress distribution after bending process for different test materials: (a)
Single-layer metal sheet; (b) uncured metal-composite laminate with 2/1 layups

EFFECT OF CLAMPING PRESSURE

T HE application of clamping pressure is one of the focus points in the research and the
investigation of clamping effects on the flexural behaviour of uncured laminates be-

comes significant. Figure 4.10(a) and (b) exhibit the experimental bending force and dis-
placement curve of the single-layer aluminium sheet and the Al/CFRP laminate under
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different clamping pressures, respectively. The uncured Al/CFRP laminates are tested
at room temperature (23°C) with a layup of 2/1 and fibre orientation of 0°/90°. For the
bending of the single-layer aluminium alloy shown in Figure 4.10(a), the bending force
gradually increases with the punch movement and the increase of clamping pressure
from 0 bar to 3 bar increases the bending force with displacement of the punch. When
replacing the single-layer metal sheet with an Al/CFRP laminate with a specific config-
uration, the bending force increases until it reaches the maximum value at the end of
the bending test as well. The result validates that clamping pressure plays a significant
role in the bending force of both metal sheet and the hybrid laminates. However, al-
though all the test materials experience growth in bending force with the increase of
punch displacement, the trends of increase are different when applying different clamp-
ing pressures. When there is no clamping pressure on the clamped regions, the bend-
ing force grows significantly at the initial stage of bending and gradually goes towards
a nearly constant value until the end of the bending test. As the pressure increases, the
increase in bending force becomes more distinct and the stage where the force tends to
level off earlier in the bending process. One of the explanations is that the increase of
clamping pressure restricts the material flow in longitudinal direction, which requires
greater bending force to achieve the same amount of deformation. It can also be ex-
plained through the increase of plastic strain at the same amount of displacement with
the increasing clamping pressure. As shown in Figure 4.7 that a higher force (stress) in-
duces more plastic strain and an earlier start of plastic deformation. It can be observed
from the bent specimens of the aluminium alloy 2024-T3 in Figure 4.10(a) that the single-
layer aluminium sheet under the clamping pressure of 3 bar undergoes larger plastic
deformation and becomes more pronounced compared to the bent aluminium sheet
without clamping pressure. The effect of clamping pressure on the bending force for the
hybrid laminate is even greater since the force scale runs from 0 to 600 N as shown in
Figure 4.10(b). The reason is due to the increase of bent layers and frictional force at the
tool-metal and metal-prepreg interfaces which hinder the sliding, making the stress σm

and σh greater than the bent material without clamping pressure. More details on the
effect of clamping pressure on material plastic deformation will be discussed.
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temperature of 23°C
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EFFECT OF LAYUP AND FIBRE ORIENTATION

I N order to investigate the effect of laminate layup on the bending force, the Ss/CFRP
laminates of 2/1 and 3/2 layups at room temperature (23°C) with the fibre orientation

of 0°/90°, as well as the single-layer stainless steel are compared. Experimental results on
the bending force evolution of the three materials under the clamping pressures of 0 bar
and 3 bar are shown in Figure 4.11. It is obvious that the increase of laminate layup from
a single-layer metal sheet to a 3/2 hybrid laminate contributes to the increase of bend-
ing force. The increasing number of layers dominates the growth of bending force which
follows the conclusions of the three-point bending and the fixed-beam bending studies
from literature [37, 38]. Besides, it is obtained from the results that the bending force is
determined by the metal sheets whereas the composite layers hardly contributes since
the uncured laminates act independently. The bent specimens of the Ss/CFRP laminates
under two clamping pressure conditions are more pronounced and has an increased re-
maining bent depth after unloading when compared to the single-layer stainless steel.
More details on the spring-back effect will be discussed in section "Spring-back depth".
For the effect of fibre orientation, the cross-ply unidirectional CFRP materials of 0°/90°
and 45°/-45° for the metal-CFRP laminates of a 2/1 layup are compared. Figure 4.12
exhibits the test results of the maximum bending force for four different laminate struc-
tures under three clamping pressures at room temperature (23°C). It can be observed
from the figure that the hybrid materials with a fibre orientation of 45°/-45° have slightly
smaller bending force due to the intra-ply shear at the maximum displacement than the
metal-CFRP laminates with the fibre orientation of 0°/90° under the same conditions.
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Figure 4.11: Experimental bending force and displacement curves of the single-layer stainless steel and its
corresponding hybrid laminates at room temperature (23°C) for clamped-beam bending with two clamping

pressures: (a) 0 bar; (b) 3 bar

Figure 4.13 describes the two deformation mechanisms during the bending process
for the CFRP materials in the hybrid laminates. Bending of cross-ply unidirectional (UD)
structure with a fibre orientation of 0°/90° mainly involves slide at the prepreg-prepreg
interface. Assuming that the gaps between each fibre tow at the initial state are a con-
stant value t , and the gaps after bending along a new axis of L′ and W ′ between the
fibre tow are t1 and t2, respectively. It is noted that the L −W and L′ −W ′ coordinate
system are kept as vertical during bending and the relationship between the tow-gap is
t2 < t < t1. However, the kinematics of the cross-ply unidirectional (UD) structure with



4

84 4. A CLAMPED-BEAM BENDING TEST METHOD FOR LAMINATE FLEXURAL BEHAVIOUR

a fibre orientation of 45°/-45° are different where the adjacent plies of the fibre prepreg
rotate and slide over each other and are coupled through a viscous resin. The vertical
coordinate system U −V gradually changes into a new coordinate system U ′−V ′ with a
rotation angleα. Although the gaps of fibre tow after bending still follow the relationship
of t ′2 < t < t ′1, the relationship between the gaps of fibre tow for the 45°/-45° and 0°/90°
structures is t1 > t ′1 > t , t > t ′2 > t2 due to the existence of prepreg rotations at the same
deformation. Therefore, the different deformation mechanisms for the hybrid materi-
als with a fibre orientation of 45°/-45° and 0°/90° may affect the values of the maximum
bending force during bending.
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Figure 4.12: Experimental results for the maximum bending force of different laminate structures under three
clamping pressures
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Figure 4.13: Schematic graph of the deformation mechanisms during bending for two typical fibre
orientations of cross-ply UD prepregs: (a) 0°/90°; (b) 45°/-45°
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EFFECT OF PROCESSING TEMPERATURE

T HE processing temperature is also a crucial factor affecting the bending force since
the elastic modulus of the uncured CFRP materials, as well as the frictional force at

the metal-prepreg interfaces and prepreg-prepreg interfaces are temperature-dependent.
Figure 4.14 exhibits the experimental results of the maximum bending forces at four dif-
ferent processing temperatures under the clamping pressure of 0 bar and 3 bar. The two
curves reveal that the maximum bending force decreases with increase of temperature,
while the magnitude of decrease is different for the uncured 2/1 hybrid laminates with
a fibre orientation of 45°/-45° and 0°/90°. When the pressure applied on the clamped
regions is zero, the maximum bending force for Al/CFRP and Ss/CFRP laminates with
the 45°/-45° structure at the processing temperature of 110°C is higher than their cor-
responding laminates with the 0°/90° structure. At room temperature, the result is the
other way around. There are two reasons which helps to explain the bending force re-
duction. Firstly, due to the resin viscosity decrease with the temperature increases, the
softening of CFRP material decreases the overall elastic modulus and thus, lower the
bending force. Then, the frictional force at the interfaces of each layer decreases sig-
nificantly as the temperature increases, which further reduces the maximum bending
force for the uncured laminates. This can be referred to Figure 4.9(b) where the stressσh

for laminate bending decreases since the sliding at the metal-prepreg interfaces is easier.
However, the hybrid structures with 45-degree layers at least offers a higher contribution
on the bending moment than the 90-degree layers, which seem contrary to the trend of
force reduction.
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Figure 4.14: Experimental results on the maximum bending force and a displacement of 40mm for various
processing temperature and pressure conditions for the hybrid laminate of 2/1 layups: (a) 0 bar; (b) 3 bar

The previous study [12] also found that the temperature effect dominates the in-
plane shear force for the cross-ply UD reinforced metal laminates with 45°/-45° struc-
tures. Once the increased bending moment and shear force accumulate to a certain
value, the 45°/-45° structures need a greater maximum bending force at a certain tem-
perature for the 45°/-45° structures than the 0°/90° structures which only experience the
inter-ply sliding during bending. Besides, the increase of clamping pressure hinders the
sliding of the uncured metal-CFRP laminates, which further increases the shear force at
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the same displacement for 45°/-45° structures. This reveals that the maximum bend-
ing force becomes larger for low temperature and high pressure conditions. The micro-
scopic measurement for the rotation angle α on the central regions of the 2/1 Al/CFRP
laminates with the fibre orientation of 45°/-45° are applied [12] and the results under
various bending conditions are shown in Figure 4.15. The results for the angle measure-
ment prove that the increase of clamping pressure and temperature helps to decrease
the rotation angle α.

（a） （b）

（c）

o
90 =

（d）
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Figure 4.15: Microscopic measurements of the rotation angle on the centre region of the 2/1, Al/CFRP
laminate with the fibre orientation of 45°/-45° under various bending conditions: (a) Initial state; (b) RT, 0 bar;

(c) 80°C, 0 bar; (d) 80°C, 3 bar

4.5.2. LAMINATE BENDABILITY CHARACTERISATION

SPRING-BACK DEPTH

T HE evolution of spring-back after the clamped-beam bending process can also be
used for the characterisation of the flexural behaviour of the test materials. The ex-

perimental and numerical simulation methods are applied to study the differences of
the bent materials before and after spring-back as exhibited in Figure 4.16. The values
of spring-back depth for various material configurations at room temperature without
clamping pressure are shown in Figure 4.17. The spring-back depth D ′ is measured
by the differences of the bending depth before and after spring-back (D ′ = D0 − D1).
The effect of fibre orientation and processing temperature on the spring-back depth for
the uncured metal-CFRP laminates are not investigated as the effects can be ignored.
The test and simulation results reveal that the aluminium based materials experience
more spring-back than stainless steel based materials and the increase of laminate layup
would reduce the spring-back depth. This can also be explained from the stress-strain
curve presented in Figure 4.7, where the higher elastic modulus and lower yield strength
of the stainless steel result in a lower elastic response compared with the aluminium
alloy when the metal sheet reaches the same amount of deformation. Furthermore,
the increase of laminate layup also plays a significant role in the spring-back reduction
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where the bending radius of the outer sheet of the uncured laminates is larger than the
single-layer sheet, which have a huge impact on the strain distribution of that layer and
its elastic response. Therefore, the spring-back depth of the metal-CFRP laminates are
lower than their corresponding single-layer metal sheets. The numerical colourmaps
of the vertical displacement (U3) before and after spring-back for various material con-
figurations at room temperature without clamping pressure are shown in Figure 4.18.
It is observed that the vertical displacement and shapes after unloading for the single-
layer metal sheets and hybrid laminates are different. As the thickness of a single-layer
metal sheet is small, the bent materials at centre and flange regions undergo opposite
displacement after unloading without clamping pressure on the flange regions. How-
ever, the increase of layup and bending radius gradually hinders the vertical movement
and the materials become flat on the flange regions.
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After bending

After unloading
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1D

Figure 4.16: Schematic graph and dimension of three different stages during the laminate bending process
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Figure 4.17: Experimental and numerical comparisons on the spring-back depth for different material
configurations



4

88 4. A CLAMPED-BEAM BENDING TEST METHOD FOR LAMINATE FLEXURAL BEHAVIOUR

Figure 4.18: Numerical results of the vertical displacement (U3) before and after spring-back of bending for
different materials under the conditions of no clamping pressure and room temperature (23°C): (a)

Single-layer aluminium alloy 2024-T3; (b) Single-layer stainless steel 304L; (c) 2/1, 0°/90°, Al/CFRP; (d) 2/1,
0°/90°, Ss/CFRP ; (e) 3/2, 0°/90°, Al/CFRP; (f) 3/2, 0°/90°, Ss/CFRP
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Figure 4.19: Test specimens after spring-back for different laminate configurations and test conditions at
room temperature: (a) 2/1, 0°/90°, Al/CFRP laminates; (b) 0°/90°, Ss/CFRP laminates
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Figure 4.20: Experimental results on the spring-back depth and length reduction after unloading under
various pressure conditions: (a) Aluminium alloy based materials; (b) Stainless steel based materials

The experimental tests on the depth of laminate spring-back are also performed un-
der different clamping pressure conditions. Figure 4.19 exhibits the test specimens after
spring-back for different laminate configurations and test conditions at room tempera-
ture, and the spring-back depth D ′ for the aluminium-based and stainless steel-based
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materials under various pressure conditions are shown in Figure 4.20(a) and (b). All the
curves on the evolution of spring-back depth show that the increase of clamping pres-
sure contributes to the reduction of spring-back. The results are visible in Figure 4.19
where the introduction of an increasing tension force in the laminates decreases the out-
of-plane spring-back. However, it can be seen from the curves that the decreasing trend
of spring-back is different for the Al/CFRP and Ss/CFRP laminates with the increase of
clamping pressure. The Al/CFRP laminates show more obvious spring-back decrease
when the pressure increases especially for the 3/2 layups, while the effect of clamping
pressure on the spring-back reduction for the Ss/CFRP laminates is limited. Although
the spring-back depth for the Ss/CFRP laminate itself is small, the influence of laminate
layup dominates the spring-back process when the bending punch is unloaded.
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Figure 4.21: Test specimens under two clamping pressure conditions at room temperature for different
materials after spring-back: (a) Single-layer metal sheets; (b) 2/1, 0°/90°, hybrid metal-CFRP laminates

LENGTH REDUCTION

D UE to the application of clamping pressure on the local flange regions of the spec-
imen, the length reduction along the longitudinal direction is also an index for the

characterisation of the flexural behaviour. Therefore, the study of the clamping pressure
effect on the length variations before and after unloading is proposed, and the factors
affecting the properties of CFRP material such as fibre orientation, processing temper-
ature are not studied as the variations on the bent length is quite small. The length re-
duction after unloading L′′ is defined and calculated by the differences of the initial lon-
gitudinal length and the bent length after unloading (L′′ = L0 −L2) which described in
Figure 4.16. The initial longitudinal length is 300 mm and the bent lengths after unload-
ing for the test materials under two clamping pressure conditions at room temperature
are shown in Figure 4.21. It is seen that all the materials undergo the length reduction
after bending and unloading under the pressure conditions. The increasing clamping
pressure causes more stretch of the materials and increases the plastic deformation in
the bend zone, which increases the length reduction after unloading. The curves on
length reduction L′′ under various pressure conditions as shown in Figure 4.20(a) and
(b) reveal that the aluminium-based materials have smaller length reduction compared
to the stainless steel-based materials especially for the single-layer metal sheet. The rea-
son is mainly because of the higher elastic response after unloading for the aluminium
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sheet where the bent length is closer to the initial length. Besides, the result shows that
the increase of laminate layup leads to an increase on the length reduction for the bent
laminates and the sliding resistance become more significant under higher clamping
pressure conditions.
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(d) RT, 2/1 Ss/CFRP laminate, Clamping pressure: 6 Bar

283.2mm

283.4mm

Upper stainless steel

Lower stainless steel

Figure 4.22: Numerical results on the equivalent plastic strain at room temperature (23°C) for hybrid
laminates after the bending process
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Figure 4.23: Numerical results on the relationship of maximum plastic strain and clamping pressure for
different materials

PLASTIC STRAIN

I N order to quantify the influence of clamping pressure on the flexural behaviour of
the uncured metal-CFRP laminates in the test, the evolution of plastic deformation is

investigated. The numerical colourmaps of the equivalent plastic strain for hybrid lam-
inates before unloading are presented in Figure 4.22. The bent length before unloading
and the equivalent plastic strain are smaller for the upper metal surfaces than the lower
metal surfaces in the metal/CFRP laminate of 2/1 layup under two pressure conditions.
The reason can be referred to the sliding at the metal-prepreg interfaces and the stress
distribution diagram as shown in Figure 4.9(b). When the clamping pressure is 0 bar,
the maximum equivalent plastic strain for the Al/CFRP and Ss/CFRP laminate is about
2.01% and 2.55%. However, the equivalent plastic strain distribution is different when
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the pressure changes to 6 bar where the strain increases on the unsupported areas of
the bent laminates. The maximum equivalent plastic strain occurs on the edge regions
along the centreline and the value increases to 13.76% and 15.22%, respectively. Based
on the numerical results on the equivalent plastic strain values, the influence of clamp-
ing pressure on the plastic deformation at room temperature can be obtained in Figure
4.23. It can be observed that the maximum plastic strain for all the materials increases
with the increase of clamping pressure and the growth become more distinct with the
increase of laminate layup. The stainless steel-based materials undergo more plastic de-
formation than the aluminium-based materials under the same conditions. The result
demonstrates that higher clamping pressure which results in more plastic deformation
in the bend zone helps to improve the deformability of the uncured metal-CFRP lami-
nates.

4.6. CONCLUSIONS

T HE flexural behaviour of the uncured metal-CFRP laminates is experimentally and
numerically characterised by the analysis of load-displacement response, spring-

back depth, length reduction and plastic strain in the clamped-beam bending process.
The method is proposed under the condition of various clamping pressures on the local
regions of the specimen and the factors affecting the flexural behaviour, including the
material constituent, laminate layup and fibre orientation, processing temperature and
clamping pressure are analysed in details. The relevant conclusions are:

(1) The application of clamping pressure has a significant impact on the flexural be-
haviour of the bent materials. With the increasing clamping pressure, the force required
to bend increases significantly, the depth of spring-back gradually reduces and the resis-
tance of sliding increases. It contributes to the result of higher material plastic deforma-
tion in the metal layers of the uncured metal-CFRP laminates.

(2) The flexural behaviour of the uncured metal-CFRP laminates mainly depends on
the type of the metal constituents and layups of the hybrid laminates. The aluminium-
based materials with a lower elastic modulus and a higher yield strength exhibits a greater
maximum bending force and a higher spring-back after bending and unloading, while
the stainless steel based materials undergo more plastic deformation and larger length
reduction under the same material configurations and test conditions. Also, the increase
of laminate layup increases the bending force while decreases the spring-back.

(3) The factors affecting the properties of CFRP material such as the fibre orientation
and processing temperature play a limited role and this type of bending for the uncured
metal-CFRP laminates is dominated by metal sheet. The hybrid laminates with a fibre
orientation of 45°/-45° have a slightly smaller maximum bending force than the same
hybrid materials with a fibre orientation of 0°/90° at room temperature. The result dif-
fers in high clamping pressure and high temperature conditions with a somewhat larger
intra-ply shear force and inter-ply frictional force for the uncured CFRP material.

(4) The numerical simulation results show a good agreement with the experimental
results at room temperature (23°C) with various clamping pressure for uncured metal-
CFRP laminates. More work on the finite element model validations should be done to
evaluate the results under different processing temperature conditions.
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5
A CURE-DEPENDENT SPRING-BACK

INVESTIGATION IN A PRESS

FORMING CYCLE

This chapter focuses on the spring-back as a function of the degree of cure on single-curved
metal-composite laminates. The manufacturing through a press forming process involves
different (curing) stages and can reduce the spring-back with the proper combination of
forming and curing. The cure-dependent spring-back is measured and analysed as a func-
tion of material constituents, fibre directions, laminate layups, and the process parameters
including temperature, time and pressure. . The results indicate that the spring-back ratio
after full-cured process is relatively small and mainly depends on the mechanical proper-
ties of the metal sheet in laminates. However, temperature and time have a significant
effect on the spring-back of partially-cured laminates and the same type of fibre prepreg
combined with two different metal sheets have similar trends of spring-back reduction.
Moreover, the study found that the hybrid laminates with aluminium sheet delaminate at
low pressure after full-cured, while the delamination disappears as the pressure increases.
The characterisation on cure-dependency of the spring-back offers an opportunity to con-
trol the spring-back of these laminates and contributes to a better understanding of creat-
ing more accurate products .
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5.1. INTRODUCTION

M ETAL composite laminates are high-performance lightweight materials consisting
of thin metal sheets and fibre reinforced prepreg layers by alternatively stacking,

curing under proper temperature and pressure [1, 2]. These hybrid materials combine
the advantages of metal sheet and fibre reinforced polymer such as high specific strength
and stiffness, and properties like high fatigue and impact resistance, as well as the bet-
ter corrosion and fire resistance, etc [3–6]. However, the manufacturing of such hybrid
laminates is difficult as various forming and curing stages are required coupling with
the complex deformation and failure mechanisms [7–9]. In order to improve the man-
ufacturability of the hybrid laminates, an integral forming and curing cycle is proposed
in Figure 1.8. The most critical stages in the process are preheating and curing of the
laminates before and after press forming. The time and temperature needs to be con-
trolled in the preheating stage, so that the inter-ply sliding at the metal-prepreg inter-
faces and the intra-ply shear within the prepregs are greatly enhanced when the resin
viscosity decreases [10–13]. The hybrid laminate is formed and cured in a subsequent
stage, avoiding loading and unloading of the part and an extra curing system, which can
be time-saving and cost-saving [14]. However, there arises several scientific questions
on how the state of curing affects the accuracy of the final part and whether the pressure
applied during curing assists in reducing or eliminating the spring-back, which plays a
role in the accuracy of the related tool geometry as well.

5.2. LITERATURE ON SPRING-BACK

T HE concept of spring-back comes as a consequence of the elastic strain or energy
recovery during unloading and the residual stresses are the counterpart of spring-

back. In the conventional sheet metal forming process, the occurrence of spring-back is
common and inevitable in each stage where the metal material undergoes plastic defor-
mations. The parameters affecting the spring-back behaviour of metal sheets are mainly
related to the stresses generated during the loading and unloading process and can be
divided into three groups: material, tool and geometry. The properties of the metal sheet
such as the size and thickness, elastic modulus, yield strength and hardening coefficient,
affect the spring-back. For example, the material with a higher yield strength will have a
higher ratio of elastic-plastic strain for equivalent elastic moduli, while the metal sheet
with a higher elastic modulus shows less spring-back than a material with a lower elas-
tic modulus for equivalent yield strengths [15–17]. As for the geometry related param-
eters, the punch height and radius, die opening and radius, the tool-metal friction are
all critical variables affecting the spring-back [18–20]. Gawade et al. [19] found that
the metal sheet has a minimum radius/thickness ratio and the spring-back gradually
increases with the increase in such R/t ratio due to the strains decrease in the bend line.
Besides, the reduction in friction between the metal sheet and forming tools increases
the spring-back and decreases the bend force. Other critical factors affecting the spring-
back of metal sheet are the process parameters like the forming and cooling rate, etc.
Melwin et al. [21] found that the spring-back decreases with an increase in cooling rate
for a hot stamping steel and the increase in cooling rate results in spring-forward owing
to the formation of an increased volume fraction of martensite.
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The spring-back behaviour of the fibre reinforced polymers also originates from three
different mechanisms: chemical mechanism, thermo-mechanical mechanism as well as
the interactions between the tool and the composite laminate [22–32]. The properties
of the fibre materials remain essentially constant, while the thermoset resin properties
change dramatically during the cure cycle as it polymerizes and crosslinks transition-
ing from a viscous to rubbery and finally glassy state. Therefore, the resin morphology
results in a volume change, which causes the accumulation of internal stress. With the
increase of such internal stress which induces changes in curvature in plates, the spring-
in phenomenon due to this chemical shrinkage cannot be ignored [22]. The thermo-
mechanical mechanism is mainly because of the physical and mechanical differences
between the dry fibres and the polymeric matrix. The CTE of the polymer-matrix ma-
terials is usually much higher than that of the fibres. This results in residual stresses
existing on a micro-mechanical level for the unidirectional materials during processing.
These residual stresses affect the stress-strain behaviour and influence the spring-back.
Brauner et al. [26, 27] developed a simulation tool for the analysis of residual stresses
related to the resin transfer moulding process, and a visco-elastic material model was
derived integrating a dependency of the time-temperature-polymerisation and fibre vol-
ume content on the stress relaxation behaviour. In addition, the mechanical properties
of the resin depend on the degree of cure which can be used to evaluate the develop-
ment of spring-back. Uriya et al. [28] studied the spring-back behaviour of a carbon
fibre-reinforced plastic sheet after cold and warm V-bending test and found a large de-
crease in spring-back when the forming temperature and degree of cure increases. Also,
Pereira et al. [29] showed that a polymer with a lower degree of cure has a lower modulus
of elasticity than a fully-cured polymer and the degree of cure associated with the cool-
ing rates influences the spring-back. The third mechanism of spring-back is due to the
contact effects between the metallic tool and the composite part. The parameters like
tool material, surface condition (friction), cure cycle and pressure are shown to have a
significant effect on the spring-back [30–32].

The mechanisms and factors affecting the spring-back behaviour of metal sheet and
fibre reinforced polymer apply to the hybrid metal-composite laminates as well [33–41].
The amount of spring-back in such laminates depends on the material parameters like
the material constituents, the laminate layup and thickness, as well as the fibre ori-
entations. Keipour et al. [35] performed an experimental and numerical study of the
spring-back in a hat-shaped bending test of a 2/1 fibre metal laminate and found that
the thickness of composite core had limited effect on spring-back when the elastic mod-
ulus of the core is lower than the metal skin. However, Isikatas et al. [36] found that the
amount of spring-back in a hybrid 2/1 laminate decreases with the increase of the thick-
ness of the composite core when combining the aluminum 5754-H22 sheet and carbon
fibre-reinforced plastics by adhesive. Moreover, many scholars found that the spring-
back differs in the processing parameters during the manufacturing processes. Kim
et al. [39] considered a brake forming process for fabricating the fibre metal laminate
stringers and examined the spring-back under different processing conditions. They
discovered that the spring-back ratio increases linearly with the increase of the punch
radius while the spring-back ratio increases rather slowly with the increasing punch
speed at room temperature. Also, the increase of forming force from 500N to 5000N in
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the matching dies with a heat-up temperature of 100°C results in a significant decrease
on spring-back. Vahid et al. [40] focused on the spring-back behaviour of the PVC-
based metal-composite laminates when press forming a U-shaped product and con-
cluded that the amorphous PVC matrix results in a larger spring-back at lower forming
temperature, while higher forming temperature reduces the PVC elasticity significantly
and overcomes the elastic spring-back. Safari et al. [42] conducted an experimental as-
sessment of the creep forming properties of fibre metal laminates and studied the effect
of temperature and time on spring-back. The result validated that the spring-back of the
creep-formed laminates decreases with an increase in either time or temperature due
to the decrease of elastic strain and the increase of creep strain. Besides, they believed
that through multi-objective parameter optimisation during the forming process of the
metal-composite laminates, the minimum spring-back can be achieved. Therefore, due
to the high spring-back of the cured hybrid laminate, the in-situ curing of the curved
shape after forming process of uncured laminate gains the interests. However, the role
of individual metal sheet and prepreg layers in an uncured laminate during forming is
unknown. Also, how the degree of cure and the forming pressure affect the interaction
at the metal-composite interfaces remains to be discussed. Besides, there is a lack of
studies on quantifying the laminate spring-back as a function of degree of cure and the
experimental methods for the selection of appropriate material constituent and process-
ing parameters for laminate forming with uncured prepregs have not been proposed.
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Figure 5.1: Stress-strain curve until fracture of two different metal sheets used for the spring-back analysis

5.3. MATERIALS AND METHODS

5.3.1. MATERIAL CONSTITUENTS

T HE raw materials used for the laminate preparation are metal sheets of aluminium al-
loy 2024-T3 and stainless steel 304L, as well as two different fibre reinforced prepregs.

The surfaces of aluminium sheet are anodized by phosphoric acid and both metal ma-
terials with a thickness of 0.5mm are washed by acetone [1, 2]. The stress-strain curves
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which exhibit the elastic-plastic performance of two metal alloys used in the test are
shown in Figure 5.1 and these curves can illustrate the effect of material behaviour on
spring-back. As for the fibre-reinforced prepreg systems, an unidirectional S2 glass fibre-
FM94 epoxy prepreg with a nominal thickness of 0.18 mm as well as a T300 carbon-
MTC510 UD prepreg with a nominal thickness of 0.15 mm are selected. The fibre volume
fraction for both prepregs is 60% and the thermoset polymers are cured at the temper-
ature of 120°C and pressure of 6 bar which follows a standard curing cycle [42, 43]. The
mechanical properties of the material constituents in hybrid laminates are exhibited in
Table 5.1 and the behaviour of metal sheet cannot be affected under the studied temper-
ature ranges. Two values of the elastic modulus and ultimate strength for UD prepregs
represent the properties in fibre orientation of 0° and 90°, respectively. For all tests, the
rolling direction for the metal sheet and the fibre orientation of 0° for the fibre reinforced
prepreg are parallel to the bending line of the laminate.

Table 5.1: Mechanical properties of the material constituents in spring-back analysis [42, 43]

Materials
Density
(g /cm3)

Elastic
modulus

(GPa)

Shear
modulus

(GPa)

Poisson’s
ratio

Yield
strength

(MPa)

Ultimate
strength

(MPa)

Shear
strength

(MPa)

Elongation
at break (%)

Aluminium
alloy 2024-T3

2.7 71 28 0.33 320 480 283 16.2

Stainless
steel 304L

8.0 200 77 0.30 210 574 378 45.6

UD glass
fibre prepreg

-FM94
2.6 54.0/9.4 5.5/2.6 0.33 - 1870/50 38.5 3.8

UD carbon
fibre prepreg

-MTC510
1.5 119.3/8.2 3.6/2.0 0.34 - 2282/54 99.0 1.3

5.3.2. RHEOLOGICAL ANALYSIS

T HE FM94 and MTC510 are two epoxy systems allowing compatibility for metal sheet
bonding of the metal-composite laminate. For press forming process of the prepared

and uncured blanks, the degree of cure and the resin viscosity of the epoxy play a critical
role in the relative sliding between the interlayers and the occurrence of possible defects
like fibre buckling. In order to obtain the relationship between the degree of cure and
resin viscosity, Differential Scanning Calorimetry (DSC) and rheometer analysis can be
used for the characterisation of cure kinetics and rheokinetics, respectively [44]. For the
DSC, the heat flow is the internal heat, H , generated per unit mass and per unit time
during the cross-link reaction and is represented as:

d H

d t
= Htot · dα

d t
(5.1)

Htot is the total heat of reaction after full cure of the epoxy and α is the degree of cure.
The cure rate and total heat of the reaction can be determined by iso-conversion DSC
measurements where the resin is heated at a constant heating rate and the energy in-
put is measured versus the cure time [45]. For the calculation of cure rates, the Kamal-
Sourour reaction ratio equation [46] is proposed and fitted as follows:

dα

d t
= k0 ·e(−E A /RT ) ·αm · (1−α)n (5.2)
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where R is the universal gas constant and T is the cure temperature in Kelvin, E A is the
activation energy, k0 is a coefficient and m,n are two fitting constants. The degree of cure
α of the epoxy at any time t is calculated by the integration of the instant cure rate as:

α(t ) =
∫ t

0

dα

d t
dt (5.3)

By applying the kinetic model in Equation 5.2 and fitting parameters obtained from
Table 5.2, the degree of cure of the epoxy can be predicted for isothermal cure for specific
temperatures of the FM94 and MTC510 epoxy as exhibited in Figure 5.2 [45–47]. Besides,
the viscosity of the epoxy evolves as a function of temperature and time: η = f (T, t ), or
degree of cure and temperature: η= g (T,α). The rheological behaviour of the FM94 and
MTC510 epoxy at a ramp of 2°C/min as provided by the material suppliers [42, 43] are
presented in Figure 5.3.

Table 5.2: Cure kinetic parameters for epoxy FM94 and MTC510 [45–47]

Parameter FM94 MTC510
K0 (1/s) 3.52+E06 5.64+E06

E A (J/mole) 6.75E+04 6.21E+04
m (-) 0.558 0.314
n (-) 2.508 1.216

Htot (J/g) 134.9 321.8
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Figure 5.3: Rheological data of the FM94 and MTC510 epoxy at the ramp of 2°C/min

Figure 5.4: Single-curved mould design for the laminate press forming process: (a) mould dimension; (b)
mould manufacture
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Figure 5.5: Experimental setup and apparatus for the hybrid laminate press forming process
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5.3.3. EXPERIMENTAL SETUP

T HE press forming process which can be an alternative method of forming for the
metal-composite laminate is performed on a 1000kN heated flat Joos Press machine.

In order to investigate the influence of spring-back without the forming defects like
metal wrinkling or fibre buckling, a single-curved mould with the size of 250×120×150
mm is designed and manufactured, as shown in Figure 5.4. Four spring-wrapped guide
posts are made to control the movement of the upper mould and ensure that the tool re-
turns to its original position when the pressure is released. The specimen with an initial
dimension of 150×40 mm is placed into the mould and positioned by two long vertical
pins on the back. The experimental setup and apparatus for the laminate press forming
process is shown in Figure 5.5. The heating temperature transferred from the upper and
lower tool of the press to the forming mould is set by the heated platens and the real-time
temperature in the mould is recorded by the thermocouples in holes in the upper and
lower tools, and displayed on the temperature panel. The experimental forming cycle
includes a temperature rise from room temperature to the set forming temperature at a
rate of 2°C/min and the forming pressure increases to the set value in one step. Then, af-
ter maintaining a closed mould for a certain period of time, the temperature is decreased
to the room temperature (23°C) at a cooling rate of 4°C/min. For the setup, it is possi-
ble to adjust the process parameters of forming temperature, holding time and forming
pressure as they may affect the spring-back.

Table 5.3: Material configurations used for press forming process

Structure Material configuration
Metal sheet Aluminium 2024-T3 Stainless steel 304L

Fibre prepreg (UD) S2 glass-FM94 T300 carbon-MTC510
Laminate layup 2/1 3/2 4/3

Fibre orientation 0°/0° 0°/90° 90°/90°

Table 5.4: Test conditions used for laminate press forming process

Test parameter Baseline value Additional values investigated
Temperature (°C) 80 40, 60, 100, 120

Holding time (min) 20 0, 10, 30, 120
pressure (bar) 6 0, 0.1, 10, 20

Table 5.3 presents the material configurations used for the press forming process and
Table 5.4 shows the test conditions for the experiments. The test varies one parameter
at a time while keeping the other parameters at their baseline values. For each config-
uration under these test conditions, at least three specimens are tested. Among all the
investigated test conditions, the hybrid laminates are regarded as complete cured when
the forming temperature reaches 120°C with a holding time of 120 minutes and forming
pressure of 6 bar. However, the tests performed below these temperature and time con-
ditions are considered as partially-cured. As the temperature and time characterise the
evolution of degree of cure, the value obtained from the rheological analysis is used to
investigate the influence of degree of cure on spring-back. The computed degree of cure
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for the prepregs under the selected temperature and time are summarised in Table 5.5.
The laminate is assumed to be full-cured once the degree of cure exceeds 0.9 and the
cure is assumed not to begin when the degree of cure is less than 0.01. The Schematic
graph of the laminate forming process is presented in Figure 5.6 where the spring-back
behaviour is compared for partially-cured and full-cured conditions.

Table 5.5: Computed degree of cure used for various holding time and temperature

Temperature
Degree of cure Carbon Fibre Prepreg-MTC510 Glass Fibre Prepreg-MTC510

10min 20min 30min 10min 20min 30min
40°C 0.002 0.005 0.009 0.001 0.002 0.005
60°C 0.008 0.012 0.020 0.003 0.006 0.013
80°C 0.016 0.047 0.096 0.011 0.029 0.058

100°C 0.121 0.285 0.467 0.052 0.184 0.363
120°C 0.452 0.706 0.854 0.208 0.415 0.589

Laminate

Punch

Die

Punch

Die Die

Punch

Partially-cured① ②

(a) Preparation (b) Hot-pressing (c) Removal and spring-back

～ ～
～ ～
～ ～

～～
～～ ～

～ ～～

Full-cured

Figure 5.6: Schematic graph of the laminate forming process on cure-dependent spring-back

5.3.4. SPRING-BACK CHARACTERISATION

D URING the traditional sheet metal forming process, the spring-back before and after
unloading is mainly characterised by the spring-back angle∆θ and the spring-back

radius ∆R . As exhibited in Figure 5.7, the forming angle of the metal sheet is θ0, and the
corresponding forming radius is R0. After spring-back, the value changes to θ1 and R1,
respectively. Then, the spring-back angle and radius are defined by Equation 5.4 and 5.5:

∆θ = θ0 −θ1 (5.4)

∆R = R1 −R0 (5.5)

Here, R0 and R1 are both the radius of the neutral layer where the strain is assumed to
be zero. During the spring-back period, it is assumed that the in-plane sections remain
planar and the strain due to bending is proportional to the distance from the neutral
layer. In addition, the through-the-thickness stress is ignored and no change occurs in
sheet thickness (t0 = t1). Based on these assumptions, the relationship of forming angle
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and radius can be written as [36, 48]:

θ0 ·R0 = θ1 ·R1 (5.6)

Then, the spring-back ratio K which can be defined as the variation of spring-back angle
divided by the initial forming angle is expressed as:

K = ∆θ

θ0
= 1− θ1

θ0
= 1− R0

R1
(5.7)

Before spring-back

After spring-back

0R

1R

0

0t

1t

1 0

1 0

1 0

R R

 t t

 





=
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Figure 5.7: Definition of the spring-back angle and radius for the metal sheet forming process

For the press forming of the single-curved laminate in this work, the geometrical
analysis of the spring-back ratio after removal of the forming loads is shown in Figure
5.8. The transition zone and fillet regions of the laminate exhibits non-cylindrical shape
after spring-back which may affect the measurement of the forming depth and thus,
influence the calculation of the spring-back radius. Therefore, a length L which is sym-
metrical to the vertical centreline is introduced to evaluate the spring-back behaviour.
The geometric relations are expressed as follows:

(Ri −Di )2 + (L/2)2 = R2
i (5.8)

Ri =
L2 +4D2

i

8Di
, i = 1,2 (5.9)

where R and D are the radius and depth based on the length L, i = 1,2 denotes the
partially-cured and full-cured situations, respectively. Here, the curvature under the
measure length is assumed to be a constant value. Besides, the maximum depth D0

is 30 mm and the radius of the initial shape before spring-back R0 is 50 mm. The dimen-
sions can be substituted into Equation 5.9 and combined with Equation 5.7 to obtain the
spring-back ratio:

Ki = 1− 8Di ·R0

L2 +4D2
i

, i = 1,2 (5.10)

Therefore, the spring-back ratio under different curing conditions can be calculated
once the depth based on the length L is determined.
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Figure 5.8: Geometric analysis of the laminate spring-back radius after removal of the forming loads

5.4. RESULTS AND DISCUSSION

5.4.1. EFFECT OF MEASURE LENGTH

F OR the press forming process of single-curved semi-cylindrical parts with flange ar-
eas, the non-cylindrical shapes after spring-back affect the evaluation of the spring-

back behaviour. In order to accurately obtain the value of forming radius associated
with the spring-back ratio, various lengths are applied in combination with their related
forming depth. The single-curved parts and their corresponding profiles after spring-
back under various material combinations are shown in Figure 5.9. The aluminium al-
loy (Al) and stainless steel (Ss) are the single-layer metal sheets, while the Al/GFRP and
Ss/CFRP laminate with the layup of 2/1 and fibre orientation of 0°/0° which is parallel
to the bend line are the hybrid materials under the full-cured conditions. The spring-
back profiles are sketched and placed into an identical coordinate system to measure
the forming depths under different lengths. Figure 5.10(a) exhibits the variations of the
measured forming depth at five typical lengths as presented in Figure 5.9. The figure re-
veals that the final forming depth after spring-back increases with the increase of length
while the depth varies for different material combinations. The forming radius can be
calculated through the geometric relation in Equation 5.9 and the radius as a function of
the measured length is shown in Figure 5.10(b). As for the investigated hybrid laminates,
there is not much difference in the calculated forming radius when the measured length
is smaller than 80mm. However, the forming radius increases as the length increases to
90mm and 100mm. The increase of radius becomes more significant at smaller values
for the metal sheet especially for the single-layer aluminium 2024-T3. The results can be
explained from the single-curved profiles in Figure 5.9, since the larger lengths include
the transition zone and fillet regions, which falsely influence the value of the final radius.
Besides, the smaller forming depth exhibits more spring-back and allows more regions
to be in the flange. Therefore, the shape after spring-back becomes non-cylindrical and
the forming radius changes significantly. Based on the radius curves as function of the
length for the different materials, the forming radius at the measure length of 60mm
is considered to be the most practical radius value to apply for the characterisation of
spring-back in the study.
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Figure 5.9: Single-curved parts and their profiles after spring-back for various material combinations
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Figure 5.10: Two spring-back parameters under various measure lengths for different material combinations:
(a) Forming depth; (b) Forming radius

5.4.2. EFFECT OF LAMINATE DESIGN

T HE design of the metal-composite laminates consists of several material constituents,
laminate layup and fibre orientation. After spring-back of the full-cured hybrid lam-

inates, four different material combinations with the layup of 2/1 and fibre orientation
of 0°/0° are shown in Figure 5.11. It can be seen from the graph that the stainless steel
with carbon fibre reinforced prepreg (Ss/CFRP) has the largest forming depth at a length
of 60mm and the forming depth for the combination of aluminium alloy sheet and glass
fibre reinforced prepreg (Al/GFRP) is the smallest. Since the initial forming radius of the
single-curved shape is 50mm, a higher forming depth after removal of the forming loads
means a smaller spring-back ratio as the calculated forming radius is more close to the
initial forming radius. Therefore, the result reveals that the material constituents play a
significant role in the spring-back of the metal-composite laminates. The smaller spring-
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back ratio of the hybrid laminates with stainless steel illustrates that the overall spring-
back behaviour is mainly affected by the elastic-plastic deformation of the metal sheet.
This can be explained from the stress-strain curve shown in Figure 5.1, where higher
elastic modulus and lower yield strength of the stainless steel result in a lower elastic re-
sponse compared to the aluminium alloy as the metal sheet reaches the same amount
of deformation. Besides, the full-cured laminates with carbon fibre prepreg have a small
decrease on the spring-back when compared with the metal-glass fibre reinforced hy-
brid laminates due to the higher elastic modulus for the carbon fibre prepreg. Moreover,
the result shown in Figure 5.10 demonstrates that the presence of the prepreg system in
hybrid laminate contributes significantly to the spring-back reduction when the lami-
nate is full-cured. The calculated forming radiuses of the single-layer aluminium alloy
and stainless steel after spring-back under the same conditions are 146.7 mm and 86.0
mm, and the spring-back ratios are 0.66 and 0.42, respectively.
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Figure 5.11: Single-curved part after full-cured process with different metal-composite combinations: (a)
Al/GFRP; (b) Ss/GFRP; (c) Al/CFRP; (d) Ss/CFRP
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with an uncured prepreg and subsequently cured; (b) Bent with a full-cured prepreg
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The substantial spring-back reduction for metal-composite laminates indicates that
the spring-back is not only affected by the type of metal sheet since the aluminium alloy
shows more spring-back than the stainless steel, but also by the design of the laminate.
As the schematic diagram of the laminate stress distribution before and after spring-
back exhibited in Figure 5.12, the bending deformation for metal sheet considers a ma-
terial exhibiting elastic-ideal plastic behaviour without hardening. For the uncured hy-
brid laminate, the stress distribution for the metal sheet is symmetrical along its neutral
layer, where the metal surfaces 1&2 (3&4) undergo the maximum tensile stress and com-
pressive stress, respectively. In the outer metal surfaces, the stress will be capped at the
maximum value where the vertical lines denote the plastic deformation regions. When
a 2/1 laminate is bent with an uncured fibre prepreg in the middle (Figure 5.12(a)), the
metal sheets can spring-back (more or less) independently from each other after un-
loading. The inner surfaces (2&3) of the metal sheet slip over the uncured fibre prepreg
and this prepreg does not offer any resistance to this sliding. However, when a 2/1 lami-
nate is bent with a full-cured prepreg and then unloaded, the metal layers are not able to
spring-back independently anymore. In order to spring-back, the metal sheets should
be unloaded elastically according to the stress distribution as sketched in Figure 5.12(b).
Also, the two metal sheets are fixed after curing and the intermediate prepreg layer does
not allow easy slip anymore, no spring-back occurs once the prepreg is full rigid. As a
result, the spring-back can be greatly reduced and a larger residual stress remains at the
metal-prepreg interface. Due to the increase of second moment of area I from the state
of uncured to full-cured, the unloading flexural stiffness Ec with a full-cured laminate is
larger than the unloading flexural stiffness Eu with an uncured laminate. Therefore, with
the gradual increase of the residual stress during curing process, the internal stressσc,r es

which related to the elastic strain recovery increases until the state of full-cured.

Figure 5.13: Cross-sectional micrographs of the central region in hybrid laminates after full-cured : (a)
Al/GFRP with the layup of 2/1 and fibre orientation of 0°/0°; (b) Al/GFRP with the layup of 3/2 and fibre

orientation of 0°/0°; (c) Al/CFRP with the layup of 2/1 and fibre orientation of 0°/0°; (d) Al/GFRP with the
layup of 3/2 and fibre orientation of 90°/90°.
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Since the study focuses on the out-of-plane spring-back where the dominate param-
eters are the elastic energy versus total energy, the energy for elastic deformation is re-
duced after full-cured which slows down the process of spring-back. In order to study the
influence of the prepreg system on the spring-back after full-cure, cross-sectional micro-
graphs on the central region of the laminate from the extracted profile (Figure 5.9) are
shown in Figure 5.13. The various laminate structures after spring-back are presented
and the prepreg layers are divided by the metal layers in the (striped) grey areas. The
nominal thickness for carbon fibre prepreg and glass fibre prepreg layer are 300µm and
360µm, and the average thickness of the prepreg layer drops to 205.67µm and 278.46µm,
respectively, as shown in Figure 5.13 (a) and (c). This demonstrates that the gradual
curing process causes the matrix transverse flow and squeeze-out, which decreases the
laminate thickness after curing.
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Figure 5.14: Spring-back ratio K2 under different layup and fibre orientation conditions for hybrid laminates

The laminate layup and fibre orientation affects the overall thickness and the elastic
modulus of the metal-composite laminates, which are also factors affecting the spring-
back. Figure 5.14 exhibits the variations of the spring-back ratio after full-cured K2 under
various combinations of laminate layups and fibre orientations for the metal-composite
laminates. The spring-back ratios after full-cured of aluminium-based fibre metal lami-
nates are between 0.09 and 0.15, while the ratios of spring-back are less than 0.08 when
replacing the aluminium sheet to stainless steel in hybrid laminates. This further shows
that the properties of the metal sheet influence the spring-back after full-cure of the lam-
inates. Besides, it is found from the figure that the increase of laminate layups leads to
a moderate decrease on the spring-back ratio K2 under the same fibre orientation con-
dition. This is mainly because of the increase of overall thickness and the increase of
residual stress during the press forming process. When the laminate changes from 2/1
structure to 3/2 structure under the same fibre orientation and pressure conditions as
shown in Figure 5.13(a) and (b), the prepreg thickness witnesses a slight decrease due to
the stress redistribution with the increase of metal sheets. Although the prepreg thick-
ness for each layer decreases, the overall thickness increases with the increasing number
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of layers. Therefore, as the radius/thickness ratio (R0/th) affects the evolution of spring-
back, the result follows the conclusion from the spring-back literature of the metal sheet
[15–17] where the increased thickness reduces the ratios of spring-back. Moreover, the
increase of prepreg layers promotes the increase of residual stresses which hinder the
spring-back due to the increase of significant inelastic deformation. However, for metal-
composite laminates with the same layups, the change of fibre orientation from 0°/0° to
90°/90° results in an increase on the spring-back after full-cured and there are mainly
two reasons which can explain this phenomenon. First, the elastic modulus of the fibre
prepreg relevant to the spring-back is much lower than that of the metal sheet when the
fibre orientation changes from 0° to 90° and consequently, the lower axial residual stress
in the composite layer has a less effect on the elastic unloading moment. In addition, the
epoxy in the prepreg with a fibre orientation of 90°/90° is more prone to squeeze away
from the curvature during curing process, which largely reduces the prepreg thickness as
well as the overall thickness. The cross-sectional micrographs shown in Figure 5.13(b)(d)
validates the thickness reduction where the average prepreg thicknesses in 3/2 Al/GFRP
laminate with a fibre orientation of 0°/0° and 90°/90° are 273.49µm and 223.16µm, re-
spectively. Therefore, the results of the fibre orientation further illustrates that the hybrid
laminates with lower elastic modulus and lower thickness result in a larger spring-back
ratio after full-cured.

5.4.3. EFFECT OF DEGREE OF CURE

D URING the press forming process, forming temperature and holding time are two
major parameters affecting the degree of cure and thereby the laminate spring-back

and part quality. Therefore, various temperatures and times are set in the press forming
process to investigate the spring-back of the hybrid laminates after a partial cure cycle.
Figure 5.15 exhibits the formed single-curved parts at three temperatures at the holding
time of 20 minutes for the Al/GFRP and Ss/CFRP laminate with a 2/1 layup and fibre ori-
entation of 0°/0°. Both hybrid materials exhibit an increase in forming depths with the
increasing temperature for the measured length of 60mm while the tendency of increase
is different. The forming depth of the Al/GFRP laminate increases slightly when the tem-
perature increases from 40°C to 80°C, while the increase is significant when the forming
temperature reaches 120°C. However, the forming depth for Ss/CFRP laminate under-
goes a steady growth with these three temperatures. The observations illustrate that the
increase of temperature results in the decrease of the partially-cured spring-back and the
spring-back reduction is mainly due to the increase of elastic modulus resulting from in-
creased crosslinking of the polymer network . Because the elastic modulus is higher, it
requires larger residual stresses to cause the same amount of strain. Assuming that the
spring-back of the metal sheet is consistent among the studied temperature range, the
residual stresses generated by the glass fibre prepreg for Al/GFRP laminate before 80°C
is too small to restrict the high spring-back behaviour of the aluminium sheet. However,
when the forming temperature continues to rise, the substantial growth of the degree
of cure (Figure 5.2) causes a higher residual stress and friction in-between the layers,
which greatly reduces the spring-back. For Ss/CFRP laminate, the spring-back of stain-
less steel itself is lower and the residual stress generated by the carbon fibre prepreg also
plays a role on the elastic recovery of the laminate. Besides, the cross-section micro-
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graphs of the central region in the 2/1, 0°/0°, Al/CFRP laminate under these tempera-
tures and 20-minute holding time shown in Figure 5.16 reveal that the average thickness
of the prepreg decreases significantly from 273.94µm to 212.63µm as the temperature
increases from 40°C to 120°C due to the epoxy squeeze flow and compaction along the
width direction. The result illustrates that the decrease of prepreg thickness for hybrid
laminates has a little effect on the partially-cured spring-back since the generation of
residual stress dominates the spring-back formation and lower the spring-back ratio.

Figure 5.15: Single-curved parts after spring-back for two metal-composite combinations under various
temperatures at the holding time of 20 min: (a) 2/1, 0°/0°, Al/GFRP; (b) 2/1, 0°/0°, Ss/CFRP

The residual stress generated during the press forming process depends on the reac-
tion time of the epoxy as well. Therefore, different holding times are proposed to study
the spring-back after partially-cured. Figure 5.17 presents the spring-back ratio K1 of
the Al/GFRP and Ss/CFRP laminates with the same 2/1 layup and fibre orientation of
0°/0° under various time and temperature conditions. When the holding time is zero,
which denotes the instantaneous unloading as the pressure and temperature reach the
set values, the spring-back ratio remains consistent within the temperature range, and
the Al/GFRP laminates even have layer separations at elevated temperature. As the time
gradually increases, both hybrid laminates have a spring-back decreasing trend where
higher holding time contributes to the decrease of spring-back. The trend can be ex-
plained by the evolution of degree of cure and strength of adhesion. When the epoxy
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system has no reaction time and zero degree of cure, the increase of forming tempera-
ture reduces the resin viscosity which decreases the strength of adhesion in-between the
layers. The failure of layer separation occurs in the Al/GFRP laminate due to the higher
spring-back behaviour of the aluminium alloy, while adhesion still occurs in the Ss/CFRP
laminate even though the degree of adhesion is low at the temperature above 100°C.
Once the holding time increases, the degree of cure and degree of adhesion increases,
which hinder the release of elastic energy that has been accumulated in the laminate. In
this case, there will be more interactions between the metal sheets and prepreg layers,
and resulting in less spring-back and higher residual stress. Figure 5.18 exhibits the evo-
lution of the cure-dependent spring-back ratio K as a function of the degree of cure α
which is translated from the temperature and time for the metal-composite laminates.
Here, the degree of cure for the spring-back after full-cured are set to be 0.9 and 0.95
for GFRP and CFRP materials, respectively and the computed values are obtained from
Table 5.5. The figure reveals that hybrid laminates with the same prepreg system have
similar trends of spring-back decreasing as the degree of cure increases. The spring-back
ratios for the hybrid laminates drops significantly at the initial stage of curing, while the
decrease becomes steady for metal/CFRP laminates at the degree of cure close to 0.1 and
the degree of cure close to 0.4 for the metal/GFRP laminates. This indicates that metal
sheets have limited influence on the partially-cured spring-back of the hybrid materials
and the spring-back difference is mostly dependent on the thermos-chemical evolution
of mechanical properties of the epoxy in prepregs.

Figure 5.16: Cross-section micrographs of the central region in 2/1, 0°/0°, Al/CFRP laminate under three
temperature conditions
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Figure 5.17: Spring-back ratio K1 under various temperature and time conditions after partially-cured
process: (a) 2/1, 0°/0°, Al/GFRP; (b) 2/1, 0°/0°, Ss/CFRP
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Figure 5.18: Evolution of spring-back ratio K as a function of degree of cure α for metal-composite laminates

5.4.4. EFFECT OF FORMING PRESSURE

T HE results of the cure-dependent spring-back characterisation are all obtained un-
der the forming pressure of 6 bar. However, the effect of forming pressure may also

play a role on the spring-back behaviour of metal sheet and fibre prepreg. Figure 5.19
displays the spring-back ratio K2 after full-cured under different pressure conditions for
hybrid laminates with a 2/1 layup and fibre orientation of 0°/0°. It shows that the alu-
minium based metal-composite combinations separate under low pressure conditions
after curing, while this separation disappears with the increasing pressure. The hybrid
laminate with stainless steel does not separate at low pressure and the spring-back ratio
after full-cured follows the trend where the value remains nearly constant at high pres-
sure conditions. The trend shows that only low forming pressure affects the final shape
of the formed part and the increase of pressure above a certain level will not further im-
prove the spring-back of the hybrid laminate at full-cured state. Even though the overall
thickness of the laminate decreases once the pressure increases which would somehow
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promotes the spring-back, the increasing bending force between the metal sheet and
prepreg layer results in the decrease of spring-back and higher residual stresses. The
relative low degree of adhesion and friction under low pressure conditions is unable to
compensate for the high elastic response of the aluminium alloy, which leads to the sep-
aration after full-cured process. However, when the degree of cure and adhesion at the
metal-prepreg interfaces reaches the maximum value for full-bonding, further increase
of the pressure under curing conditions has a limited effect on the spring-back. There-
fore, the effect of forming pressure is negligible when the pressure increases beyond 6
bar during the press forming process of metal-composite laminates.
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Figure 5.19: Spring-back ratio K2 after full-cured under different forming pressures for hybrid laminates

5.5. CONCLUSIONS

T HE cure-dependent spring-back of metal-composite laminate is experimentally char-
acterised during the press forming process of a single-curved semi-cylindrical part.

The spring-back ratios at the partially-cured and full-cured conditions are compared and
the factors affecting the spring-back, including the material constituent, fibre orienta-
tion, laminate layup, holding time, forming temperature and pressure, are analysed in
detail. The relevant conclusions are:

(1) The irregular shape of a single-curved semi-cylindrical part with flange regions
affects the evaluation of the spring-back behaviour for different material combinations.
The forming radius at a measured length of 60mm is considered to be the practical value
for the characterisation of spring-back in this study.

(2) The cure-dependent spring-back and residual stress are counterparts. When the
spring-back reduces due to the higher degree of cure, the residual stress increases and
vice versa. They are both the result of the accumulated elastic energy and thermal effects
in the laminate.

(3) The spring-back of metal-composite laminates are mainly driven by the elastic
modulus and yield strength of the metal constituent; the low elastic modulus as well as
high yield strength as for the aluminium 2024-T3 shows more spring-back. The pres-
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ence of prepreg system in the hybrid materials contributes significantly to the decrease
of spring-back especially for over 40% when the laminate is full-cured. The increase
of laminate layups results in a moderate decrease of 1% on the full-cured spring-back,
while the change of fibre orientation from 0°/0° to 90°/90° for the hybrid laminate wit-
nesses a significant increase of 1% to 2% on the spring-back after full-cured.

(4) The spring-back of the metal-composite laminates after partially-cured depends
on the forming temperature and holding time during the hot-pressing process. The in-
crease of degree of cure and degree of adhesion results in spring-back reduction of 50%
for aluminium based hybrid laminates and 30% for stainless steel based hybrid lami-
nates. Also, the decrease becomes steady for metal/CFRP laminates at the degree of cure
of 0.1 and the degree of cure of 0.4 for the metal/GFRP laminates. The high spring-back
characteristics of the aluminium alloy induces the failure of layer separation at low de-
gree of cure levels.

(5) The selection of forming pressure also influences the spring-back behaviour of
the hybrid laminates. The aluminium based metal-composite laminate separate under
low pressure conditions of less than 1kN after curing, while the separation disappears
with the increase of pressure. However, further increase of forming pressure has a limited
effect on the spring-back after full-cured and the pressure of 6 bar is regarded as a proper
pressure for the press forming of metal-composite laminates.
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6
A NUMERICAL STUDY ON

SIMULTANEOUS DEFORMATION FOR

A DOME PART

This chapter focuses on the simultaneous deformation of uncured metal-composite lami-
nates under the press forming process of a double-curved dome part. The study is designed
to evaluate the effect of material type, fibre orientation, inter-ply friction as well as clamp-
ing force by the use of a finite element modelling method. The result shows that the main
failure mode for aluminium-based hybrid materials is metal cracking while prepreg buck-
ling dominates the failure of stainless steel-based hybrid materials. The increase of clamp-
ing force contributes to the deformation of fibre reinforced prepreg layer and decrease the
risk of prepreg buckling, but the simultaneous increase of plastic deformation tends to in-
duce the failure of metal cracking. The change of fibre orientation from 0°/90° to 45°/-45°
affects the intra-ply shear strain and the variation of friction coefficient at metal-prepreg
interface affects the inter-ply sliding displacement during the forming process. This study
provides a numerical method on the material selection and process parameter optimisa-
tion where the compatible deformation of the individual layers can be achieved through
its own mechanisms.
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6.1. INTRODUCTION

M ETAL-composite laminates, which are also known as fibre metal laminates (FMLs),
are the composite materials made by alternating thin sheets of metal alloys and

layers of fibre reinforced polymers [1, 2]. This hybrid combination leads to a material
which has excellent specific strength, higher stiffness, and superior fatigue resistance
with respect to the monolithic metal sheets and better impact strength and damage tol-
erance compared to pure composites [3, 4]. Traditional method for the manufacturing
of metal-composite laminates is through layup techniques followed by autoclave curing,
which is suitable for the product with a relatively simple shape, having large radius like
aircraft fuselages [5]. As for the forming of small and medium sized parts with relatively
small radii and complex shapes, the concept of press forming is proposed where the
hybrid laminates are pressed using dies and shaped by the deforming force [6]. How-
ever, there are some limitations for the press forming process of hybrid laminates es-
pecially for epoxy-based hybrid materials because of the needs for various forming and
curing stages and for the complex and different deformation mechanisms. Therefore,
this study proposes a press forming cycle involving a laminate preparing and preheating
stage, forming of uncured laminate, consolidation or (partial) curing in a same mould
as well as the cooling and removal of the part as shown in Figure 1.8. This research con-
tributes to a better formability of metal-composite laminates based on the understand-
ing of different deformation mechanisms for both layers as well as the optimisation of
processing parameters in the press forming cycle.

6.2. LITERATURE ON SIMULTANEOUS DEFORMATION

T HE forming of metal sheet into the desired shape involves the elastic-plastic defor-
mation of the material by bending, stretching and drawing. Typically, the deforma-

tion induces in-plane strain ratios from pure shear to biaxial stretch and the failure strain
for the metal alloy materials is in the range of 10% to 50% [7, 8]. Therefore, the deforma-
bility of the metal sheet is mainly determined by the composition and temperature con-
dition of the metal alloy and the failure mode is dominated by the metal cracking during
the forming process [9]. The wrinkling occurs for metal sheet which is caused by the in-
crease of compressive stress, but an increasing thickness and clamping force contributes
to the delay of wrinkling/buckling [10]. For the deformability of composite materials,
fibre reinforcements and prepregs are particularly prone to wrinkling due to the fibre ar-
chitecture and the possible slippage in-between the fibre tows [11, 12]. The wrinkling of
woven fabrics is related to intra-ply shear in studies on the “shear locking angle”, which
is the maximum angle between warp and weft yarns [13]. Furthermore, the wrinkling of
unidirectional (UD) fibre prepregs occurs due to the large differences in rigidity between
the fibre orientation and its transverse direction. Therefore, the wrinkles are related to
the fibre bridging of the ply and the ply-ply friction during forming [14]. Larberg [15]
found that the stacking sequence of UD-prepreg laminates has a significant effect on
the wrinkle development when forming a spar geometry. He explained that the combi-
nation of 0° and 45° layers reduces the material deformability by shearing. Akermo et
al. [16] discovered that the friction improves the forming behaviour of cross-plied UD
prepregs by serving as a connection between the plies, but may also introduce wrinkles
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if not properly controlled.

The numerical modelling of metal-composite laminates can be approached mainly
in three ways at the micro-level, the meso-level and the macro-level. As for the micro-
level approach, the model consists of fibres and matrix. This is the most complex but
realistic approach as it requires partitioning the model into different parts [17]. The
meso-level method regards the laminate as a system of independent layers with specific
homogenized mechanical properties. This approach results in an effective modelling
for all type of hybrid laminates as it requires relatively limited number of elements. Al-
though there are simplifications where the issue of boundary conditions for the layers
are skipped, it would not affect the laminate performance unless delamination or other
failure phenomena occur [18, 19]. The macro-level approach describes the entire hybrid
laminate as a homogenized material with anisotropic properties. This approach can be
described as a simple generalization since only a few engineering constants are needed.
The biggest problem for this method is to obtain the data of the homogenized mate-
rial substituting the hybrid laminate. One of the possible solutions is the application of
Classical Laminate Theory which enables the description of their behaviour under exter-
nal loads according to the engineering constants, representing membrane, bending and
coupling behaviour, or by the uniaxial tensile test of the specimen in order to obtain the
mechanical properties in the theory [20, 21]. Moreover, process simulation of the press
forming of fibre metal laminates requires an accurate mathematical description of the
main deformation mechanisms like intra-ply shear, inter-ply sliding as well as bending
[22]. None of these mechanisms is negligible or dominant, as the laminate deformabil-
ity is supposed to be a result of a delicate balance among them [23, 24]. Therefore, more
advanced material constitutive models and boundary conditions of each deformation
mechanisms are required to improve the predictive quality for manufacturing. The aim
of this chapter is to apply a numerical method on investigating the failure modes dur-
ing the simultaneous deformation of the double-cured part and optimising the process
parameter to achieve a non-defect forming though the uncured hybrid laminates.

6.3. MATERIALS AND METHOD

6.3.1. MATERIALS

T HE hybrid laminates involved in the research are the metal sheets of aluminium al-
loy 2024-T3 (Al) and stainless steel 304L (Ss), as well as the fibre reinforced prepregs

of S2-glass/FM-94 (GFRP) and T300-carbon/MTC510 (CFRP). The metal-composite ma-
terials consist of two layers of 0.5-mm thick metal sheet and one layer of fibre prepregs
which are known as a 2/1 layup. Each fibre layer includes two cross-plied unidirectional
(UD) prepregs with a total thickness of 0.3mm. The UD fibre ply oriented at 0° corre-
sponds with the rolling direction of metal sheet and the fibre orientation applied in the
hybrid laminates is 0°/90° and 45°/-45°. The mechanical properties of the materials in
uncured hybrid laminates are shown in Table 6.1 and it is assumed that the behaviour
of the metal sheet will not be affected under the studied temperature ranges. Two pa-
rameters of elastic modulus and ultimate strength for the UD reinforced fibre prepregs
represent the properties in the fibre orientation of 0° and 90°, respectively [25, 26].
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Table 6.1: Mechanical properties of the material in the forming simulation [25, 26]

Materials
Density
(g /cm3)

Elastic
modulus

(GPa)

Shear
modulus

(GPa)

Poisson’s
ratio

Yield
strength

(MPa)

Ultimate
strength

(MPa)

Shear
strength

(MPa)

Elongation
at break (%)

Aluminium
alloy 2024-T3

2.7 71 28 0.33 320 480 283 16.2

Stainless
steel 304L

8.0 200 77 0.30 210 574 378 45.6

UD glass
fibre prepreg

-FM94
2.6 54.0/9.4 5.5/2.6 0.33 - 1870/50 38.5 3.8

UD carbon
fibre prepreg

-MTC510
1.5 119.3/8.2 3.6/2.0 0.34 - 2282/54 99.0 1.3

Biaxial stretch

Uncured fibre 

prepreg

Metal sheet
Intra-ply shear

Draw bead

(a) (b)

Figure 6.1: (a) Schematic graph of the double-curved dome forming tool design and dimensions; (b)
Deformation mechanisms and initial shapes of the individual metal sheet and uncured fibre prepreg

Table 6.2: Test parameters used for the hybrid laminate press forming concept

Test parameter Baseline value Additional values investigated
Clamping force (N) 0 0.1, 1, 2
Inter-ply friction (µ) 1 (RT) ∞(Tie), 0.5, 0.2

6.3.2. CONCEPT DESIGN

T HE concept of simultaneous deformation of metal and composite layers for uncured
metal-composite laminates came from the design of an integral forming and curing

cycle in the proposed press forming process as exhibited in Figure 1.8. In order to inves-
tigate the three-dimensional (3D) deformations of the individual layers and the metal-
prepreg interfaces, a double-curved dome forming tool with draw bead is designed in
the schematic graph as shown in Figure 6.1(a). The hybrid laminate with a circle shape
of 70mm radius for metal sheet layer and a square shape of 100 mm × 100mm for fibre
prepreg layer is placed symmetrically on the die surface and clamped by a blank holder.
As the schematic graph presented in Figure 6.1(b) indicates, the metal sheet and fibre
prepreg deform independently through bias-stretch and intra-ply shear respectively, and
the different blank shape designs aim for the study of the compatibility of the deforma-
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tions of the individual layers. Furthermore, the draw bead with the depth of 1mm and
length of 5mm is proposed to constrain the material flow as well as to achieve a part
without cracks and wrinkles. The punch with a radius of 42.5mm moves vertically down
the centreline of the laminate to a predefined displacement. In addition to the different
material types studied in the study, the effects of clamping force and inter-ply friction are
compared as well. Table 6.2 presents the test parameters used for the forming simula-
tion and the model will vary one parameter at a time while keeping the other parameters
at the baseline value. To simplify the press forming temperature condition, the friction
coefficient (µ) of 1 is regarded as the forming condition of room temperature (RT). Then,
the frictional contacts where µ = ∞(Tie), 0.5, 0.2 are created as the state of full-cured,
medium-friction as well as low-friction, respectively.

Punch

Die

Blank holderDraw bead

Hybrid laminate

(Gray: metal sheet

Green: uncured prepreg)

Scale factor:1

Figure 6.2: Finite element model of the press forming process for uncured hybrid laminates

6.3.3. FINITE ELEMENT MODEL

T HE application of finite element model (FEM) is an efficient method to analyse the
simultaneous deformation of uncured hybrid laminates and provide a guidance for

actual experimental testing. Here, the finite element analysis software Abaqus/Explicit
is used to simulate the press forming process of the uncured laminates by the meso-
level approach using the stress-strain distributions of the metal sheet and the unique
anisotropic properties of the fibre reinforced prepreg. Figure 6.2 exhibits the simulation
model established for the study including the hybrid material and tool geometries. The
elastic-plastic properties of the metal sheets and the elastic constants for the uncured
prepreg lamina as shown in Table 6.1 are imported into the material property module in
Abaqus. The failure criteria of the metal sheet and composite layer apply the Ductile and
Hashin failure, respectively. In the finite element model, all tools including the punch,
die and blank holder are modelled as discrete rigid shell elements with a mesh size of 2
mm. Metal sheets and the uncured fibre prepreg are created as four-node doubly curved
conventional shell element with reduced integration (S4R) in the same mesh size. The
laminate structure in the simulation model is represented in the composite layup mod-
ule where all layers and their parameters such as orientation, thickness, property and
relative location are defined and assembled into the forming simulation. As for the in-
teractions and boundary conditions in the model, the value of clamping force and punch
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displacement can be set, and the contacts between the fixed tools and the uncured lam-
inates are set as penalty friction in a constant value of 0.15. Each of the metal sheets and
composite layers is an own shell element with contact formulation for inter-ply friction
as shown in Table 6.2. These friction coefficients can be simplified for different temper-
ature conditions during the forming process.

6.4. RESULTS AND DISCUSSION

6.4.1. EFFECT OF MATERIAL COMPOSITION

D URING the laminate press forming process, the metal and composite type both play
a significant role in the deformability and failure modes of the hybrid materials.

Figure 6.3 shows the numerical result of the vertical displacement (U3) before failure
for Al/GFRP laminate at room temperature and zero clamping force. The metal crack-
ing which dealt by element deletion when the element exceeds the forming limits is the
main failure mode as shown in the figure. It is observed that the lower aluminium sheet
cracks first at the displacement of 25.08mm and the failure occurs at the centre regions
of the metal material. The GFRP material, which is not shown in the figure, stays in
contact with the outer metal layers and has no failure at such displacement. Also, the
type of fibre prepreg has limited effect on the metal cracking and maximum depth for
the aluminium-based hybrid laminates as the prepreg changes from GFRP to CFRP. The
reason is due to the fact that the aluminium alloy has lower failure strain than the stain-
less steel while the fibre prepreg in the middle has not experienced large intra-ply shear
strains nor failure at the same depth. When replacing the metal type from aluminium al-
loy to stainless steel, the failure mode for hybrid materials is totally different. The CFRP
and GFRP material in the stainless steel-based hybrid laminate undergo prepreg buck-
ling while the outer metal layers have no failure of metal cracking as exhibited in Figure
6.4. In this case, the numerical result on the vertical displacement (U3) before failure un-
der room temperature and zero clamping force condition for the Ss/CFRP and Ss/GFRP
laminates are 39.81mm and 44.64mm, respectively. The prepreg buckling is caused by
the layer overlaps due to the increase of intra-ply shear strain which exceeds the locking
angle. The locking strain for the GFRP is higher than the CFRP under the same condition
which results in a larger failure depth during the forming process.

(a)

(b)
Metal cracking

Figure 6.3: Numerical simulation on vertical displacement (U3,mm) before failure at room temperature and
zero clamping force for Al/GFRP laminate: (a) XY plane-Al; (b) XZ plane-Al
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Prepreg buckling

(a) (b)

Figure 6.4: Numerical simulation on vertical displacement (U3,mm) before failure at room temperature and
zero clamping force for stainless steel (Ss)-based hybrid materials: (a) CFRP layer; (b) GFRP layer

6.4.2. EFFECT OF CLAMPING FORCE

F IGURE 6.5 shows the simulation results on maximum draw depth and its correspond-
ing failure mode under four clamping force conditions at room temperature. For the

aluminium-based hybrid laminates with both CFRP and GFRP materials, the increase of
clamping force tends to decrease the maximum draw depths even though the influence
is limited. The reason is mainly due to the increase in biaxial stress which induces earlier
cracking of the aluminium sheet. Besides, the main failure mode for such laminates is
metal cracking and the prepreg layer witnesses no prepreg buckling. However, the larger
draw depth with less clamping force does not mean a better formability for Al/CFRP and
Al/GFRP laminates as the metal wrinkling occurs at the flange regions. For the stain-
less steel-based hybrid laminates, the failure mode is complex under various clamping
forces. The increase of clamping force from 0kN to 1kN increases the maximum draw
depth and the failure of metal cracking occurs coupled with prepreg buckling. As the
clamping force reaches 2kN, the metal cracking is dominated with lower failure depth
while the phenomenon of prepreg buckling does not exist anymore. This indicates that
the increase of clamping force delays the prepreg buckling. A more detailed graph on the
different failure modes for Ss/CFRP laminates under 1kN and 2kN is exhibited in Figure
6.6. It is obvious to see that higher clamping force lowers the maximum failure depth
and metal cracking occurs at the inner radius regions. The firm clamping on the four-
square corners for CFRP reduces the occurrence of prepreg buckling by inducing tension
forces in the prepreg layers through friction between draw bead-metal and blank holder-
metal interfaces. In order to investigate the friction effects, the comparison between two
clamping forces against the initial and final prepreg shapes for Ss/CFRP laminates at
room temperature and draw depth of 40mm is presented in Figure 6.7. When the clamp-
ing force is 0 kN, the CFRP is easier to flow into the central region which increase the
possibility of prepreg buckling. However, the four-square corners of CFRP have nearly
no movement when the clamping force is 2kN. Since the clamping force only applies on
the four-square corners of the CFRP layer, the effect on the deformability of the 0°/90°
CFRP at four central edge regions is limited as the relative displacement is measured to
be almost the same. Therefore, the clamping force at 1kN can be regarded as an opti-
mised parameter for a better deformability.
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Figure 6.5: Numerical simulation on maximum draw depths and failure modes at room temperature under
different clamping force for metal-composite laminates

(a) (b)

Metal cracking

Prepreg buckling

Figure 6.6: Numerical simulation on vertical displacement (U3,mm) at the maximum value at room
temperature for Ss/CFRP laminates under two clamping forces: (a) 1kN; (b) 2kN

6.4.3. EFFECT OF FIBRE ORIENTATION

T O analyse the intra-ply shear mechanisms of the middle prepreg layer, the distribu-
tions of shear strain under two clamping force and two fibre orientation conditions

are evaluated at a certain draw depth of 40mm at room temperature. Figure 6.8 shows
that the deformation during forming for the cross-plied UD CFRPs which oriented at
45°/-45° and 0°/90° is different. The maximum shear strain occurs at diagonal location
along the 45-degree direction for the 0°/90° layups, while the 45°/-45° layups undergo
the maximum shear strain at central area along the horizontal and vertical direction.
With the increase of clamping force, the evolution of shear strain seems to have opposite
trend. Although the increasing clamping contributes to the deformation of both layups,
the CFRP with 0°/90° layup can exert its deformability in a better mechanism. As the
length and width increases at the maximum shear strain regions for 45°/-45° layup, the
compression force it induces tend to have the failure of prepreg buckling. Therefore, the
CFRP material which oriented at 45°/-45° is not suitable for forming the dome part under
the same condition as the prepreg requires intra-ply shear for deformation.
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Figure 6.7: Comparison between two clamping forces against the initial and final prepreg shapes from the
numerical simulation for Ss/CFRP laminates (Draw depth=40mm)

(b)

(d)(c)

(a)

Figure 6.8: Numerical comparison on the shear strain distributions of the prepreg layer for Ss/CFRP laminates
at room temperature (Draw depth=40mm): (a) 0kN, 0°/90°; (b) 2kN, 0°/90°; (c) 0kN, 45°/-45°;(d) 2kN, 45°/-45°
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Figure 6.9: Comparison between different inter-ply frictions against the initial and final laminate shapes from
the numerical simulation for Ss/CFRP laminates under the clamping force of 1kN (Draw depth=40mm)
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6.4.4. EFFECT OF INTER-PLY FRICTION

T HE importance of inter-ply friction can be underlined by conducting a “tie” (µ=∞)
simulation and simulations with different frictional coefficients. Figure 6.9 shows

the lamiante shapes before and after forming at the draw depth of 40mm from the nu-
merical simulation for Ss/CFRP laminates. The effect of friction on the inter-ply sliding
is analysed by looking at the position of the edge of the prepreg layer. When the metal-
prepreg interface is constrained which denotes a cured laminate, the maximum hori-
zontal displacement for CFRP is 11.56mm and the horizontal gap at the centre location
is small. With the decrease of inter-ply friction, the corresponding horizontal displace-
ment and gap increases. This means that higher friction induces a limited sliding which
constrain the deformation and delay the buckling of the CFRP material. However, the
high friction and low friction condition seems to have distinct influence on the failure
mode. Figure 6.10 presents the numerical results at the maximum vertical displacement
for Ss/CFRP laminates under the clamping force of 1kN. It is seen that the metal-prepreg
interfaces with a tie constraint witness a higher failure depth with metal cracking, while
the failure of prepreg buckling is dominated when the inter-ply friction coefficient is 0.2.
Therefore, the result demonstrates that a proper selection of inter-ply friction coefficient
may help to increase the uncured laminate formability without the failure of either metal
cracking or prepreg buckling.

(a) (b)

Figure 6.10: Numerical simulation on vertical displacement (U3,mm) before failure for Ss/CFRP laminates
under the clamping force of 1kN and two inter-ply friction coefficients: (a) µ=∞; (b) µ= 0.2

6.4.5. DISCUSSION OF OTHER EFFECTS

A PART from the above mentioned effects on the numerical study for the press forming
of uncured metal-composite laminates, there are multiple other influencing factors

need to be considered. A few of them will be discussed briefly in this section.
First, the application of a draw bead aims to control the material flow of both metal

sheets and prepreg layers by applying a dedicated clamping force. Therefore, the size
and location of the draw bead are critical in such research. Since the ring-shaped draw
bead covers all sections of the circular metal blanks, the larger bead or a higher blank
holder pressure results in more restriction of the metal flow, which cause earlier cracking
during forming. However, in these cases the defect of metal wrinkling is postponed if the
draw bead and blank holder are properly applied. For the effects of the draw bead on the



6.5. CONCLUSION

6

133

uncured prepreg: the larger the size on the four-square corner regions that is clamped,
the more pronounced the intra-ply shear of the prepreg layers, which is beneficial for
prepreg deformation. The same effect can be achieved by increasing the pressure .

Second, the blank diameter and blank thickness for the metal sheet affect the lam-
inate deformability as well which is proven by studies on deep-drawing process [6, 14].
From those studies it is clear that the blank diameter has an optimum for a given ma-
terial and thickness. Increasing the diameter shifts the balance between drawing and
stretching towards stretching, while decreasing the diameter shifts the balance towards
drawing. A decreasing thickness results in more primary and secondary wrinkling prob-
lems. For the uncured prepreg the size effects are less dominant.

Third, another parameter that affects the results is the friction between the layers
during forming. An increased temperature lowers the resin viscosity and friction co-
efficient at the metal-prepreg interfaces, while the increase of fibre shear angles as the
temperature increases for cross-plied UD prepregs (Chapter 3) will further accelerate the
occurrence of prepreg buckling. Therefore, the proper heating of the uncured laminates
under a medium temperature and friction condition is beneficial to form a high-quality
dome part without the failure of metal cracking and prepreg buckling at the same time.
In this respect the type of resin and the fibre architecture also play their roles.

The last item to be mentioned is the product shape. In this numerical study only a
circular blank was investigated to be deformed in a dome-shape. When other shapes,
like e.g. box shapes, are investigated, the strategy to induce the two deformation mech-
anisms (biaxial stretching for metals, intra-ply shear for prepregs) requires new blank
designs for both metal sheets and prepreg layers. In addition, the tool design, including
the position of draw beads and size and shape of blank holder, needs to be considered.
All these items are recommended to be explored in future research.

6.5. CONCLUSION

T HE simultaneous deformation of the uncured metal-composite laminates is numer-
ically investigated under different material composition, fibre orientation, inter-ply

friction as well as clamping force conditions. The proposed method applies a initial cir-
cle and square shape for metal sheet and uncured fibre prepreg, respectively. The main
conclusions are:

(1) The failure mode of the uncured hybrid laminates depends on the type of metal
composition. The aluminium-based materials with a lower fracture strain exhibit a lower
maximum forming depth with aluminium cracking. While for the stainless steel-based
materials, the prepreg buckling dominates the laminate failure with a higher maximum
forming depth. In addition, the Ss/GFRP undergoes a higher forming depth than the
Ss/CFRP under the same condition, but the effect of fibre reinforced prepreg layer on
aluminium-based materials is limited.

(2) The increase of clamping force contributes to the deformation of fibre reinforced
prepreg and decrease the risk of prepreg buckling, while the increase of baixial stress
as well as the hinder of sliding and material flow tend to induce metal cracking for the
stainless steel-based materials. A medium clamping force of 1kN is regarded as a com-
promise forming parameter since the effect of clamping on metal sheet and fibre prepreg
is opposite.
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(3) The fibre orientation plays a significant role in the intra-ply shear strain and the
fibre prepreg oriented at 45°/-45° is not suitable for the forming of dome part compared
with the 0°/90° layups. Besides, a proper heating of the uncured hybrid laminates un-
der a medium temperature and friction condition increase the laminate deformability
without the failure of either metal cracking or prepreg buckling.

(4) The application of draw bead results in the constrain of the material flow of metal
sheet and fibre prepreg when applying pressure.The effects of tool design, blank diame-
ter and thickness of the metal sheet in hybrid laminates during press forming need to be
discussed.
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7
CONCLUSIONS AND

RECOMMENDATIONS

This chapter highlights the answers of the proposed research questions and main conclu-
sions generated in the previous chapters of this work. Recommendations are also provided
to shed light onto possible research paths in the future.
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7.1. MAIN CONCLUSIONS

W ITH the increasing use of composite materials like metal-composite laminates in
structural component application in the aerospace industries, the manufacturing

of such hybrid laminates becomes a topic. This thesis aims to assess the formability of
uncured metal-composite laminates by investigating the deformation mechanisms, de-
fects and failures during a press forming cycle with the integration of preheating, form-
ing and curing. The proposed process enables the formation of rather complex shaped
products made of stacks of uncured hybrid laminates. However, transformation from
an uncured stack of layers to a cured and 3D-shaped product cannot be described and
developed in its entirely. Hence, multiple deformation mechanisms during the pro-
cess such as inter-ply friction, intra-ply shear, flexural bending are investigated inde-
pendently, enabling quantitative, predictive and defect-free forming of uncured metal-
composite laminates (Chapter 2-4). In addition, the tool design is important for the
press forming since it needs to support these different, sometimes opposing deforma-
tion mechanisms. In addition, the defect of cure-dependent spring-back, the failure of
metal cracking, prepreg buckling have been considered for (simulation of) the simul-
taneous deformation for uncured laminates (Chapter 5-6). The main conclusions and
findings are related to the items shown in (Figure 7.1).

Simulation of the simultaneous

deformation for uncured metal-

composite laminates

Inter-ply friction Intra-ply shear Flexural bending

Material, Layup, Fibre orientation

Pressure, temperature, time

Cure-dependent spring-back

Deformation 

mechanisms

Deformation

defects and failures

Metal cracking,

Fibre buckling

Figure 7.1: Summary on the main topics of the thesis

7.1.1. CHARACTERISATION OF DEFORMATION MECHANISMS AND DEFECTS
This addresses RQ1- ’How to analyse and characterise the mechanisms and defects in
non-coherent deformations’.

For the deformation of an uncured stack of metal sheets and prepreg layers, a num-
ber of deformation mechanisms need to be activated including the inter-ply sliding (at
the metal-prepreg interfaces), the intra-ply shear (within the prepreg layers), the flexural
bending of the complete stack and in-plane plastic deformation of the metal layers. Due
to the introduction of elastic deformation, spring-back should be accounted for.

• The inter-ply sliding behaviour has been investigated by a double-lap sliding test.
Based on the results the static friction can be modelled using a Coulomb type of friction,
and the kinetic friction complies with the transition of the mixed and hydrodynamic lu-
brication as described by the Stribeck-curve. When modelled for Abaqus/Explicit, the
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inter-ply friction behaviour will be described by a static-kinetic exponential decay equa-
tion (Chapter 2).

• The intra-ply shear behaviour has been tested using a modified bias-extension test.
During testing, it has been illustated that the support of metal sheets in uncured hybrid
laminates decreases the shear angles and delays the fibre wrinkling in the prepreg layers.
Therefore, the forming limits of the uncured prepregs can be extended. (Chapter 3).

• The flexural bending has been experimentally and numerically characterised using
a clamped-beam bending test. Based on the results the higher plastic deformation in
the metal layers results in a significant increase of bending force and a reduction in the
spring-back depth after unloading. Therefore, the forming limits of the metal sheet can
be improved. (Chapter 4)

• Spring-back and residual stress are phenomena related to the elastic energy which
are included during the press forming process and act as antagonists. The proposed
forming process, including the (partial) cure cycle, definitely has a positive effect on the
reduction of spring-back. When the degree of cure (and the strength of the adhesion) is
increased, the more effective the composite layers are to restrict spring-back. As a con-
sequence the residual stresses will increase, although these often are an order of magni-
tude smaller than the stresses applied during operation of the product. (Chapter 5)

7.1.2. ROLES ON INDIVIDUAL LAYERS OF METAL SHEET AND FIBRE PREPREG

This addresses RQ2- ‘What roles have the individual layers of metal sheet and uncured
fibre prepreg play during forming’.

The press forming of uncured metal-composite laminates includes three major roles
of the different constituents: the deformation of the metal sheets, the deformation of the
composite layers, and the sliding of the layers with respect to each other.

• The deformation of the metal sheets has a large similarity with the deformations en-
countered in common press forming techniques. Major deviations are the small thick-
ness of these sheets and the applied high temperature during press forming, even though
this does not have a significant influence on the forming limits. The forming limits are
mainly determined by the basic metal properties which has been demonstrated with the
results of Aluminium and Stainless Steel based laminates. The Stainless Steel, which has
a much better formability, is therefore more suitable for the proposed process or shapes.

• The deformation of the composite layers differs in the shear mechanisms of wo-
ven fabric prepregs and cross-plied UD fibre prepregs. The sliding and shear within the
prepregs for the cross-plied UD fibre prepregs in hybrid laminates postpone the occur-
rence of prepreg buckling and extends the forming limits. The types of prepreg layer
including the glass fibre reinforced prepreg (GFRP) and carbon fibre reinforced prepreg
(CFRP) as well as the fibre orientations play limited role in the deformability of the com-
posite layers.

• The deformation of the uncured stack of layers also need accommodation of inter-
ply sliding. The effect of inter-ply sliding largely depends on the properties of the prepreg
layer and the applied pressure during forming. Lower friction at the metal-prepreg in-
terfaces promotes the deformation of individual layers into their own mechanisms and
contribute to the increase of deformability.
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7.1.3. INFLUENCING FACTORS ON UNCURED LAMINATE DEFORMATION

This addresses RQ3- ‘Which factors influence the simultaneous deformation of uncured
laminates and how do they correlate’.

In order to improve the formability during this proposed press forming process in
comparison with the forming of cured laminates, the following parameters are relevant:
temperature, time and pressure/force.

• The temperature is the critical factor influencing the deformation mechanisms and
defects during forming. For the inter-ply sliding, both the static and kinetic friction coef-
ficients drop with increasing temperature (Chapter 2). For the intra-ply shear, the effect
of temperature differs in two different prepregs. The fibre shear angle decreases with
the increasing temperature for woven fabric based metal-composite laminates while the
fibre shear angle undergoes an increase for cross-plied UD reinforced metal laminates
(Chapter 3). However, the temperature affecting the properties of fibre prepreg play a
limited role on the flexural bending (Chapter 4). The increase of temperature at a certain
amount of time also results in the spring-back reduction after the integration of forming
and curing for the hybrid laminates (Chapter 5).

• Time is also relevant in the preheating stage of the process. The preheating time to
forming temperature should not be too large, otherwise the curing will already start. The
increase of degree of cure and the strength of adhesion as the time increases will help the
decrease of spring-back and achieve the forming with high accuracy (Chapter 5).

• The pressure/force is another important factor influencing the deformation mech-
anisms and defects during forming. In the inter-ply sliding study in Chapter 2, it can
be noted that the static friction coefficient decreases with the increase of normal force,
while the kinetic friction coefficient drops with the increase of normal force. In the intra-
ply shear study in Chapter 3, it is mentioned that the fibre shear angles show a sharp
decrease when applying the normal pressure on the central shear region. In the flexu-
ral bending study in Chapter 4, the application of clamping pressure has a significant
impact on the flexural behaviour of the bent materials. With the increasing clamping
pressure, the force required to bend increases significantly, the depth of spring-back
gradually reduces and the resistance of sliding increases. The selection of forming pres-
sure also affects the spring-back of the hybrid laminates as shown in Chapter 5. The
aluminium-based metal-composite laminate separates under low pressure conditions
after curing, while the separation disappears with the increase of pressure. The simulta-
neous study in Chapter 6 indicates that increase of clamping force contributes to the de-
formation of uncured fibre prepreg and delays the prepreg buckling, while the increase
of plastic deformation as well as the hinder of sliding and material flow tend to induce
metal cracking for the uncured hybrid materials.

These three major parameters have a strong correlation to each other. First, the tem-
perature influences the viscosity of the resin. At high temperature this viscosity is low
and enables easy inter-ply sliding and intra-ply shear deformations. However, in com-
bination with time, the temperature also accelerates the curing of the resin, represented
by the degree of cure. Therefore, the process window is limited.

The temperature and pressure also have a correlation at the consolidation stage where
lower temperature and pressure cause the insufficient bonding of the metal sheet and fi-
bre prepreg, thus influence the quality and accuracy of the final product. However, high
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temperature and pressure will cause damage to the epoxy-based prepregs.
Even though the stage of cool down has limited influence on the quality of the epoxy-

based hybrid laminates. Proper time and pressure will prevent the premature relaxation,
which is beneficial for a non-defect product.

7.2. RECOMMENDATIONS FOR FUTURE WORK

T HE present thesis proposes a press forming process for the manufacturing of un-
cured metal-composite laminates to form a defect-free component and the defor-

mation mechanisms as well as defects are investigated to improve the deformability.
However, more efforts are required to put the press forming of such hybrid laminates
into actual industrial application. The main recommendations regarding future work
are presented as follows:

(1) To obtain an accurate numerical simulation results, the metal sheets and fibre
prepregs with matched deformation mechanisms can be developed. The friction at the
metal-prepreg interfaces can be tailored through different material combinations and
process conditions. The intra-ply shear behaviour can be used for both woven fabrics
and cross-plied UD fibres. For a higher fidelity model description, a full coupled rheoki-
netic model with heat transfer can be a better solution to represent the entire process,
even to capture residual stresses and strains.

(2) The simultaneous deformation of metal and uncured composite layers is shown
to be feasible by applying a finite element simulation method. However, there is a lot
can be added including the shapes, materials, layups, etc. The numerical validation is
expected to be more efficient as it helps to inspect defects and achieves the process opti-
misation. However, the experimental testing is also crucial to compare with the numer-
ical result and conversely, optimise and modify the model. Then, the quality inspection
for the formed component are also topics need to be discussed. To meet the require-
ments, a combination of scanning electron microscope (SEM) and ultrasonic C-scan for
the detection of laminate surface and cross-section can be used.

(3) The tool designs need to be further investigation including the more advanced
tools on the clamping loadcell in the studies of inter-ply friction and intra-ply shear.
Also, the tools for the formation of the dome are relatively simple and easy to predict
the deformation. It becomes curious to see how the creation of local pressure steer the
metal sheets and composite layers to activate their individual and different deformation
mechanisms when more complex shape products are made.

(4) The thermoplastic based metal-composite laminates are extremely interesting for
automotive industry and have the potential for (partial) recycling. Therefore, the investi-
gation on the proposed press forming applied for thermoplastic based metal-composite
laminates is recommended.
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