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Thesis Abstract  

Material manufacturers and engineering structure designers are currently 

focusing new ways to exploit the benefits of light-weight, hybrid materials with 

improved properties at a low cost. The ability to join dissimilar materials is enabling 

the design engineers to develop light-weight and efficient automobiles, aircraft and 

space vehicles. 

The objective of this PhD research study was to produce alternative and 

efficient joining solutions for automotive and aerospace applications. The joining 

of dissimilar material was experimented to obtain light-weight Fibre Reinforced 

Polymer (FRP) sandwich composites, Al-foam sandwich (AFS) composites, hybrid 

dynamic FRP epoxy/polyurethane composites and the joining of Ti6Al4V alloy 

with and without surface modification to Ceramic Matrix Composite (CMC) and 

itself.  

The joining of Al-foam and Al-honeycomb to FRP skins was performed. The 

experimental results show that higher flexural properties can be achieved by 

replacing Al-honeycomb with low-cost Al-foam as a core material in the sandwich 

structures. Compared to FRP-honeycomb sandwich panels, FRP-Al foam sandwich 

panels display ~25 % and ~65 % higher flexural strength in a long and short span 

three-point bending tests respectively.  

AFS composites with complete metallic character, to withstand high-

temperature application conditions, were produced by soldering/brazing techniques 

using Zn-based and Al-based joining alloys. A post-brazing thermal treatment was 

designed to recover the mechanical properties of AFS composites, lost during the 

soldering/brazing process. The microstructural analysis of the Al-skin/Al-foam 

interface revealed that the diffusion of joining materials into the joining substrates 

(Al-sheet and Al-foam) was achieved. Around 80% higher bending load before 



VI 

 

failure was observed when the AFS specimens produced with Zn-based joining 

alloys were subjected to flexural load compared to those produced with Al-based 

joining alloys.  

Hybrid dynamic Carbon Fibre Reinforced Polymer (CFRP) composites with 

enhanced impact properties were produced by exploiting the reversible cross-

linking functionalities of dynamic epoxy and dynamic PU resin systems. By joining 

dynamic CFRP-epoxy and dynamic CFR-PU laminates, hybrid dynamic composite 

in three different configurations and a non-hybrid composite were obtained. The 

four dynamic composites were characterised for structural, thermal, flexural and 

impact properties. The damage initiation upon impact was observed at around 95% 

higher energy level in the hybrid configuration (CFRP-4), compared to the non-

hybrid configuration. The hybrid configuration CFRP-3 responded with around 

55% higher perforation threshold energy compared the non-hybrid configuration. 

Preliminary work on Adhesive joining of the Ti6Al4V alloy to itself was 

performed to analyse the effect micro-machining on adhesion and the effect of 

shape/design of micro-slots on an adhesive joint strength. Three types of micro-

slots: V, semi-circle and U-shaped micro-slots were produced on Ti6Al4V sheet 

surface by using an in-house developed Micro-Electro-Discharge Machining 

(Micro-EDM) setup. Ti6Al4V alloy specimens with and without micro-machined 

surfaces were bonded together using a commercial epoxy adhesive. The Single Lap 

Offset (SLO) shear test results revealed that the micro-slot oriented perpendicular 

to the applied load displayed ~23 % higher joining strength compared to when the 

micro-slots were oriented parallel to the applied load. U-shaped micro-slots 

configuration displayed ~30 % improvement in the joint shear strength compared 

to the specimens with un-modified surfaces. The fractured surfaces analysis 

revealed mix (adhesive-cohesive) with cohesive dominated failure in bonded 

specimens with micro-machined surfaces compared to the as-received where pure 

adhesive failure was observed. 

The joining of CMCs (C/SiC and SiC/SiC) to Ti6Al4V alloy was experimented 

using active brazing alloy (Cusil-ABA) and Zr-based brazing alloy (TiB590) in a 

pressure-less argon atmosphere. The CMC-Ti6Al4V joint strength was further 

improved by modifying the surface of Ti6Al4V alloy using an in-house built Micro-

EDM setup. Around 40% higher joining strength was recorded when the Zr-based 

brazing alloy was used as a joining material compared to the conventional active 

brazing alloy, Cusil-ABA. Improvement in the joining strength was noticed when 

the Ti6Al4V surface was modified prior to joining.  
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Thesis Outline 

The overview of the research area and the introduction of the joining methods 

and materials and their applications are discussed in Chapter 1. The experimental 

work is discussed in the following five sections based on the category of joined 

substrates and joining methods. 

Chapter 2 discusses the joining Al-foam and Al-honeycomb core materials to 

Glass and Carbon Fibre Reinforced Polymer (FRP) facing skins by in-situ 

fabrication of sandwich panels method. The strengthening of the CFRP facing skins 

with the addition of Multi-Wall Carbon Nano Tubes (MWCNTs), the flexural 

behaviour of sandwich panels and the comparison of properties among the different 

configurations of FRP-sandwich panels is discussed in this chapter.  

Chapter 3 describes the introduction to Al-foam Sandwich (AFS) composites, 

the experimental procedures adopted to join Al-sheets to Al-foams and the post-

brazing thermal to recover the mechanical properties of AFS base components. The 

microstructural analysis of the AFS base components (Al-foam and Al-skin), Al-

foam/Al-skin joint interface and the flexural characterisation of AFS specimens are 

discussed in detail.  

Chapter 4 discusses the reversible/dynamic cross-linking properties of 

polymer systems, the development, hybridization and characterisation of new 

hybrid dynamic Carbon Fibre Reinforced (CFR) epoxy/PU (Polyurethane) 

composites.  

Chapter 5 discusses the experimental work carried out to improve the adhesion 

by the surface modification of Ti-6Al-4V alloy. The effect of U, V and semi-circle 

micro-slots on the adhesion and the adhesive joint strength is reported in 

comparison to, as-received bonded specimens having un-modified surfaces.  

Chapter 6 discusses some of the recent findings in the joining of ceramic 

matrix composites (CMC) to Ti6Al4V alloy and the alternative joining solutions 

experimented in this study. Furthermore, in this chapter, the working of in-house 

built Micro-Electro-Discharge Machining (Micro-EDM) and the effect of surface 

modification of Ti6Al4V on the joint shear strength is described in detail.  
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Chapter 1 

1. Background 

1.1 Objectives 

The objective of this research study was to review the currently available 

joining techniques and to introduce new solutions to join dissimilar material for 

automotive and aerospace applications. Several new joining methods and joining 

materials were experimented successfully and proposed as cost-effective and 

efficient joining solutions.  

The specific objectives of this PhD study will follow:  

• Joining of Al-foam and Al-honeycomb to Fibre Reinforced Polymer 

(FRP) Skins to obtain FRP-Sandwich composites. 

• Joining of Al-foam to Al-Skins to obtain Aluminium Foam Sandwich 

(AFS) Composites. 

• Development and characterisation of hybrid epoxy/PU dynamic 

thermoset composites. 

• Joining of Ceramic Matrix Composites (CMC) to Ti6Al4V Alloy 

• Adhesion improvement of Ti6Al4V bonded joints by surface 

modification. 

1.2 Overview of the Joining of Dissimilar Materials 

Joining is a complex phenomenon and involves a variety of materials and 

techniques. Technically it is defined as “The process used to bring separate parts 

of components together to produce a unified whole assembly or structural entity’’ 

[1]. Campbell et.al [2] defined the joining as: “A large number of processes used to 

assemble individual parts into a larger, more complex component or assembly’’. 
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According to the European joining technology platform a joining process is: 

‘‘Creating a bond of some description between materials or components to achieve 

a specific physical performance’’ [3].  Joining is therefore can be concluded as an 

activity of putting or attaching components together to create an assembly or a 

single unit with or without using a third party joining material.  

Joining and assembling processes are essential for a product manufacturing and 

its functionality. In the early stages of production, designers consider the efficient 

joining and coupling of the components into a single functional unit. An appropriate 

joining technique offers a cost effective, a structurally sound and an aesthetically 

satisfying design solution. The ability to join similar and dissimilar materials 

enables the design engineers to develop light-weight and efficient automobiles, 

aircrafts, space vehicles and the development of advance generations of medical 

equipment and consumer appliances.  

In automotive and aerospace industries, structural components are produced 

and assembled into a single structure. Generally, these structural components are 

made of different materials to satisfy and withstand the service requirement such as 

high-temperature resistance, corrosion resistance, toughness, wear resistance and 

the strength [4]. Recent emerging trends in structural engineering, such as the use 

of light weight and multi-functional materials have been increased. The multi-

material hybrid structures are becoming essential part of a structure for its improved 

properties. Thus, the need for advance joining solutions for dissimilar materials is 

highly focused by the research community.  

The joining of similar materials with high processing and production speed has 

already been established. Furthermore, the improvement in material properties, 

improved traditional joining techniques for similar materials and the extended use 

of the advance additive manufacturing processes has reduced the need and the 

number joints in the product [5]. However, the “joint-free” manufacturing concept, 

when dissimilar materials are involved, is currently somehow unrealistic. It is now 

not possible to produce a hybrid product without a joint, due to functional needs 

and technological limitations [6,7].  

The joining of dissimilar materials is comparatively more challenging than the 

joining of similar materials due to the difference in intrinsic properties which 

decreases the number of joining possibilities. The ability to join dissimilar materials 

enables the design engineers to develop light-weight and efficient automobiles, 

aircraft and space vehicles [5,8]. 

A joint in an engineering structure or assembly is a region of heterogeneity, 

where the properties of the bulk material change and become discontinuous. In 

order to evaluate the assembled system and for the quality control, careful attention 

is paid to the fracture strength of the joint, the composition of filler material and 

surface properties of the components. The mechanical requirements for an 

engineering assembly include the homogeneity and continuity in strength, 

toughness and stiffness properties across the structure. 
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Dissimilar joining requires the engineering compatibility of the joining 

components, especially in terms of mechanical, physical and chemical properties. 

Poor chemical compatibility causes the formation of brittle intermetallic 

compounds during the joining process [9]. The elastic constants mismatch leads to 

the shear stresses parallel to the interface in normal conditions while the thermal 

expansion (CTE) mismatch results in the development of localised thermal stresses 

and reduce its load-carrying capacity of the components [9,10]. 

Currently, the realization of concept engineering structure design possibilities 

is highly restricted due to the lack of joining and assembling techniques. The 

knowledge of joining technologies is a key factor for progress in manufacturing 

sector and a continuous development of novel joining materials and techniques is 

hence required [9].  

The joining and assembling processes of engineering components is carried out 

in two fundamental ways: mechanically or chemically, with and without the 

formation of chemical bonds respectively. 

1.2.1 Joining techniques 

Reliable joining technologies are necessary to integrate dissimilar materials 

into an engineering structure [11]. In past, several joining solutions such as 

brazing/soldering, adhesive bonding, welding, mechanical joining etc. were 

introduced for multi-material systems [12–15]. The techniques used for the joining 

of dissimilar materials in this work can be summarized as follows: 

 

Figure 1-1 Classification of Joining Techniques: highlighted, those used in this 

work. 

In this study, the joining of dissimilar materials was carried out mainly using 

brazing, soldering and adhesive joining techniques. The joining techniques were 

selected on the basis of simplicity of operations, available lab facilities and most 

Joining 
Techniques Welding

Fusion Welding

Brazing/Soldering

Solid State 
WeldingAdhesive Joining

Mechanical 
Fastening
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importantly the possibility to join dissimilar materials (metal/metal, metal/non-

metal, polymer/metals) preferably in a pressure less environment. 

1.2.1.1 Mechanical Fastening 

Mechanical fastening is a technique to join components using additional 

clamping components, such as screws and rivets without fusing the joining surfaces. 

Special operations are required for mechanical fastening prior to joining process 

like drilling of holes into the joining components, making screw thread etc. [11,16]. 

Mechanical joints utilise fasteners or integral devices, which help the structural 

components to mate together and to interfere on the macroscopic scale [17]. It is a 

simple, save operational time and additional efforts like surface preparations or 

surface treatments before joining and most importantly it is a cold process which 

significantly decreases the energy cost during production [17]. 

In mechanical fastening, the joint configuration depends on end use of the 

component and the properties of dissimilar joining components. For example, some 

joints are made to tolerate thermal strain mismatch, while some are designed to 

allow complete freedom of movement. The joining of dissimilar materials such as 

metal to polymers or ceramics using integral mechanical attachments and/or 

mechanical fastening is possible. The integral attachment requires grooves and 

dovetails while mechanical fastening require rivets and bolts to provide interlocking 

[18].  

However, mechanical fastening does have limitations. It increases the weight 

of the component, making holes in the joining components which affects the 

mechanical properties of the structure, induce localised stresses and corrosion 

related problems [19]. 

1.2.1.2 Fusion Welding 

Fusion welding is a joining process in which the metal coalescence is created 

by melting a substrate and filler metal together, or by melting the base metal alone 

[20]. Arc Welding, Resistance welding, laser beam welding and electron beam 

welding are the principal fusion welding techniques currently adopted in the 

industry.  

Electric arc is used as a heat source which is struck between the workpieces and 

the tip of an electrode (consumable or non-consumable) to melt and join the 

components in an arc welding process [21].  

In a resistance welding process, heat is generated by the resistance of the 

overlapping joining substrates, under pressure, to the flow of a heavy electric 

current for a short period of time [22].  

Laser beam welding is used to join metal or thermoplastic components where a 

concentrated beam from a solid state or gas laser provides heat for coalescence [23].  
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Electron beam welding utilises a beam of high-velocity electrons to generate 

heat across the joining substrates. The kinetic energy of electrons transforms into 

heat upon impact with the joining pieces [24].  

Fusion welding techniques rely on the melting of joining substrates therefore 

are relatively restricted to the joining of materials with similar composition and 

thermal properties. Another disadvantage of fusion welding processes is the heat 

affected zone around the joined area due to the high-temperature phase transitions 

inherited to these processes however, the improved techniques such as electron 

beam welding or laser beam welding, often minimize this effect by introducing 

comparatively little heat into the work piece [25]. 

1.2.1.3 Solid State Welding 

In principle, Solid state welding is a joining process, in which two work pieces 

are welded under a pressure providing coalescence at a temperature essentially 

below the melting point of the parent material. In this process melting of materials 

is not involved. The bonding of the materials is a result of diffusion of atoms at the 

interface. Ultrasonic and friction welding is the most famous forms of solid-state 

welding [26]. 

Solid state welding techniques are simple, cost effective and can produce strong 

joints with fine microstructure. In general, these joining techniques do not require 

filler materials, fluxes and shielding gases. It is also capable of joining dissimilar 

metals such as steel - aluminium alloy steel - copper alloy etc. [27]. 

However, the solid-state welding techniques are not suitable to join brittle non-

metallic or porous metallic materials such as ceramics and metal foams due to high 

pressure process involved.   

1.2.1.4 Brazing 

According to the American Welding Society (AWS) definition; “Brazing is a 

group of joining processes that produce the coalescence of materials by heating 

them to the brazing temperature in the presence of a brazing filler metal that has a 

liquidus temperature above 450ºC and below the solidus temperature of the base 

materials. The brazing filler metal is distributed between the closely fitted faying 

surfaces of the joint by capillary action” [28]. 

Brazing is a joining technique where atomic-level bonding joins two similar or 

dissimilar components. It relies on the melting, spreading and solidification of 

brazing material. The joining materials are generally metals or metal alloys with 

relatively low melting point compared to the joining substrates and it serves as an 

intermediate material [28]. At the brazing temperature, the joining material melts 

only and forms metallurgical bonds while the joining substrates do not undergo 

melting [29]. 
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Brazing processes used to join metals to ceramics can be further divided into 

following three main types.  

• Active Metal Brazing 

• Noble Metal Brazing 

• Refractory Metal Brazing 

Highly reactive metal such as titanium or zirconium-based alloys are used as 

joining materials in active metal brazing to form bonds by reacting with the non-

metallic constituents of the ceramics. The active metal brazing operation is usually 

performed in an inert or vacuum environment to avoid oxidation because excessive 

oxygen reacts with the active elements in the braze filler and can compromise the 

joint strength [30].  

Under special oxidizing conditions, noble metals such as platinum, palladium, 

or gold layer, 0.25–1.0 μm thick, is produced on joining substrates to avoid the 

underlying layer from oxidation which can prevent the wetting and flow of brazing 

filler during the noble metal brazing process [31].  

Refractory metal brazing involves oxidation reaction between molybdenum salt 

and manganese to bond with ceramics [32].  

Brazing can be carried out in the air or in a controlled atmosphere. Furnace 

brazing is suitable for brazing of dissimilar materials where controlled environment 

is generally a requirement. The brazing filler metal powder or foils are placed at the 

joint and then the assembly is placed in the furnace and heated to achieve a brazed 

joint.  

1.2.1.5 Soldering 

Soldering is a kind of brazing and can be differentiated by the fact that soldering 

fillers melt and flow at or below 450 oC. Like brazing, during soldering, the solder 

materials melt at a lower temperature compared to base materials to be joined. At 

soldering temperature, the diffusion of solder filler alloying elements into the base 

material takes place.  

The performance of soldering depends on the cleanliness of the surfaces to be 

joined, the compatibility of the solder with both interfaces, differences in the CTE 

of the two materials and the differences in melting points [33]. A thin oxide layer 

immediately forms on most of the metal surface after cleaning. The oxide layer 

impedes the wetting by solder. The cleaned metal surfaces are usually covered with 

fluxes to avoid the formation of oxidation layer. 
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The selection of solder filler depends on the composition and properties of base 

materials to be joined. However, lead and tin-based alloy solders are usually used 

to join similar and dissimilar metals [34]. For the soldering of ceramics to metals, 

indium-based solders are very common because it wets virtually all ceramics and 

metals [35].  

Sometimes ceramic composites are metallised using processes such as physical 

vapour deposition or sputtering to improve wetting and bonding. The ceramic 

materials that are not provided with metallic solderable coatings can be soldered 

only with active solders. The detailed studies of metal-ceramic soldering are 

reported in the literature [36,37]. 

1.2.1.6 Adhesive Joining 

Adhesive joining is by far the universal joining technique offering high 

performance with a great design flexibility which can be easily integrated into 

industrial/mass production processes. The adhesive material is a non-metallic 

substance having an internal strength and capable of joining similar or dissimilar 

materials by surface bonding [38].  

According to the American Welding Society (AWS) definition, the adhesive is 

“A polymeric material having chemical and physical properties differing from those 

of the base materials, placed at their faying surfaces, to join the materials together 

as a result of the attractive forces of this polymeric material” [39]. 

 

Figure 1-2 Distribution of forces in an adhesively bonded joint. 

Adhesive materials adhere to the surfaces of the two joining substrates and 

develop a surface-to-surface bonding by transferring the forces from one adherent 

to another. The adherence of substrates to the adhesive is mainly due to adhesive 

forces while the adherence of adhesive molecules to its self is due to the cohesive 

forces, shown in Figure 1-2. 
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In general, substrates of different geometries, sizes and composition are bonded 

using adhesives. Following are main the three steps involved in adhesive joining 

process of dissimilar materials. 

• Surface preparation of adherents 

• Application of Adhesive to the surfaces 

• Curing 

The performance of an adhesive joint greatly depends on the nature of adhesive, 

joint configuration and joint thickness. 

The performance of an adhesive joint greatly depends on the nature of adhesive, 

joint configuration and joint thickness. Adhesive bonding relies on the formation of 

intermolecular forces at the interface between the joining substrate and adhesive 

itself for a reliable joint formation. The surface contamination such as oil and grease 

significantly lower the surface energy of the adherents. The adhesives do not wet 

the surface, if the surface energy adhesive is higher than that of the adherents. 

The use of adhesives enhances the resistance to impact and fatigue, reduces 

noise and vibration and eliminates the additional components such as screws, nuts 

and rivets etc. Adhesive joints display uniform distribution of stresses and avoid 

stress concentrations that can lead to joint fracture. It also reduces the galvanic 

corrosion potential associated with dissimilar metals joining.  

Adhesive materials can be classified as natural and synthetic.  

The natural adhesives are low cost and are generally used for low-stress 

applications. Natural adhesives can be of organic or inorganic nature. The organic 

adhesives are derived from natural organic sources such as tree gums, starch, 

collagen, soya flour etc. The inorganic adhesives are principally based on sodium 

silicate and magnesium oxychloride [40,41]. Most of the natural adhesive materials 

are now been replaced by synthetically made adhesives. 

The synthetic adhesives started with the discovery of phenolic resins in 1920 

which was followed by epoxide resins and polyurethanes in 1940’s. Synthetic 

adhesives gradually replaced the natural adhesives. With the advancements in the 

field of polymer chemistry, adhesives are now designed according to the 

specifications of the joining surfaces to achieve the specific and/or improved 

joining properties [42].  

The recent developments in this field have also been resolved the longstanding 

problems of extended curing times, lower joint strengths and the long-term 

durability of adhesive joints exposed to adverse environments [43]. Thermoplastic 

and thermoset are the two important subgroups of synthetic adhesives. 
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1.2.1.6.1 Thermoplastic Adhesives 

Thermoplastic materials are composed of linear or branched polymer molecules 

structures linked by intermolecular interactions or Van Der Waals forces. If the 

polymer chains are packed in an orderly manner, it will give a crystalline structure 

which gives high strength otherwise amorphous structure is achieved which shows 

poor strength properties. Thermoplastic adhesives are recyclable because once they 

cross-link can be reversed by applying heat or pressure.  

Polyamides, Acrylates, Cyanoacrylates, vinyl and non-vulcanizing neoprene 

rubbers based thermoplastic adhesives are generally used to bond metals, glasses 

and porous materials [44]. 

1.2.1.6.2 Thermoset Adhesives 

Thermoset materials are composed of highly cross-linked and chemically 

bonded polymer chains and display higher mechanical properties compared to 

thermoplastic materials. Unlike thermoplastics, thermosetting adhesives once cured 

cannot be reversed and are generally used for higher temperature service [45]. 

Some of the most important adhesives currently used in industries are 

thermosetting resins. During curing they harden by polymerization, condensation 

or vulcanization. Thermosetting adhesives can be further classified as the phenolic-

resin base and the epoxy-resin based adhesives. 

1.2.1.6.2.1 Phenolic Adhesives 

Phenolic adhesives are produced by the condensation of phenol and 

formaldehyde. These adhesives maintain structural integrity and dimensional 

stability when subjected to mechanical load and withstand high temperatures. 

Phenolic resins readily adhere to organic and inorganic surfaces. It has exceptional 

compatibility with cellulose fillers and is used as a binder for particle board, 

hardboard and plywood panels.  

The major drawback of phenolic adhesives is that during curing (>100 oC) 

water is released which stays as vapour in the joint and is removed by applying 

pressure. The curing is, therefore, must be assisted by pressure to avoid moisture 

[46].  

1.2.1.6.2.2 Epoxy Adhesives 

The epoxy-based adhesives are the most versatile structural adhesives. They 

bond well to a variety of plastics, metals and glass surfaces. Epoxies can be easily 

modified to achieve desired mechanical properties. When cured, they display higher 

chemical and thermal stability and minimal shrinkage. Epoxy based adhesives are 

extensively used in automotive, marine and aerospace industries [42] 

Epoxy adhesives are brittle in nature and are toughened when required by the 

addition of tougheners such as nitrile rubbers or urethane oligomers [47,48].  
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1.3 Joined Materials  

1.3.1 Sandwich structures 

Sandwich structures are composed of two thin, stiff and strong facing skins 

separated by a relatively thick and light core material. The facing skins are bonded 

to core material using adhesive, brazing/soldering or mechanical fastenings to allow 

the load transfer mechanism among the components [49].  

Wood and cork are common natural cellular materials used as a core material 

in the past which are now replaced by the synthetic core materials such as synthetic 

honeycombs and porous foams. The unique properties of the cellular structure are 

exploited to absorb energy upon impact and maximise the stiffness per unit density 

of the composite structure [50].  

1.3.2 Al-Foam 

Al-foams are a cellular structure consisting of pores/cells with solid aluminium 

walls. Foams can be divided into open and closed cell foams. The Al-foams with 

sealed pores is termed as closed cell foams while those with open pore walls are 

termed as open-cell foams.  

Al-foam can be produced either by foaming molten aluminium by introducing 

gasses or by foaming solid precursors containing a blowing agent [51]. Following 

are two most common production routes currently in practice to produce Al-foams 

by foaming Al-melt [52]: 

• Foaming melts with blowing agents 

• Foaming melts by gas injection 

Production of Al-foams by foaming precursors involves an additional step to 

the process chain. The advantage of this process is that complex shapes can be 

achieved easily. Following are the three established production routes to make Al-

foams by foaming precursor [53].  

• Foaming of powder compacts 

• Foaming thixo-cast precursor material 

• Foaming of ingots containing blowing agents 

The Al-foams offer high stiffness in conjunction with low weight and due to its 

high energy absorbance capacity, they can go under large deformations at a constant 

stress. Al-foams are very effective in terms of electromagnetic shielding and 
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structural damping and absorb impacts regardless of direction. Al-foams are non-

flammable and 100 % recyclable materials [54].  

1.3.3 Al-Honeycomb 

Honeycombs are lightweight materials and have the geometry of natural 

honeycomb. They are composed of regular and periodically repeated arrays of 

hexagonal hollow cells formed between thin vertical walls. Al-honeycombs are 

generally used as core materials in sandwich structural composites and display 

relatively higher out-of-plane compression and out-of-plane shear properties [55].  

The manufacturing of Al-honeycomb core material is carried out using 

following two methods [55]:  

• Expansion method 

• Corrugation method 

The bonding can be carried out using brazing, resistance welding, diffusion 

bonding and thermal fusion if the cores are supposed to be used at higher 

temperatures. The unique properties of honeycomb cores such as high stiffness to 

weight ratio, fire retardancy, superior insulation and design flexibility make these 

materials a preferred choice for applications in the fields of aerospace, shipbuilding, 

automobiles, construction, energy absorber, thermal isolators and packaging etc. 

[55,56]. 

1.3.4 Fibre Reinforced Polymers (FRP)  

Fibre reinforced polymer (FRP) is composed of a polymer matrix reinforced 

with natural or synthetic fibres. The combination of polymer with a reinforcement 

results in a composite material with unique properties that are unattainable with the 

monolithic component. 

Epoxy, polyester or vinyl ester and phenol formaldehyde resins are the most 

common polymers used as a matrix in FRPs. Natural fibres such as jute or sisal etc. 

[57] are used as reinforcements for low-cost applications, however, for high-end 

commercial applications such as aerospace and automotive industries, the synthetic 

fibres such as glass, aramid or carbon are employed as reinforcements [58]. There 

are three main steps involved in the production of FRP’s:  

• Reinforcement layup in the desired shape 

• Matrix infiltration 

• Curing 

Several techniques are currently used to produce FRP. In the hand lay-up 

technique, the matrix is applied manually using rollers or by using spray guns. In 

the Vacuum Infusion Process (VIP), the preform is bagged in an air-tight sheet 

https://en.wikipedia.org/wiki/Shear_modulus
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while the resin is infiltrated using vacuum across the preform [59]. In the Resin 

Transfer Moulding (RTM) or Vacuum Assisted Resin Transfer Moulding 

(VARTM) technique, the reinforcement is placed in a single or two-piece mould 

where the resin is injected under pressure. Pultrusion is a technique which enables 

a continuous production of FRP’s. The fibres are pulled through a pool of resin and 

are then passed through a closed heated die for curing [60].  

1.3.4.1 Carbon Fibre Reinforced Polymers (CFRP) 

CFRP having carbon fibres as a reinforced are commonly referred as Carbon 

Fibre reinforced polymer composites (CFRP). 

Carbon fibres are extensively used in form of continuous fibres, roving, woven 

fabrics and chopped fibres in CFRP composites for their excellent mechanical 

properties, low density, high thermal and chemical stability, excellent creep and 

high electrical conductivity [61,62].  

1.3.4.2 Glass Fibre Reinforced Polymers (GFRP) 

The FRP containing glass fibres as reinforcement is generally termed as Glass 

Fibre Reinforced Polymer composites (GFRP). The types of glass fibres commonly 

used in GFRP are based on its properties such as E-Glass fibres displays improved 

electrical insolation, C-Glass fibres show high chemical resistance and S-glass 

fibres are used when high mechanical strength is required [63].  

Glass fibres are lightweight, strong and robust reinforcement materials and are 

obtained starting from quartz sand, sodium sulphate, potassium oxide, soda and 

several refining and dying agents. Glass fibres are less stiff and much less expensive 

compared to carbon fibres.  

1.3.5 Ceramic Matrix Composites (CMC) 

Ceramics are non-metallic and inorganic materials made up of metal and non-

metal or metalloid atoms typically held in ionic and covalent bonds. They show 

high modulus and hardness, high melting point and high corrosion resistance 

properties. However, ceramics are usually brittle in nature and display poor fracture 

toughness. Therefore, the ceramic matrix is reinforced with fibres (mostly SiC or C 

fibres) to improve toughness and are termed as ceramic matrix composites (CMC).  

1.3.5.1 SiC Based CMC 

The SiC/SiC composites are composed of SiC matrix reinforced with SiC fibres 

while the C/SiC composites have a SiC matrix reinforced with carbon fibres.  

In general, the production of CMC involves three steps. In the first step, the 

reinforcement material is laid in a mould of the desired shape of a component. In 

the second step, the matrix is infiltrated. The third step mainly involves the final 
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machining (grinding, drilling, lapping or milling) and coatings to cover the 

porosities if required [64]. Several manufacturing routes are available to make 

CMC’s which can be differentiated based on the method adopted for matrix 

infiltration. The three major routes currently in practice to produce CMC are listed 

below [65]: 

• Gas phase route  

• Liquid phase route 

• Ceramic route 

SiC-based ceramic composites have the potential to withstand about 1500 oC 

service temperature [64]. 

1.3.6 Metals 

The Ti6Al4V, Al-6016 and Al-7046 alloys used in this study are the most 

commonly used metal alloys in automotive and aerospace industries.  

1.3.6.1 Titanium alloy (Ti6Al4V) 

Titanium is a light-weight, high strength metal with outstanding corrosion 

resistance properties. Titanium is mostly used in its alloy form. Ti6Al4V is one of 

the most used titanium alloys due to its machinability and excellent mechanical 

properties [66]. 

Ti6Al4V is an alpha-beta (α + β) alloy. The aluminium in Ti6Al4V acts as α 

phase stabilizer while the vanadium stabilizes the β phase. The microstructure of 

Ti-6Al-4V alloy is composed of a low-temperature hexagonal close-packed (hcp) 

α phase, and a high-temperature body-centred cubic (bcc) β phase [67,68]. 

1.3.6.2 Aluminium alloys 

Aluminium is the third most plentiful element on our planet. It is 100 % 

recyclable, lightweight, strong, nonmagnetic, and nontoxic material. Pure 

aluminium is relatively soft and is therefore alloyed with one or more elements such 

as boron, copper, zinc, manganese, magnesium, tin, silicon or lithium for improved 

properties. Alloying elements are added to aluminium mainly for two reasons: the 

precipitation hardening and the control of matrix microstructure [69].  

Aluminium is highly corrosion resistant due to its natural ability to generate a 

protective oxide layer on the surface. It is ductile and can be deep drawn into 

complex shapes with ease.  
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1.4 Applications 

The applications of Al-foam sandwich composites with FRP skins or Al-skins 

are widespread. They are used in car crash boxes, car engine compartment 

insulation, aeroplanes and cruise ships floorings, trains compartments and 

floorings, insulated fuel storage tanks, refrigerated truck and railroad containers, 

tunnels and building insulation, cover boxes of electronic devices emitting 

electromagnetic waves, lightweight transport and aerospace vehicle structures, 

impact resistant and shockproof military vehicles etc. [70–72].  

CFRPs offers weight reduction, strength improvement and superior styling to 

the automotive industry. CFRP is also a currently preferred material for lightweight 

drones and aircrafts structures, windmills, turbine blades, light pressure vessels, 

satellites, offshore platforms, drilling risers and sports goods etc. [73]. GFRP have 

found applications in aerospace, marine, automotive, oil and gas pipelines, pressure 

vessels, military armours and civil industries [72].  

Ceramic matrix composites materials have found extensive applications such 

as thermo-structural materials for heat exchangers in rocket and jet engines [74] gas 

turbines in power plants, heat shields in space vehicles and inner walls of the plasma 

chamber of nuclear fusion reaction [75] brake disks for high-end cars [76] etc. 

Ti6Al4V has found extensive applications in aircraft, automotive and aerospace 

industries such as aircraft turbine engine and structural components, aerospace 

fasteners; high-performance automobile parts, medical devices and sports gears etc 

[77,78].  
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Chapter 2 

2. Joining of Fibre Reinforced 

Polymer (FRP) Skins to Al-foam 

and Al-honeycomb 

2.1 Abstract 

Material manufacturers and engineering structure designers are currently 

focusing new ways to exploit the benefits of hybrid materials with improved 

properties at a low cost. In this study, using two different core materials (Al-foam 

or Al-Honeycomb) and three types of fibre reinforced polymer facing skins, 

sandwich composites were produced in 6 different configurations. The response of 

both core materials to compression load was compared independently. The flexural 

behaviour of Al-foam Sandwich (AFS) panels was compared with Al-Honey comb 

sandwich (HCS) panels.  

Improvement in bending strength was observed when MWCNTs were added to 

CFRP-facing skins. Compared to FRP-honeycomb sandwich panels, FRP-Al-foam 

sandwich panels displayed around 25 % and around 65 % higher flexural properties 

in a long and short span three-point bending tests respectively.  

Key Words: CFRP, GFRP, Sandwich composites, Al-foam, Al-Honeycomb, 

Flexural properties. 
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2.2 Graphical Abstract 

 

 

  



39 

 

 

 

Abbreviations Meaning 

FRP Fibre Reinforced Polymer 

CFRP Carbon Fibre Reinforced Polymer 

CFRE Carbon Fibre Reinforced Epoxy 

GFRP Glass Fibre Reinforced Polymer 

GFRE Glass Fibre Reinforced Epoxy 

AFS Aluminium foam sandwich 

HCS Aluminium honeycomb sandwich 

MWCNTs Multiwall carbon Nano-tubes 

LS Long span  

SS Short span 

 

Symbols Meaning 

m Mass [g] 

v Volume [cm3] 

l Length [mm] 
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b Width [mm] 

t Thickness [mm] 

ts Sandwich panel thickness 

tc Core material thickness 

tf Facing skin thickness 

σ Stress [MPa] 

σc Compression stress [MPa] 

ε Strain [%] 

𝝈𝒄
𝟐% Stress at 2% deflection [MPa] 

Ec Compressive modulus [MPa] 

W Energy [J] 

eff  Efficiency [%] 

FVF Fibre volume fraction [%] 

ρ Density [g/cm3] 

L Cross head displacement / Deformation 

[mm] 

F Load / Force [N] 
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Ef Flexural elastic modulus 

d Sandwich thickness [mm] 

c Core material thickness [mm] 

2.3 Introduction 

Composite sandwich panels are currently in demand due to their lightweight, 

low cost and excellent mechanical properties for applications in construction, 

marine, automotive and aerospace industries. Unlike metals high-performance 

Fibre Reinforced Polymers (FRPs) have displayed great potential in eliminating the 

corrosion concerns. These materials offer low maintenance and  a longer life-span 

in construction, automotive, marine and aerospace applications [79–83].  

Most of the previous work regarding sandwich panel is concerned with 

polymeric foams or wood as a core material [84,85]. The increasing demand for 

sandwich composites in engineering structures has led the researchers to produce 

novel sandwich composite structures with lightweight metallic materials in the core 

[49]. Gibson et al [86] reported a thorough overview of the literature on metallic 

cellular materials. Polymeric foam sandwich structures are indicated to be inferior 

to honeycomb and other core concepts such as metal-foams and corrugated 

structures [87]. Yet the honeycomb materials are quite expensive with respect to 

alternative polymeric foams or balsa wood core materials [88].  

2.3.1 Al-foam vs Al-honeycomb 

Al-foam is a low cost, lightweight, non-flammable porous metallic material 

with high energy absorption, excellent sound absorptivity, electromagnetic pulse 

shielding and lower conductivity than bulk aluminium [89–91]. It can potentially 

replace the Al-honeycomb as a core material which is focused in this chapter. 

Furthermore, Al-foam has higher potential surface area available for joining 

compared to honeycomb and show higher load bearing and energy absorbance 

capability which makes it a suitable for heavy duty applications. Sandwich structure 

with Al-foam as a core material can be easily incorporated into the curved or 

complex shapes and can sustain hot [49] and humid [92] working conditions 

compared to the Al-honeycomb core.  

2.3.2 Effect of MWCNTs on FRP laminates 

Carbon Nanotubes (CNTs) are widely acknowledged for strengthening the 

mechanical properties of the fibre reinforced laminates [93]. Qian et al [94] reported 

that addition of only 1% of CNTs by weight in a matrix material can increase the 
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stiffness of CFRPs by ~40% and the tensile strength by ~25%. Improved results can 

be achieved using Single Wall Carbon Nano Tubes (SWCNTs), however, 

MWCNTs are  preferred in this study for its low cost (~100 times less than the 

SWCNTs [95]), easy production and easy dispersion [96] into the polymer matrix. 

Moreover, MWCNTs and MWCNTs-g-carbon precursors using COOH 

functionalized MWCNTs with PAN display higher thermal stability (up to 850 oC) 

and improved UV absorption [97].  

2.3.3 Sandwich Composites flexural collapse behaviour 

In the recent past, several researchers performed theoretical and practical 

analysis regarding the collapse mechanisms of AFS and HCS panels under static 

three-point bending [98,99]. Petras et al. [100] studied the failure modes of 

GFRP/Nomex honeycomb core sandwich panels in a three-point bending 

configuration and reported that the maximum failure load is influenced by the 

thickness and density of skin and core materials while span length was observed as 

the main test parameter which influences the flexural behaviour.  

Mohr et al. [101] studied the deformation induced in monolithic honeycomb 

structures and observed that under a large deformation, Al-honeycombs also exhibit 

microstructural heterogeneity such as Al-foam. In a three-point bending test 

configuration, Sandwich beams with metal foam core fail due to face yield, core 

shear, indentation and face wrinkling [98]. The failure and collapse behaviour of 

AFS beams depends on the core thickness, loading velocity and the span length 

[102–104].  

Abbadi et al. [105] studied the effect of core material density and type of Al-

foam on the mechanical properties of sandwich composites. They suggested that 

increase in the density of the core material induces an increase in the stiffness of 

the sandwich structure while the architecture of the core material influences the 

collapse behaviour. Gupta et al. [106] found that the microstructure of core material 

influences the flexural properties of the sandwich structure.  

To the best of our knowledge, the comparative study of the flexural behaviour 

of Al-honeycomb and Al-foam sandwich composites having similar thickness and 

facing skins has not yet established which is focused in this research activity. 

In this study, the development and flexural characterization of Al-foam and Al-

honey comb sandwich panels with glass and carbon fabric reinforced polymeric 

skins was carried out. The effect of MWCNTs on the flexural behaviour of CFRP 

facing skins in sandwich panels was experimented. All the sandwich panels were 

produced by in-situ fabrication of sandwich panels technique. The facing skins, the 

core materials and the sandwich panels were characterised by flexural properties 

using three-point bending test adopting short and long span three-point bending 
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assemblies. The results were analysed and a comparison between the flexural 

behaviour of different types of sandwich panels was established.  

2.4 Experimental Work 

2.4.1 Materials 

DURATEK 1000 resin system, supplied by Duratek, Turkey, suitable for open 

mould lamination processes, small parts and quick production cycles was used as a 

matrix material. DTE 1000 + DTS 1100 resin system shows 1.10 ± 0.05 g/cm3 

density, 950 ± 100 cP viscosity and 40 ± 5 minutes pot life at room temperature 

[107].  

MWCNTs were supplied by Cheap Tubes Inc., USA. MWCNTs had the outer 

diameter of 30÷50 nm and an average length ranging from 10÷20 μm.   

Al-foam and Al-Honeycomb panels were used as core materials in sandwich 

composites. Closed cell, Al-foam plates were supplied by Vaber, Italy in the form 

of 900 mm x 600 mm x 9 mm foam panels. The average density of the Al-foam was 

0.28 g/cm3 (measured as mass/volume). The distribution of cells in the Al-foam 

was non-homogenous. Macrographs of 25 Al-foam samples of dimension 30 mm x 

20 mm x 9 mm were analysed using the free digital image analysis software (Image-

J) to figure out a reasonable average pore size and distribution of the as-received 

Al-foam.  

Figure 2-1 (a) and (b) represents the surface and cross-sectional views of the 

as-received Al-foam.  Figure 2-1 (c) shows a representative Al-foam specimen 

englobed in resin and Figure 2-1 (d) represents the analysed image of the same 

specimen after using the Image-J software. 
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Figure 2-1 (a) Al-foam surface morphology, (b) Al-Foam front and cross-section 

views, (c) Al-foam specimen cross-section, englobed for analysis, (d) Image 

analysed using Image-J software, (e) Al-foam pore size distribution-Bell curve. 

The equivalent pore diameter calculated was 5.2 mm ± 1.5 mm and the pores 

distribution of the Al-foam samples fits into a bell shape curve, Figure 2-1 (e). The 

surface Al-foam cell walls, which constitute the potential joining area, was around 

12.8 % of the total theoretical surface area. In the sandwich structure, the numbers 

of cell walls at the surface of Al-foam are directly proportional to the available area 

for joining to the facing skins.  

Al-Honeycomb (density = 0.018 g/cm3 (m/v)) was supplied by Thales Alenia 

Space, France. Figure 2-2 (a) shows the as received Al-honeycomb surface and 

Figure 2-2 (b) represents the scheme of its dimensional specifications. The area of 

the hexagonally shaped honeycomb pore was calculated 93.53 mm2 and its 

perimeter was found 36 mm. 
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Figure 2-2. (a) Al-Honeycomb Surface, (b) Al-Honeycomb specifications, (c) 

Glass fabric (d) Carbon fabric. 

Carbon and Glass fibre fabrics are the most common reinforcement materials 

which are currently used in composites manufacturing industries. Carbon fibre 

fabric 0-90° with plain weave architecture (GSM-200) supplied by Spintex, Turkey 

and 0-90° stitched Glass fabric (GSM-200), supplied by Resintex, Italy, were used 

as reinforcements in the facing (sheet) skins of sandwich panels. Both the fabrics 

had a weight of 200 g/m2. The front images and specifications of the reinforcement 

materials used in this study to produce FRP-sandwich panels are reported in Figure 

2-2 (c) and (d). 

2.4.2 FRP-Sandwich Composites Preparation 

100 parts of DTE 1000 resin by weight were mixed with 35 parts of fast 

hardener DTS 1100 (100:39 parts by volume) to impregnate the fabric 

reinforcement. Figure 2-3 shows, the two resin preparation processes adopted to 

produce the FRP sandwich panels in this study.  

To improve the flexural properties of the CFRP-skins, 0.1 wt.% of COOH 

functionalized Multi-Walled Carbon Nano Tubes (MWCNTs) were added to the 

epoxy resin. MWCNTs were dispersed in epoxy resin using Hielscher UP 400S 

400W sonicator equipped with H3 sonotrode (tip diameter = 3 mm) in a soundproof 

box. Sonication was carried out for 1 hour at 0.5 Hz frequency and 60 % amplitude. 
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MWCNT’s were added to the epoxy resin prior to resin/hardener addition, as shown 

in Figure 2-3 (Process 2).  

The epoxy resins with and without MWCNTs were degassed for 30 minutes to 

remove the air bubbles produced during mixing prior to use.  

 

Figure 2-3. (Process 1) Epoxy resin preparation process, (Process 2) Addition of 

MWCNTs to epoxy resin. 

Figure 2-4 shows the step by step process of the FRP sandwich fabrication 

adopted in this study. The base materials (reinforcements and the core materials) 

were first cut off in the dimensions, 350 mm x 250 mm from the larger sheets.  

The reinforcement layers were impregnated with resin using hand layup 

method. Facing skins were produced in the following three configurations: 

• 2-layered Glass Fabric Reinforced Epoxy (GFRP) face sheets. 

• 2-layered Carbon Fabric Reinforced Epoxy (CFRP) face sheet. 

• 2-layered Carbon Fabric Reinforced Epoxy + MWCNTs 

(CFRP+MWCNTs) face sheets. 
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Figure 2-4. Steps followed during the in-situ fabrication of FRP sandwich panels. 

The impregnated reinforcement layers and the core materials were stacked in 

six different sandwich configurations, as shown in Figure 2-5. Each stacking was 

then covered with peel ply, flow mesh, breather fabric and was sealed in a 

polyurethane bag for vacuum consolidation to avoid bubbles in the facing skins and 

to achieve improved compaction. 

 

Figure 2-5. Sandwich panels stacking configurations. (a) 2CFRP/HC/2CFRP, (b) 

2CFRP+MWCNTs/HC/2CFRP+MWCNTs, (c) 2GFRP/HC/2GFRP, (d) 

2CFRP/AF/2CFRP, (e) 2CFRP+MWCNTs/AF/2CFRP+MWCNTs, (f) 

2GFRP/AF/2GFRP. 

The peel ply was used to remove the bagging with ease from the cured 

composite panels, flow mesh helps in the even distribution of resin across the 

composite surface under vacuum and the breather fabric helps in absorbing the 

excess resin. The sandwich panels were recovered after a curing cycle of 4 hrs 

consolidation (at room temperature) under vacuum and 24 hrs without vacuum (at 

room temperature). By combining 3 types of facing skins and 2 types of core 

material in the configuration shown in Figure 2-5, in total six sandwich panels, each 

of dimension 350 mm x 250 mm, were produced. 
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The GFRP-AFS and GFRP-honeycomb sandwich composites were produced 

and characterized in Politecnico di Torino, Italy and the CFRP-AFS and CFRP-

honeycomb sandwich composites were produced and characterized in Istanbul 

Technical University, Turkey. 

2.4.3 Characterisation 

2.4.3.1 Core materials compression 

Three specimens of dimension 50 mm x 50 mm x 9 mm, of each core material 

(Al-foam and the Al-Honeycomb) were subjected to a flatwise compression load to 

analyse their energy absorbance capacity and ASTM C365/365M [108] standard 

procedure was followed. The loading was carried out at a rate of 4 mm/min. 

Compression tests were conducted using Shimadzu universal testing machine 

equipped with a 50 kN load cell at room temperature (25 oC) and 65% humidity. 

The stress-strain curve (σc - εc) was obtained from the recorded load and punch 

displacement values using Eq. 1 and Eq.2 [109]. 

• stress σc [MPa] 

𝜎𝑐 =  
𝐹

𝐴 
  [MPa]     Eq. 1 

• strain εc [%] 

       ∈ =  
∆𝑡

𝑡
 100 [%]     Eq.2 

• Collapse stress σcs [MPa] 

𝜎𝑐𝑠 =  
𝐹max 𝑒𝑙𝑎𝑠𝑡𝑖𝑐  

𝐴 
 [MPa]    Eq. 3 

• core flatwise compressive chord modulus, Ec [MPa] 

𝐸𝑐 =
(𝑃0.003− 𝑃0.001).𝑡

(𝛿0.003− 𝛿0.001).𝐴
 [MPa]    Eq. 4 

• Energy W [J] 

𝑊 =  ∫ 𝐹(𝐿)𝑑𝐿
𝐿

0
              Eq. 5 

The stress value at which the deformation initiates in the core material under 

compression is defined as collapse stress and was calculated using Eq. 3. Core 

flatwise compressive chord modulus was determined using Eq. 4, which is also the 

slope of the linear elastic region. The energy absorbance capacity of the core 

materials is the area below the curve and was determined using Eq. 5. The average 

energy absorbed in the elastic regime is defined as elastic energy and the average 
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energy absorbed by the core material when the strain value reaches around 2% of 

the yield energy.  

2.4.3.2 Flexural Analysis 

Flexural properties of the sandwich composites were determined using both 

long and short span (specimen dimensions are reported in Table 2-1) three-point 

bending tests. ASTM C-393 [109] was followed to analyse the flexural properties 

of the sandwich composites using long and short span three-point bending 

assembly, as demonstrated by Ubertalli et al [49].  

Three specimens of each of the facing skins were subjected to three-point 

bending test to analyse the flexural behaviour of FRP facing skins and the effect of 

MWCNTs addition on the flexural properties of the CFRP skins.  

Three specimens of each FRP-Sandwich composite were subjected to three-

point bending tests to analyse their flexural behaviour at different span lengths. 

Figure 2-6 shows the three-point bending assembly configurations and the test 

parameters. The dimension of the flexural test specimens is reported in Table 2-1. 

 

Figure 2-6. Three-point test assemblies and geometrical parameters, (a) Short span 

three-point bending assembly, (b) Long span three-point bending assembly. 

The flexural tests were conducted using Shimadzu universal testing machine 

equipped with a 50 kN load cell at room temperature and 65% humidity. The 

bending and collapse behaviour of the sandwich panels at different span lengths as 

well as the fracture initiation and propagation during loading were recorded using 

a digital video and a still images camera to evidence the failure modes. 

Table 2-1 Average three-point bending test specimen dimensions. 

Test 

Specimen 

Short Span Long Span 
ts, 

[mm] 

tc, 

[mm] 

tf, 

[mm] 

ρ, 

[g/cm3] l, 

[mm] 

b, 

[mm] 

l, 

[mm] 

b, 

[mm] 

GFRP 

Skin 
62.3 21.8 - - 0.99 - 0.99 1.08 
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CFRP Skin 61.13 20.23 - - 0.63 - 0.63 0.99 

CFRP-

MWCNTs-

Skin 

60.2 20.08 - - 0.68 - 0.68 -  

GFRP-

AFS 
61.84 21.53 315.7 41.61 10.05 9 0.95 0.58 

CFRP-

AFS 
59.96 20.13 319.67 40.26 9.61 9 0.61 0.35 

CFRP-

MWCNTs-

AFS 

60.76 20.83 319.5 40.95 9.76 9 0.76 0.33 

GFRP-

HCS 
61.23 21.81 323.73 41.25 10.97 9 1.97 0.28 

CFRP-

HCS 
62.55 23.2 322.33 42.03 10.53 9 1.53 0.27 

CFRP-

MWCNTs-

HCS 

62.77 23.01 324.17 41.6 10.4 9 1.4 0.26 

Flexural elastic modulus, core shear stress and facing bending stress were 

determined using the load-cross head displacement values recorded during the short 

and long span three-point bending tests using the following Eq. 6, Eq. 7 and Eq. 8 

respectively (ASTM C-393 [109]). 

Flexural elastic modulus, Ef = Slope of the elastic region   Eq. 6 

Core shear stress,  𝜎 =  
𝑃𝐿

2𝑡(𝑑+𝑐)𝑏
 [MPa]     Eq. 7 

Facing bending stress,  𝜏 =  
𝑃

(𝑑+𝑐)𝑏
 [MPa]    Eq. 8 

where t is the facing thickness, d sandwich thickness, c core thickness, b 

sandwich width, P load, and L is the span length.  

2.5 Results and Discussion 

2.5.1 Compression Test (Core Materials) 

Figure 2-7 shows the compression test assembly and the core materials 

specimens before and after the compression test. Figure 2-8 represents the 

behaviour of Al-foam and Al-Honeycomb subjected to a compression load. The 

average analysed values determined for both the core materials are reported in 

Table 2-2. 
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Figure 2-7. Compression test assembly and representative core material specimens 

before and after the compression test. 

Both the core materials showed elastic behaviour in the first part of the curves 

where there is a linear relationship between stress and strain values. After the initial 

elastic behaviour, the Al-foam started plastic deformation followed by progressive 

crushing. A so-called plateau region was evidenced where the deformation rate is 

higher compared to increase in load. A bulking effect was observed after the so-

called plateau region where most of the bigger cells collapsed, and upon further 

increase in the cross-head displacement, the Al-foam display behaviour like a 

massive/bulk metal sheet.  

Scattering was observed in the curves in Figure 2-8 for Al-foam due to the non-

homogeneity in the pore size and distribution compared to those in the Al-

honeycomb. 

 

Figure 2-8. Compression test results for core materials. (a) Load vs Cross head 

displacement plot, (b) Stress vs Strain plot. 

Deformation in the Al-honeycomb structure started when the load reached 

around 1000 N followed by a sharp drop of around 50% in the load. With further 
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increase in crosshead displacement, the sudden drop in the compression load was 

followed by a series of stress oscillations due to the bending of honeycomb cell 

walls where the load fluctuation was observed in the range 480 N to 550 N. The 

plateau continued as the crushing progressed till the cross-head displacement 

reached around 8 mm where the bulking behaviour of Al-honeycomb started.  

In the elastic regime and till 2 % strain, the Al-foam structure showed around 

6 times higher energy absorption capacity compared to Al-honeycomb. The density 

of Al-foam was around 15 times higher than Al-honeycomb, therefore during the 

flatwise compression loading, deformation in Al-foam started late and bulking 

effect was observed earlier compared to Al-honeycomb core of similar thickness. 

Table 2-2. Average results for core materials subjected to flatwise compression 

test. 

Specimen 

Stress at 

2% 

deflection 

[MPa] 

Stress at 

2%/ Yield 

[MPa] 

Ultimate 

Stress 

[MPa] 

Compression 

modulus 

[MPa] 

Elastic 

energy [J] 

Yield 

Energy [J] 

Honeycomb 0.18 0.178 0.33 120.45 0.5 0.18 

Al Foam 1.07 1.07 1.55 423.61 2.67 1.15 

The plateau region mainly corresponds to the energy absorbing capacity of the 

core materials. Al-honeycomb displayed longer plateau at lower stress values while 

Al-foam displayed shorter plateau at higher stress values. The higher energy 

absorption properties, as observed, makes Al-foam more suitable core material 

compared to Al-honeycomb for heavy duty applications such as train 

compartments, buildings and tunnel insulation and car crash box etc.  

2.5.2 Flexural Behaviour of FRP facing skins 

In the long span bending configuration, the maximum bending load for both the 

GFRP and CFRP-skins subjected to transverse load was observed less than 2 N and 

produced highly scattered data, therefore, the results were not taken into 

consideration. While, the facing skins displayed noticeable bending strength when 

subjected to a transverse load in short span bending test configuration.  

Figure 2-9 represents the flexural behaviour of facing skins subjected to a 

transverse load in short span three-point bending configuration. The CFRP facing 

skins showed improved elasticity and displayed failure at around 2 times higher 

bending load compared to GFRP facing skins. While CFRP-MWCNTs skins 

displayed around 12% higher bending load at failure in comparison to the CFRP 

skins, Figure 2-9.  
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Figure 2-9. Flexural behaviour of facing skins subjected to short span three-point 

bending test. 

After the maximum bending load value, the CFRP and the CFRP+MWCNTs 

facing skins responded with brittle failure at a relatively lower cross-head 

displacement compared to the GFRP skins. The sharp drop in the CFRP and CFRP-

MWCNTs curves, in Figure 2-9, was mainly due to cracks in the matrix which 

appeared first at a point of loading followed by the fractures in the underlying fibres. 

No apparent cracks were observed in the GFRP skins during loading even when the 

cross-head displacement reached around 12 mm, where all the bending tests were 

stopped.  

The increased stiffness of the CFRP-MWCNTs facing skins was due to the 

strengthening effect of nanoparticles dispersed in the matrix material. The 

MWCNTs increases the stiffness of the facing skin and hinders the propagation of 

cracks in the matrix [110]. The higher flexural strength of carbon reinforcement 

based facing skins with respect to GFRP ones is mainly due to the intrinsic 

properties of the respective reinforcement materials [111]. 

2.5.3 Flexural Behaviour of FRP-Sandwich Panels  

Short Span Three Point Bending Test 

Figure 2-10 shows the average behaviour of six types of sandwich panels 

specimens subjected to a flexural load in a short span three-point bending 

configuration. It was observed that the Sandwich panels with Al-foam in the core, 

in general, responded with higher flexural strength before failure and displayed 

improved energy absorbing capacity at higher stress levels compared to sandwich 

panels with Al-honeycomb core. 
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During the short span three-point bending test, FRP-HCS composite specimens 

responded initially with an elastic behaviour until the peak load reached. With 

further increase in crosshead displacement, immediately after the maximum load 

point, a noticeable drop (30 % - 40 %) in the bending load was observed mainly 

due to the cracks in the facing skins followed by the collapse of underlying 

honeycomb cell walls at a point of loading. The drop was followed by a so-called 

plateau corresponding to the crushing of cell walls and the shear across the core 

which was maintained at a load with slightly decreasing/increasing trend for an 

extended displacement till the core material fail.  

  

Figure 2-10. Flexural behaviour of FRP sandwich panel specimens subjected to 

short span three-point bending test. 

Figure 2-11 shows the macro images of tested FRP-sandwich specimens in 

short span three-point bending configuration. After the maximum bending load, the 

CFRP+MWCNTs- and CFRP-HCS responded with core shear failure and the 

cracks are visible at the approximate midline of the core material. While a failure 

due to the collapse of the honeycomb cells at a point of loading was evident in the 

GFRP-HCS composite specimens, Figure 2-11. The GFRP-HCS specimens did not 

display evident shear in the core compared to CFRP-HCS specimens due to the 

relatively ductile nature of glass fibric reinforcements which resulted in a hinge 

formation at a point of loading. No delamination of composite laminates was 

observed. 

CFRP- and CFRP+MWCNTs-AFS composite specimens after the initial elastic 

behaviour displayed a gradual decrease (~35 %) in load mainly due to cracks in the 

facing skins followed by the deformation of foam cells at the loading point and 

shear and shear across the core material.   At around 5 mm cross head displacement 

the foam cells collapse reached the bulking point at a point of loading, which is 

evident by an increasing trend in the curves, Figure 2-10 (b). However, the shear 

deformation across the core continued with increasing load until a sharp drop 

appeared due the cracks in the Al-foam.  
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Unlike the sandwich composites with CFRP facing skins, the GFRP-AFS 

composite specimens did not show a sharp drop or decreasing trend in bending load 

after the elastic behaviour and maintained the maximum bending load for around 5 

mm cross head displacement till the cracks appeared in the core material, evidenced 

by multiple peak drops, Figure 2-10 (f).  

 

Figure 2-11. A cross-sectional view of the post short span three-point bending test 

sandwich panels specimens, (a), (c), (e) FRP-HCS and (b), (d), (f) FRP-AFS 

sandwich panels. 

Figure 2-11, failure analysis reveals that CFRP-AFS specimens failed mainly 

due to excessive core stress and the GFRP-AFS due to deformation of facing skin 

and underlying foam cells at a point of loading. The failure in CFRP+MWCNTs-

AFS was observed as a mix of excessive core shear failure and deformation in the 

facing skin and underlying foam cells at a point of loading. The relatively ductile 

behaviour of the GFRP facing skins of the sandwich composites resulted in hinge 

formation compared to the CFRP facing skins. The addition of MWCNTs to the 

CFRP facing, however, improved the ductility which resulted in failure with a mix 

hinge and cracks formation at a point of loading,  Figure 2-11 (c) and (d). 

Comparison of FRP-Sandwich Panels based on Short Span 

Three Point Bending Test 

Figure 2-12 represents the comparison of the average flexural behaviour of the 

FRP-HCS and the FRP-AFS composite panels subjected to a transverse load in 

short span three-point bending configuration. Comparing the sandwich panels with 

similar core material but different facing skins, it was observed that, the CFRP-

MWCNTs HSC specimens displayed around 70% higher bending load compared 

to CFRP- and GFRP-HCS specimens. The addition of MWCNTs to the CFRP skins 

in CFRP-MWCNTs-AFS resulted in around 31% improvement in the maximum 

bending load of the CFRP AFS sandwich specimens. The CFRP-AFS specimens 

showed around 16 % higher bending load at failure compare to GFRP-AFS. 
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Figure 2-12. Analysis of FRP sandwich panels Flexural test data (Short span 

three-point bending). 

Comparing sandwich panels with similar facing skins and dissimilar core 

material, the GFRP-AFS specimens displayed around 73 %, CFRP-AFS around 76 

% and CFRP-MWCNTs-AFS around 48 % higher maximum bending load 

compared to sandwich panels with similar facing skins but honeycomb as a core 

material. 

The average values determined using Eq.6, Eq.7 and Eq.8 for FRP-sandwich 

panels subjected to short span three-point bending test are compared in Figure 2-12 

(d), (e) and (f) which shows that the FRP-sandwich specimens having Al-foam in 

the core responded with higher flexural performance compared to the ones with Al-

honeycomb core.  

The addition of MWCNTs to the CFRP facing skins improved the flexural 

behaviour of the sandwich specimens and its effect was more prominent when 
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coupled with Al-Foam core compared to the Al-honeycomb core. The plateau 

regimes evidence the progressive deformation of core material mainly due to shear 

stresses under a transverse load after the maximum bending load at around constant 

load (slightly increasing/decreasing) for an extended cross-head displacement.  

2.5.4 Long Span Three Point Bending Test 

Figure 2-13 represents the behaviour of FRP-Sandwich panels subjected to a 

transverse load in long span three-point bending test configuration. Figure 2-14 

represents the macro images of the FRP-Sandwich panels after the three-point 

bending test in long span configuration.  

Unlike the CFRP- and GFRP-HCS specimens, the CFRP+MWCNTs-HCS 

specimens responded with relatively higher bending load before failure with a 

rather brittle failure to a transverse load. The properties of facing skins were 

observed dominating the flexural behaviour of CFRP+MWCNTs-HCS specimens 

compared CFRP- and GFRP-HCS specimens.  

 

Figure 2-13. Flexural behaviour of FRP sandwich panel specimens subjected to 

long span three-point bending test. 

The CFRP-MWCNTs HCS specimens did not display failure at the point of 

loading when subjected to a transverse load in long span configuration. After the 

maximum bending load, the cracks appeared in the honeycomb core and bottom 

facing skin, which triggered a brittle failure at the point where the specimen was 

supported during the bending test as can be seen in Figure 2-14 (b).  

In a long span configuration, the GFRP- and CFRP-HCS specimens displayed 

a relatively ductile behaviour. The failure in the CFRP-HCS specimens was 

observed due to the excessive shear deformation in the core along the length of the 

specimen while the GFRP-AFS the progressive deformation of facing skin was 

followed by the collapse of honeycomb cells at a point of loading Figure 2-14 (c). 

The hinge formation at a point of loading in the GFRP- and CFRP-HCS specimens 
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was due to the compressive yielding of the facing skin adjacent to the loading bar 

and the underlying core, Figure 2-14 (a) and (c). 

 

Figure 2-14. Post long span three-point bending test, cross-sectional view of 

sandwich panels specimens. (a), (b), (c) FRP-Al foam and (d), (e), (f) shows FRP-

honeycomb sandwich panel representative specimens. 

The CFRP+MWCNTs- and CFRP-AFS specimens displayed brittle failure due 

to the cracks in facing skin and underlying core material at a loading point. GFRP-

AFS specimens did not respond with brittle fracture, but a rather ductile failure 

response was observed due to the progressive deformation of underlying foam core 

at a point of loading while no hinge formation was observed.  

During the bending test in long span configuration, no delamination of facing 

skins was observed, however, a partial delamination was observed in one out of 

three specimens of GFRP-AFS specimens when the crosshead displacement 

reached around 15 mm due to the excessive shear stresses at the GFRP/Al-foam 

interface.  
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Comparison of FRP-Sandwich Panels based on Long Span 

Three Point Bending Test 

Figure 2-15 (a), (b) and (c) represents the average bending load, displacement 

and bending strength values recorded during flexural tests in long span 

configuration. The properties of the core materials predominantly influenced the 

flexural behaviour of FRP-sandwich panels during the long-span flexural test. The 

CFRP-AFS displayed failure at around 54 % higher bending load compared to the 

CFRP-HCS specimens. While the GFRP-AFS showed around 32 % improved 

bending load at with respect to GFRP-HCS composite panel specimens, Figure 2-15 

(a).  

Average values determined using Eq.6, Eq.7 and Eq.8 for FRP-sandwich panels 

are presented in Figure 2-15 (d), (e) and (f). The CFRP-MWCNTs-AFS and CFRP-

MWCNTs-HCS composite specimens displayed around similar maximum bending 

strength values due to the higher stiffness of the skin which dominated the flexural 

behaviour in the long span bending and apparently overshadowed the effect of core 

material, Figure 2-15 (d). 

 



60 

 

Figure 2-15. Analysis of FRP sandwich panels Flexural test data (Long span 

three-point bending). 

The properties of facing skins also influenced the flexural behaviour of FRP 

sandwich panels. The sandwich panels with CFRP skins showed ~47 % higher 

bending strength compared to the specimens with GFRP facing skin. The CFRP-

MWCNTs-AFS failed at around 8% lower bending load with respect CFRP-AFS 

specimens but CFRP-MWCNTs skins having honeycomb in the core showed 

around 46 % higher bending load at failure compared to CFRP-HCS specimens.  

Unlike the short span flexural test, the load-displacement curves of the long 

span flexural test, presented in Figure 2-13, evidence that the addition of MWCNTs 

to CFRP skins are more effective when coupled with Al-honeycomb core compared 

to Al-foam core.  

Comparison of AFS-Sandwich based on variation in Span 

Length 

The results presented in Figure 2-16, evidence that the FRP sandwich panels 

subjected to a transverse load in three-point bending configuration but different 

span lengths respond with a relatively different flexural behaviour.  

It was observed that the FRP sandwich panels having Al-honeycomb responded 

with higher flexural load values when subjected to three-point bending test in long 

span configuration. CFRP-HCS, CFRP+MWCNTs-HCS and GFRP-HCS failed at 

around 55 %, 3 % and 22 % higher bending load respectively in long span 

configuration compared to short span. While the FRP sandwich panels with Al-

foam in the core displayed higher flexural properties during the short span three-

point bending test where CFRP-AFS, CFRP+MWCNTs-AFS and GFRP-AFS 

failed at around 13 %, 45 % and 50 % higher bending strength. 

Moreover, the behaviour of the FRP sandwich panels was observed dominated 

by the face skins properties when were subjected to a transverse load in long span 

configuration. Whereas, the core material properties dominated the flexural 

behaviour of the FRP sandwich panels when a short span three-point bending 

assembly was adopted.  
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Figure 2-16. Comparison of Load at failure values of FRP sandwich panels 

subjected to long and short span three-point bending test. 

The prominent plateau region observed in the load-displacement curves, 

presented in Figure 2-12, and during the shorter span length flexural tests shows the 

dominant role of core material in a sandwich structure. Such plateau regions were 

not evident when the sandwich panels were subjected to a transverse load in long 

span configuration.  

The test method and adopted parameters, specimens shape and dimensions, 

type of facing and core materials highly influence the behaviour and response of a 

sandwich composite. Therefore, a direct comparison of sandwich specimen with 

variable dimension and type of materials tested on different parameters is not 

suitable. However for an approximation the results published in the recent past 

related to Al-foam and honeycomb compression analysis [112,113], flexural 

behaviour analysis of GFRP-honeycomb sandwich composites [114], flexural 

response of adhesively bonded CFRP-Al foam sandwich panels [115], flexural 

behaviour study of natural fibre reinforced honeycomb and cork sandwich 

composites [116] the strength evaluation of CFRP sandwich composites with 

honeycomb and foam in the core [117] can be compared to the results presented in 

this study for the compression analysis of Al-foam and honeycomb core and the 

flexural response of GFRP-AFS, GFRP-HCS, CFRP-AFS and CFRP-HCS 

composites.  

2.6 Conclusion  

Using two different core materials, and three different types of facing skins, 

FRP-Sandwich panels were produced in six different configurations.  
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It was observed that the flexural behaviour and the collapse mode of the 

sandwich panels with same structural configuration are influenced by the type of 

core material, type of facing skins and the span length adopted during the flexural 

test.  

Experimental results showed that higher flexural properties can be achieved by 

replacing Al-honeycomb with Al-foam as a core material in the sandwich structures 

having similar facing skins. 

Compared to HCS sandwich panels, the AFS sandwich panels displayed ~25 

% and ~65 % higher flexural properties in a long and short span three-point bending 

test respectively.  

The flexural behaviour of the FRP-sandwich panels was observed dominated 

by the face skins properties when the specimens were subjected to a transverse load 

in long span configuration compared to the short span, where the core material 

properties were dominating the flexural behaviour of the FRP sandwich panels.  

The addition of MWCNTs to the CFRP skins improved the stiffness properties 

of the facing skins. The addition of MWCNTs to CFRP facing skins was found 

more effective when coupled with Al-Foam core compare to the Al-honeycomb 

core during the short span three-point bending tests, while during the long span 

based flexural tests, the addition of MWCNTs to CFRP skins was found effective 

when coupled with Al-honeycomb core compared to Al-foam core. 

The results obtained in this research activity will be helpful in the designing of 

an engineering sandwich composite structure for marine, automotive and 

construction applications. 
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3. Joining of Aluminium Foam to 

Aluminium Skins to obtain 

Sandwich Composites 

3.1 Abstract 

Al-Foam is a lightweight, a non-flammable porous material with improved 

energy absorption, electromagnetic pulse shielding with lower conductivities than 

bulk metal materials and excellent sound absorptivity. It is used in civil, automotive, 

aerospace applications for noise and weight reduction.  

The aim of the research activity was to develop soldering and brazing 

techniques for joining Al-metal sheets to Al-Foams to obtain Aluminium Foam 

Sandwich (AFS) composite panels for automotive and aerospace applications 

where higher thermal working conditions are requirement.  

Al-6016 and Al-7046 aluminium metal sheets were successfully 

soldered/brazed to Al-foam using Zn-based alloys and Al-based amorphous alloys 

at temperature ranging from 400 °C - 590 °C in an argon atmosphere. The Al-7046 

sheets and the sandwich panels were further subjected to a carefully designed post-

brazing solution heat treatment to recover the mechanical properties of AFS 

components lost during the brazing process. 

A three-point bending test was conducted to evaluate the flexural properties of 

the AFS composites. The effect of heat treatments on the microstructure of base 

materials and the cross-sectional morphology of the Al-Sheet/Al-Foam brazed 

joints was analysed using Scanning Electron Microscope (SEM) equipped with 

Electron Dispersion X-Ray Spectroscopy (EDS). The experimental work was 

focused on the optimization and comparison of the joining processes and joining 

materials. 

Key Words: Al-Foam Sandwich (AFS); Soldering; Brazing; Micro 

Hardness; Flexural Properties; Automotive; Aerospace. 
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3.2 Graphical Abstract 

 

3.3 Introduction 

Currently, the growing demand for higher fuel-efficient vehicles to reduce the 

energy consumptions and the CO2 emissions to overcome the air pollution is a 

challenge for the automotive and aerospace industry. The design engineers are 

responding to this challenge by introducing alternate energy sources, making more 

efficient powertrains such as hybrid systems and using lightweight body structures 

[118]. Reduction in vehicle body weight is particularly important because ~10% 

weight reduction improves around a 5.5% fuel economy [119]. 

Presently, to decrease the body-weight of an engineering structure, the design 

engineers are coming up with new types of hybrid material sandwich panels. 

Among them, Aluminium Foam Sandwich (AFS) panel is an emerging class of 

hybrid sandwich composite materials. Al-foam is a 100% recyclable, low cost and 

non-flammable, lightweight porous material. It displays high energy absorption, 

excellent sound absorptivity, electromagnetic pulse shielding and lower 

conductivity in comparison to bulk Aluminium [120].  

3.3.1 AFS Sandwich Panels 

AFS is fabricated by sandwiching a thick, but light Al-foam core between two 

thin, stiff and massive skins of Al sheets. The outer skins bear the tensile loads 

while the core material contributes to impact energies absorption and, most 

importantly, weight reduction [121]. AFS panels compared to Al bulk components 

are multifunctional, low-density and economically viable for many applications 

including automotive, marine, aerospace, construction and railway industries [51]. 

AFS panels provides good dimensional stability, high specific strength, improved 
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damping and acoustic insulation properties [122,123] and is now finding 

widespread use in automobile and aerospace industry due to their multi-

functionality and unique performances [124,125].  

To produce an AFS composite panel, the facing skins are joined with the core 

material. The facing skins bonded to Al-foam using commercial adhesives restricts 

the applications of AFS panels to the lower temperature conditions, i.e. below 

220°C [126,127]. For aerospace and high-end automotive applications, the thermal 

expansion, moisture absorption and low elastic modulus of adhesives are also a 

concern [128]. The AFS composite panels with complete metallic character can 

meet the heat resistance, stability at elevated temperatures and non-flammability 

requirements, which are not satisfied by the sandwich composite panels produced 

by gluing face sheets to the core material [129].  

3.3.2 AFS Sandwich Panels with Metallic Facing Skins Production 

The recent trend, to exploit the applications of AFS panels in high-temperature 

environments, has led to the development of various Al-foam/Al-sheet joining and 

AFS manufacturing techniques such as casting [130], brazing [131] and soldering 

[132,133] etc. Some modified joining methods are also proposed to produce AFS 

panels, such as flux-less soldering with surface abrasion [134], laser foaming to 

produce Al-foam cores inside a hollow profile [135], friction stir incremental 

forming technique to transform a surface layer into a massive skin [132], pressing-

bonding, rolling bonding, powder metallurgy foaming process and Self-propagating 

High-temperature Synthesis (SHS) [136]. The in-situ formation of Al-foam in a 

hollow Al-piece to produce AFS structures is also largely studied [51].  

Soldering/Brazing is a joining method well-known to an industry where a 

relatively low melting temperature filler material is used to bond two similar or 

dissimilar metals by heating. The success of soldering/brazing depends on careful 

optimization of fundamental parameters such as time, temperature and provided 

atmosphere (inert/vacuum). The formation of an oxide layer on Al surface is very 

swift which hinders the surface wettability by soldering/brazing alloy.  

The removal of or to avoid the Al oxide layer during brazing/soldering process 

is not easy and requires strong fluxes such as an organic amine-based flux (up to 

285°C), inorganic fluxes (chloride or fluoride up to 400°C), and complex 

fluoroaluminate salts (above 550°C). Besides fluxes, mechanical rubbing, 

ultrasonic cleaning, abrading or blasting away the Al oxide layer to allow the 

aluminium subsurface wetting is also needed. If the brittle intermetallic formation 

and low-temperature eutectics constituents are avoided during the brazing/soldering 

process, reliable joining properties can be achieved [30].  

The above mentioned, joining techniques have made AFS composites 

interesting for certain practical applications, such as the realization of low-cost 

light-weight structures with high mechanical strength and enhanced capacity of 
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energy dissipation under impacts [136,137]. However, the AFS fabrication 

techniques currently in practice are very complex, costly and mostly restricted to 

batch production where a much-needed improvement is required. 

The research work discussed in this chapter is focused on the optimization of 

joining methods for continuous production and the selection of joining materials to 

produce AFS composite panels for higher temperature applications in automotive 

and aerospace industries.  

3.3.3 Joining Materials 

3.3.3.1 Zn-Based soldering/brazing alloys 

Zinc-based solders (zinc as alloyed with Pb, Cd, Sn, Cu, and/or Al) are 

generally used in assistance with fluxes for activation and the residues of the soft 

soldering fluxes are removed after soldering of Al parts. However, the presence of 

Tin in a joining material causes an electrochemical corrosion problem because of 

its galvanic potential. The anticipated worldwide ban on lead has pushed the joining 

industry towards lead-free joining materials while the Cd-containing joining alloys 

have been recently banned due to operator’s health concerns. These restrictions 

have removed some of the most suitable and ductile and/or higher-temperature soft 

solders from the available list of joining alloys [138].  

Zn is a distinctive alloying element for Al-alloys and shows the highest 

solubility among the other most used alloying elements [139]. The eutectic point of 

Al-Zn system is at about 380°C. When the Al percentage in Al-Zn system is higher 

than 30% at eutectic temperature, the  solid solution is the stable phase. Moreover, 

Due to weak interaction between Al and Zn atoms, Al and Zn do not form 

intermetallic phases. The small difference between the electrode potential of Al and 

Zn reduces the possibility of galvanic corrosion [140,141].  

3.3.3.2 Al-Based soldering/brazing alloys 

Al-Si alloys are sometimes used as filler materials, for sandwich composites 

with Al face sheet of 6xxx series, which usually contain 7-12 wt.% silicon as a 

melting point depressant [142]. The addition of Mg, Si, and Cu to Al, if added up 

to their respective solubility limits, increases the mechanical strength of the 

aluminium alloy [143].  

In general, a configuration comprising two massive face sheets or a hollow 

metal piece with a foamable material in the core layer is adapted to produce in-situ 

bonded AFS. The central foam-able Al-based material melts at a lower temperature 

with respect to face sheets. This difference in the melting temperatures is exploited 

to produce AFS composite panel by expanding the foamable material and prevent 

the face sheets from liquefying [70]. It is suggested that an optimum foam 
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expansion can be achieved when the Si content is in the range 6-7wt.% [144], which 

results in ≈50% eutectic melt at the eutectic temperature of 577 °C.  

The in-situ production of AFS involves the melting of the central foam-able Al-

based material at a lower temperature with respect to face sheets. Al-Si alloy 

powder having Si content up to 12% was used initially as a precursor in powder 

metallurgy applications to obtain Al-foam [145]. However, a satisfactory pore 

structure was not achieved using only binary Al-Si system and the research 

progressed towards the addition of alloying elements that further lowers the melting 

point of the precursor.  

The solubility of Mg, Cu and Ti in solid Al, by weight, is 17.4 % at 460 °C, 

5.65 % at 548 °C and 1.3 % at 665 °C respectively [146] and their addition can 

suppress the melting point of Al-based alloy and/or precursor. The addition of Ti 

traces to Al-Si-Mg system is suggested to be further beneficial as the diffusion of 

Ti atoms towards Al is more pronounced than Al atoms towards Ti [147]. To exploit 

their foamable character of the precursor composition, two Al-based (Al-Cu-Mg 

and Al-Si-Mg-Ti) amorphous alloys produced by Niu et al. [148] were used as a 

joining material to braze Al-foam to Al-skin in this research activity. 

The melting temperature of the most common foam-able precursor alloy 

(AlSi6Cu4 or AlSi6Cu6) is 524 °C and it can be coupled with 1xxx, 3xxx, 5xxx and 

6xxx series Al-alloys face sheets to produce AFS composite panels in an in-situ 

bonding process [129]. Nannan et al [131] successfully experimented high-

temperature brazing of Al-foam to Al-foam in vacuum at 590 °C using Al8Si6Mg 

alloy as the brazing material.  

Soldering and brazing joining are so far found the superior solution to join AFS 

components, however, at higher joining temperatures, the microstructure of Al-

facing sheets is affected and its mechanical properties are deteriorated [49]. To the 

best of authors knowledge, rare studies [149] are reported regarding the mechanical 

strength recovery of the of AFS composite panels by age hardening. The age 

hardening of Al sheets is an almost established concept and is simpler  [150,151] if 

the facing skin is age hardenable. Age hardening of AFS is still a challenge due to 

its composite nature and complicated cooling mechanism due to low thermal 

conductive Al-foam during quenching.  

In this chapter, two Zn-based fillers and two Al-based (Al-Cu-Mg and Al-Si-

Mg-Ti), amorphous alloys are introduced to join Al-foam to Al-facing skins and to 

satisfy the requirements such as high thermal stability and corrosion resistance. The 

Al-sheets and the AFS sandwich panels were subjected to a carefully designed post-

brazing heat treatment to recover the strength properties of AFS components.  

Microstructure analysis of Al-sheet/Al-foam joints is carried out using Optical 

Microscopy (OM), Scanning Electron Microscopy (SEM) and Electron Dispersion 

Spectroscopy (EDS). Microhardness profiles of base materials after thermal 
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treatment were determined. Three-point bending test is conducted to analyses the 

flexural properties and determine the bending strength of the AFS composite 

panels. A comprehensive comparison is established among the proposed joining 

processes and joining materials and those reported in the literature.  

The effects of post-brazing thermal treatments on the microstructure, 

microhardness and flexural properties of Al-sheet, Al-foam and Al-sheet/Al-foam 

interface are analysed and the results are discussed in detail. 

The experimental activity was designed based on the detailed literature study. 

Several combinations of Al-alloys (such as 3xxx, 5xxx, 6xxx and 7xxx Al alloys), 

forms of joining materials (powders, foils and strips) and joining processes were 

shortlisted and investigated initially to limit the number of test events. Based on the 

analysis of the trial experiments, the best practices were selected, studied in detail 

and modified to experiment new joining materials, which are discussed in this 

chapter. 

3.4 Materials and Methods 

Two most common aluminium alloys used in automotive, sports and aerospace 

industries, A.A (Aluminium Alloy)-6016 and A.A-7046 were selected and used as 

a facing skin to produce Aluminium Foam Sandwich (AFS) composite panels. The 

specifications of both Al alloy sheets used in this study are reported in Table 3-1. 

Table 3-1. Properties of Al alloys selected as facing skin for AFS sandwich 

panels. 

Al-Alloy Composition 
Density, 

g/cm3 

Thickness, 

mm 

AA 6016 
Al 98.8 %+Mg 0.25%+Si 

1% 
2.7 1.2 

AA 7046 

Al 91%+Zn 6.5%+Mg 

1%+Cu 0.15+Zr 0.12+Fe 

0.2%+Si 0.13%+Mn 

0.05%+Cr 0.1%+Ti 0.05% 

2.82 1.3 

An ultralight, 100 % non-flammable, 9 mm thick Al-foam produced by 

Foamtech, Korea was supplied by Vaber, Italy. Figure 3-1 represents the porous 

surface and cross-section of Al-foam plate used in the current study. The average 

variation of cell size and its distribution was carefully evaluated using a free 

software, Image-J, discussed in Chapter 2 Section 2.4. The equivalent pore diameter 

of the Al-foam cells was found 5.2 mm ± 1.5 mm and the pores distribution of the 

Al-foam samples fit into a bell shape curve. The pore cell walls, which offers the 
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potential joining area, accounts for around 12.8 % of the total Al-foam plate surface 

area.  

Pore density and the pore size of Al-foam cells highly influence the Al-sheet to 

Al-foam joining process and the mechanical performance of AFS composite panels. 

A higher number of pores in a unit surface area of Al-foam offers a higher number 

of cell walls which altogether makes the potential surface available for joining. 

Higher pore density leads to a higher density of Al-foam and is used to produce 

AFS panels where higher mechanical strength is a priority. Bigger pore size 

corresponds to the low density of aluminium foam and results in lighter weight AFS 

components with relatively lower mechanical properties.  

 

Figure 3-1. Surface and cross section of Al-foam used as a core material in AFS 

panels production in this study. 

Four types of joining alloys were used to join Al-sheets to Al-foam core to 

produce AFS composite panels. Two Zn based joining materials, Pure-Zn foil and 

Zn-2Al strips (Supplied by Lucas Milhaupt, USA) were selected as joining 

materials due to the high solubility of Zn in Al and two Al-based amorphous brazing 

alloys, Al-4Mg-14Cu alloy and AL-7Si-.5Mg-1Ti (provided by Harbin Institute of 

Technology, China) were selected to produce AFS for higher temperature 

applications. The composition of Al-based brazing alloys was selected on the basis 

of the composition of precursor materials used to produce Al-foams [70,120,152]. 

The specifications of the selected joining alloys are reported in Table 3-2. 

Table 3-2. Specifications of Joining alloys adopted to produce AFS composite 

panels. 

Joining Material 
Thickness, 

mm 

Melting Point, 

°C 

Pure Zn Foil 0.35 420 

Zn+2Al Strips 0.25 405 

Al-4Mg-14Cu Foil 0.06 ~550 

Al-7Si-.5Mg-1Ti foil 0.08 ~550 

Al-6 flux supplied by Stella srl, Italy was used for thorough wetting of the 

joining surfaces and to prevent the entrapment of aluminium oxide inclusions in the 

joints. Nitric acid (12%) was used to remove the oxide layer from Al-foams used in 

this experimental work.  
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Aluminium skin and Al-foam substrates of required dimensions were cut from 

aluminium alloy sheets and Al-foam plates using ATM Brilliant® cutting machine 

equipped with a ceramic blade.  

3.4.1 Preparation of AFS specimens 

The joining faces of Al-sheet and Al-foam were first abraded with 120-360 grid 

SiC paper to remove the surface oxide layer. Al-foam surface was further activated 

by using 12% nitric acid solution for 30 minutes as suggested in [136]. The abraded 

surfaces were cleaned with alcohol in Sonica® ultrasonic bath at 60 oC for 10 

minutes. Al-flux was applied to the joining surfaces before stacking in a sandwich 

configuration.  Figure 3-2 represents the stacking configuration adopted for AFS 

sandwich composite in this study.  

 

Figure 3-2.(a) AFS components stacking configuration, (b) Produced AFS panel 

specimen (60mm x 60mm x11 mm). 

The initial soldering/brazing parameter adopted were decided based on relative 

phase diagrams and past studies. To optimise the joining parameters, for each 

joining alloy several sets of time/temperature conditions were experimented to 

achieve good joints in AFS composite specimens. The optimized joining parameters 

observed during joining experiments are reported in Table 3-3.  

All the soldering/brazing experiments were carried out in a ceramic tube 

Carbolite® Gero tube furnace in an argon atmosphere to avoid oxidation. The 

specimens were then slow cooled (at a cooling rate of 100 °C/h) in flowing argon 

to avoid residual stresses and achieve phases closer to the stable equilibrium state, 

as suggested in [140].  

Table 3-3. The optimised soldering/brazing parameters adopted to join Al-foam to 

Al-skins to produce AFS composite panels. 

AFS # Joint 
Temperature, 

oC 

Dwell 

Time, 

minutes 

Heating rate, 
o C/hr. 
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A 
Al6016/Pure Zn/Al-

Foam 
400 5 1000 

B 
Al6016/ 

Zn+2%Al/Al-Foam 
405 1-2 1000 

C 
Al6016/Al-4Mg-

14Cu/Al-Foam 
590 15 800 

D 

Al6016/AL-7Si-

0.5Mg-1Ti /Al-

Foam 

580 15 800 

E 
Al7046/PureZnAl-

7046 
490 5 1000 

F 
Al7046/Zn2Al/Al-

7046 
510 5 1000 

At the optimized conditions, three AFS composite specimens were produced 

(using each pair of joining substrates) for flexural properties characterization. The 

bonded AFS samples produced for a mechanical test were 60 mm long, 20 mm wide 

with a total thickness of about 11 and/or 11.6 mm. MTS®-810 testing machine 

equipped with 5kN load cell was used with a three-point bending assembly to 

evaluate the flexural behaviour of AFS specimens.  

Figure 3-3 represents the three-point bending test assembly and the parameters 

adopted during the three-point bending test. All the flexural tests were conducted at 

room temperature, 25 oC, and 65% Humidity. When 10 mm cross head 

displacement was reached, loading was stopped. The collapse behaviour of Al-foam 

and the failure modes of AFS components were analysed using still images and the 

videos recorded for each test event. 

 

Figure 3-3. (a) Three-point bending test assembly, (b) Three-point bending test 

parameter. 
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The metallographic cross-section analysis of the polished Al-sheet/Al-foam 

interface cross sections was carried out using Optical Microscope (OM), and ZEISS 

SUPRA™ 40 Field Emission Scanning Electron Microscope (FE-SEM). The 

chemical composition of the phases in the diffusion zones and the joining seams 

were analysed using Energy Dispersive X-rays detector (EDS) synced with ZEISS 

SUPRA™ 40 FESEM. The microhardness profiles were determined using Hermet 

HX-1000 microhardness testing machine using 25-gram force with 15 seconds of 

dwell. 

3.4.2 Post brazing heat treatment to recover the mechanical 

properties 

To optimize the mechanical properties of Al alloys, the understanding and 

controlling of recrystallization through careful utilization of thermomechanical 

processes is important. Three separate experiments were conducted in this study to 

recover the mechanical properties of Al-7046 alloy and subsequent AFS 

components after brazing thermal treatment.  

In experiment 1, Al-7046 alloy sheets were subjected to thermal treatment in a 

furnace to simulate the brazing conditions adopted for AFS A and B, while in 

experiment 2, Al-7046 alloy sheets were subjected to thermal treatment in a furnace 

to simulate the brazing conditions adopted for AFS E and F. 

The flow chart of the steps followed during the experiment 1 is shown in Figure 

3-4. The simulated Soldering/Brazing Heat Treatment (BHT) was then followed by 

Solution Heat Treatment (SHT) process designed to recover the mechanical 

strength of the Al-alloy by the redistribution of agglomerated alloying elements. 

Following parameters of BHT and SHT were adopted during the experiment 1 and 

experiment 2: 

• BHT-1: 10 minutes @ 450 oC followed by cooling at a rate of 10 oC/min. 

• SHT-1: BHT + 600 minutes @ 370 oC followed by water quenching. 

• BHT-2: 5 minutes @ 500 oC followed by cooling at a rate of 10 oC/min. 

• SHT-2: BHT-2 + 180 minutes @ 370 oC followed by water quenching. 
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Figure 3-4 Flow chart of the step followed by the experiment 1 and experiment 2. 

In experiment 3, the AFS-E and AFS-F composite specimens were subjected to 

SHT-2 type thermal heat treatment to recover the mechanical properties of the base 

components of the brazed AFS composite panels affected during the brazing 

(similar to BHT-2) cycle. Figure 3-5 represents the flow chart of the steps followed 

during the AFS composite panels production and the solution heat treatment 

adopted in experiment 3.  

In experiment 3, the AFS sandwich panels were not dipped directly into the 

water for quenching because of the porous Al-foam in the core. Dipping of AFS 

sandwich can produce a vapour pressure inside the pores which will exert a pressure 

on the facing skins at joining interface. Such pressure may cause the delamination 

of still hot specimens. Therefore, a shower quenching apparatus, as shown in Figure 

3-5, was developed in-house to put only the Al-7046 skins in direct contact with 

water during quenching.  



74 

 

 

Figure 3-5. Flowchart of the step followed in the development of AFS panels E 

and F followed by the experiment 3 solution heat treatment. 

The effect of thermal treatments on the microstructure of the Al-7046 alloy 

sheets and the AFS panels was investigated for microstructure and microhardness 

using SEM equipped EDS analyser and Remet HX-1000 microhardness testing 

machine. For each specimen, at least 10 micro hardness events were performed 

using 25-gram force with 15 seconds of dwell time. 

A set of three specimens of dimension, 60 mm (length) x 20 mm (width) x 1.2 

mm (thickness), of as received, post-brazing and post-brazing thermally treated 

AFS base components (Al-sheet and Al-foam) and AFS panel specimens were 

subjected to a static three-point bending flexural test, to analyses the effect of 

thermal treatments on the flexural behaviour. 

3.5 Results and Discussion 

3.5.1 Microstructural analysis 

3.5.1.1  Al-6016/Zn-based alloys/Al-foam joints 

(AFS-A and AFS-B) 

Figure 3-6 shows the sound AFS specimen obtained by soldering Al-6016 

facing skins to Al-foam using Zn-based joining alloys.  The Al-skin/Al-foam 

joining interface in AFS-A and AFS-B, Figure 3-6, was not continuous and the 

connecting points were developed during soldering process where the Al-foam cell 
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walls were touching the Al-skin. The amount of such connecting points at Al 

foam/Al Skin interface is directly related to the pore size of Al-foam [49]. 

According to Al-Zn binary phase diagram [139], at the soldering temperature, 

reported in Table 3-3, Zn melts first due to lower melting point and reacts with Al 

producing a liquid solution (joining melt) at the Al-foam/Al-skin interface. The 

melting temperature of the joining melt increases as it enriches in aluminium until 

β’ solid solution. 

 

Figure 3-6. Facing and cross-sectional view of (a) AFS-A produced using pure Zn 

as a joining alloy, and (b) AFS-B produced using Zn2Al as a joining alloy. 

Figure 3-7 represents the SEM images of the Al-6016/Al-foam interface of the 

AFS-A and AFS-B specimens. The diffusion effect starts when the foils start 

melting producing a joining melt at the Al-foam/Al-sheet interface. During cooling, 

the joining melt left a porous construction like Al-foam in the melted zones due to 

contraction upon solidification. Typically, the porosity in the joining seams is not 

desired as it affects the mechanical strength of the joint itself. However, in this case, 

it is acceptable, because one of joining substrate (Al-foam) itself is a porous 

material.  

The solidified melted zones along the joining seams showed a dendritic and 

eutectic morphology, Figure 3-7 (a) and (d) with precipitated particles in the melted 

zone. The reaction of the liquid (Zn+Al) with α Al phase produces a certain amount 

of Zn-rich β (fcc) phase. This last one during solidification becomes unstable 

supersaturated Zn-rich β’s (fcc) and decomposes into Al-rich α phase (fcc) and Zn-

rich η phases (hcp). 

The amount and type of soldering material affect the volume quantity of liquid 

phase, and therefore, the joining seam thickness. In fact, the diffusion effect was 

more evident when soldering was carried out using Zn2Al joining alloy than with 

pure Zn, at same soldering temperature. This is due to lower the melting point of 

Zn2Al alloy than pure Zn. 



76 

 

 

Figure 3-7 SEM micro-images (a), (b) and (c) AFS-A, Al-6016/Pure Zn/Al-foam 

interface, (d), (e) and (f) AFS-B, Al-6016/Zn2Al/Al-foam interface. 

The localized melted pool observed in Figure 3-7 (a) and (d) along the Al sheet 

and Al foam interface sometimes melt the Al-skin through thickness. The soldering 

parameters were carefully optimized to avoid the localized melting of Al sheet and 

to allow uniform distribution of joining melt at the Al-foam/Al-skin interface.  

At higher magnification, a dendritic segregation is evident in the diffusion zone, 

Figure 3-7 (b) and (e), sometimes with a primary arm columnar growth starting 

from the wall pool and a reduced amount of interdendritic morphologies together 

with shrinkage porosities. Moreover, some polygonal or rounded Si particles, 

always bigger than those observed in sheet and foam, are evident in the joint 

interface, Figure 3-7 (c). At the soldering temperature, the silicon solves in liquids, 

but it's very low solubility in Al-rich and Zn rich phases respectively, induces a 

sudden crystalline Si nucleation and growth.  

The interdendritic microstructure evidences a physical mixture of two phases 

(α and η) with a relative distribution sometime lamellar, Figure 3-7 (c) and (f). The 

EDS analysis, reported in Table 3-4, effected on dendrite and interdendritic areas 

respectively, evidence higher amount of Zn in the interdendritic zone, also 

confirmed by the η phase precipitation observed in the metallographic 

microstructure. 

Table 3-4. Electron Dispersion X-Ray (EDS) spectroscopy analysis of the phases 

formed at the joining interfaces of the AFS-A and AFS-B composite panels during 

the soldering process. 

EDS point 

Composition (wt.%) 

Al Zn 

1 23 77 
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2 60 40 

3 22 78 

4 62 38 

The depth of diffusion along of the aluminium sheets was non-homogeneous in 

the entire surface and is thicker at the areas where the foam cell walls touch the Al 

sheets. In these zones, the joining depth ranges from around 200 µm, in case of pure 

Zn soldering alloy and 800 µm in case of Zn2Alsoldering alloy. 

3.5.1.2  Al-6016/Al-based alloys/Al-foam joints 

(AFS-C and AFS-D) 

In another attempt, brazing technique was adopted to join Al-6016 to Al-foam 

to produce AFS composite panel using two Al-based amorphous brazing alloys 

(provided by Harbin Institute of Technology, China) as joining material for the 

applications where even higher service temperature tolerance is a requirement. 

Figure 3-8 shows the macrographs of AFS-C and AFS-D cross section after the 

brazing cycle. The optimized brazing parameters at which the AFS-C and AFS-D 

composites were produced are reported in Table 3-3. 

 

Figure 3-8  Macrograph of a polished cross-section of (a) AFS-C produced using 

AL-Cu-Mg amorphous alloy, and (b) AFS-D produced using AL-Si-Mg-Ti 

amorphous alloy. 

SEM analysis of AFS-C and AFS-D joining seams, shown in Figure 3-9, 

display sound connections achieved between the Al-sheet and Al-foam by a brazing 

process. To analyse the chemical composition of the phases appeared in the 

diffusion zones, point EDS examination was performed at the points indicated in  

Figure 3-9 (b) and (d). 
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The effect of diffusion of joining alloy at the brazing temperature melted almost 

the through the thickness of Al-skin and the porous cross-sectional morphology, as 

can be seen in Figure 3-9 (b) and (d) is due to the contraction of joining melt during 

the cooling process. In the diffusion zones towards the Al-sheet along the joining 

seam, the precipitation of Si alloying element is evident.  

Since the aluminium foam was produced from liquid aluminium at T >700 oC, 

the dendritic microstructure in the cross-section of Al-foam was present even before 

the brazing. However, localized small pores appeared in the aluminium foam cell 

walls during the solidification of joining melt in the diffusion zone near the joining 

seam. 

 

Figure 3-9 SEM micro-images (a) and (b) Al-6016/Al-Cu-Mg/Al-foam interface, 

(d), (e) and (f) Al-6016/Al-Si-Mg-Ti/Al-foam interface 

The EDS examination results are reported in Table 3-5. The maximum 

solubility of Cu in Al is 5.65% at a eutectic temperature (548 oC) which decreases 

with the decrease in temperature (Figure 3-9 (b), EDS 1 and 2). At brazing 

temperature (580 oC), alloy with 14% Cu exists in L+ α (liquid + alpha) phase. α-

phase rejects excess Cu as a relatively coarse in size precipitate particles of θ. At 

room temperature, α contains less than 0.5% Cu while an inter-metallic compound, 

CuAl2 (θ) contains 52% Cu. The θ particles have a moderate strengthening effect 

on alloy properties [153].  

A noticeable amount of oxides was observed in the results reported in Table 

3-5 which shows the brittle character to the joints. The possible reasons for the 

oxidation are the entrapped air inside the foam cells or a possible imperfect argon 

environment inside the tube furnace.  

In the case of brazing processes, especially when Al-alloy is supposed to be 

brazed to another Al-alloy, the role of the surface oxides is very important 

particularly when Mg containing joining alloys are involved. It is an accepted fact 
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that Mg favours the formations of oxides and a reliable joint with low oxides in it 

can be achieved only if the Mg content is restricted to or below 0.3% along with the 

use of standard brazing flux [154].  

Higher levels of Mg content lead to brazing failure due to the formation of 

higher melting point compounds, which reduce the fluidity of molten cladding 

alloy. At the temperature above 570°C, Mg vaporizes and produces a “mag burst” 

which works as an oxygen getter. The loss of filler metal to vaporization reduces 

the quantity of joining material and compromised the joint strength and sealing 

ability [155]. It is evident from the EDS results, reported in Table 3-5, that MgO 

has formed. Similar observations are reported in the previous studies [156]. 

Table 3-5. EDS Analysis of AFS-C and AFS-D joining interfaces.  

EDS 

Composition (wt.%) 

Al Cu Mg Ti O Si 

1 90.51 0.65 2.84 - 6 - 

2 67.81 1.24 5.95 - 25 - 

3 96.24 - 3.76 - - - 

4 86.5 - 4.57 8.28 - 0.65 

5 87.2 - - - - 12.8 

6 72.66 - 7.28 14.93 5.13 - 

Besides oxidation, Mg also reacts with Al (Figure 3-9 (b), EDS-3 and Figure 

3-9 (d), EDS 1, 4 and 5). At equilibrium, Al-Mg forms stable intermetallic 

compounds, β-Al3Mg2, with a large unit cell containing 1168 atoms [157] and the 

ɤ-Al12Mg17 phase, which has a cubic structure but with a much smaller unit cell 

containing 58 atoms [158]. Both of these intermetallic compounds are brittle in 

nature and affect the mechanical properties of resultant alloy [159,160]. The overall 

effect of Cu content in joining alloy is assumed as positive on the properties of the 

brazed joint. 

At the eutectic temperature (577 oC), the solubility of Si in Al reaches around 

1.6% giving α+Si eutectic. When the system is slowly cooled to a room 

temperature, Si precipitates and the undesired coarse and brittle flakes of Si appears 

(Figure 3-9 b, EDS 2 and 3) [161].  
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Aluminium is referred as an alpha stabilizer for Al-Ti alloys which stabilizes 

alpha to higher temperatures. In Al-Ti system, at higher temperatures, apart from α 

and β phases, develop α2 (Ti3Al phase) and ɤ (TiAl) intermetallic phases. Both of 

these phases have higher melting temperature [162] (Figure 3-9 (b), EDS 1 and 4) 

which are not desired for brazing processes.  

3.5.1.3 Al-7046/Zn-based alloys/Al-foam joints (AFS-E and 

AFS-F) 

AFS panels (E and F) with Al-7046 facing skins and Al-foam as a core material 

were produced using Zn based joining alloys. Al-alloys of 7000 series contains Zn, 

Mg and Cu alloying elements. Al-alloys of 7000 series shows high strength, good 

machinability and corrosion resistant. However, these alloys display poor 

weldability due to poor solidification microstructure, porosity infusion zone and 

they lose their mechanical strength when are welded by fusion welding techniques 

[163]. Figure 3-10 shows the macro images of AFS-E and AFS-F panels produced 

using Zn based joining alloys.  

 

Figure 3-10. Facing and cross-sectional view of (a) AFS-E produced using pure 

Zn as a joining alloy, and (b) AFS-F produced using Zn2Al as a joining alloy. 

Figure 3-11 represents the SEM images of the Al-7046/Al-foam joints 

produced with Zn based joining materials. Figure 3-11 (a), (b), (d) and (e) shows 

the diffusion affected zones of the joining substrates along the Al-7046 sheet/Al-

foam interface. The dendritic microstructure visible in the diffusion zone was 

similar to that observed when Al-6016 were soldered to Al-foam using the same 

joining alloy.  

The phenomenon of Zn diffusion into the aluminium substrates is discussed in 

detail in Section 3.5.1.1. As observed and discussed in section 3.5.1.1 and Section 

3.5.1.2, the porous morphology appeared due to the fact that during brazing Al-Zn 

joining melt is produced at the Al-7046/Al-foam interface. During cooling the 

joining melt contracts leaving porous morphology in the diffusion zone, as can be 

seen in Figure 3-11.  
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Tomoshi et al. [164], experimented quaternary and ternary inter-diffusions to 

investigate the concentration profiles in 7000 series aluminium alloys and reported 

that at T > 481 oC the diffusion distance of Zn is higher with respect to other 

elements such as Mg and Cu, due to its higher inter-diffusion coefficient. This 

reasoning also supports the diffusion of Zn through Al-7046 facing thickness at 

some points. However, a careful optimization of brazing conditions can control the 

extent of diffusion into the joining substrates (Al-foam and Al-Skin).  

At the optimized brazing conditions, the diffusion of Zn into AFS (E and F) 

joining substrates (Al-7046 sheet and Al-foam) was observed to the distance in the 

range of 200 µm – 600 µm from the Al-7046/Al-foam interface. Bigger diffusion 

zones were observed in the areas where the Al-foam cell walls were touching the 

Al-sheet and are representing the connecting points at the Al-sheet/Al-foam 

interface.  

The chemical composition of the phases in dendritic segregation, identified in 

Figure 3-11 (c) and (f) analysed by EDS, are reported in Table 3-6.  

 

Figure 3-11 SEM micro-images (a) and (b) Al-7046/Pure Zn/Al-foam interface, 

(d), (e) and (f) Al-7046/Zn2Al/Al-foam interface. 

The EDS analysis of the interdendritic segregations in the diffusion zones 

mainly exhibits Al and Zn rich phases.  The major part of the dendritic segregation 

was observed as Al-rich phase (Al-Zn system) which is darker in colour and almost 

rounded in shape. The Zn rich phase is lighter in colour, surrounds the darker Al-

rich zones and looks like grain boundary in the diffusion zone. A third phase in the 

lighter zone of the dendritic region was observed; mainly composed of Zn and Mg.  

The dendritic segregation in Al-foam at the diffusion zone was found almost 

similar to that of Al-sheet. However, a certain amount of oxides was observed and 

the possible reason for that is the presence of Mg in the facing skins which has 

possibly reacted with oxygen from air trapped within the foam cells.  

Table 3-6. EDS Analysis of AFS-E and AFS-F joining interfaces. 

EDS point Composition (wt.%) 
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Al Zn Mg Ti O Zr 

1 53.13 46.4 - 0.48 - - 

2 1.22 92.74 6.04 - - - 

3 43.98 55.84 - - - 0.18 

4 67.49 32.51 - - - - 

5 24.34 75.66 - - - - 

6 1.22 80.72 14.52 - 3.2 - 

The traces of Ti in Al-7000 series activates grain refining. The Al3Ti particles act 

as nucleation sites and moreover lead to smaller Precipitate Free Zones (PFZ) and 

finer grain boundary precipitation [165]. The Zr content in Al-7000 series (Al-

7046) reacts with Al3Ti compounds to make it a less effective nucleation site [44]. 

During the SEM and EDS analysis, hard insoluble brittle particles of the 

FeAl3/FeAl6 type were observed along grain boundaries together with MgZn2 or 

Mg3Zn3Al3 along and grain boundaries and inside the grains. 

3.5.1.4  Effect of Post Brazing Thermal Heat 

Treatment on the microstructure  

3.5.1.4.1 Al-7046 Alloy sheet 

Figure 3-12 represents the SEM images of the as received and thermally treated 

Al-7046 alloys. The alloying element in as received Al-7046 alloy were found well-

dispersed Figure 3-12 (a) and (b), and a small number of isolated regions, were 

observed at a higher magnification, with a high percentage of Ti and Fe, almost 

round in shape and of average dimension around 1 µm in diameter. These areas are 

spread all over the microstructure with continuity. 

A.A 7046 contains Mg, Cu, Zn with additives such as Cr, Mn, Zr and the ever-

present Fe and Si traces. In the cast form, it forms one or more types of (Fe, 

Cr)3SiAI12, Mg2Si, and a pseudo-binary eutectic phase of Al and MgZn2, EDS 1 

and 2 (Figure 3-12 (c)). During the heat treatments (BHT-1/BHT-2), the iron-rich 

phases transform into AI7Cu2Fe [166]. The grain boundaries, hexagonal and 

octagonal in shape, were observed in specimens after subjecting to simulated BHT-

1 thermal treatment. The grain boundaries were composed of 1-2 µm thick and 5-

10 µm long crystal compounds in BHT-1 specimen and around 1 µm thick and 3-4 

µm long precipitate crystals in BHT-2 specimens. The higher amount of such 

precipitates was observed along the grain boundaries in BHT-2 specimen 

morphology, Figure 3-12 (d), (e), compared to BHT-1 specimens Figure 3-12 (j), 

(k). The EDS analysis of the points indicated in Figure 3-12 are reported in Table 

3-7.  
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Figure 3-12. SEM (a), (b) and (c) As received Al-7046 surface, (d), (e) and (f) 

BHT-1 Al-7046 surface, (g), (h) and (i) SHT-1 Al-7046 surface, (j), (k) and (l) 

BHT-2 Al-7046 surface, (m), (n) and (o) SHT-2 Al-7046 surface. 

The SHT specimens, which were solutionised after the brazing heat treatment, 

displayed a redistribution of precipitates along the grain boundaries into the Al 

matrix. The SHT process decreased the number of precipitates by dissolving them 

back into Al matrix but not to the level of the as-received specimen. The crystal-

shaped precipitates in the grain boundaries of BHT specimens now became almost 

rounded in shape with 1-2 µm diameter in SHT-2 specimens which is close to the 

precipitate size observed in as received specimens. Unlike BHT-2 specimens, the 

apparent grain boundary did not disappear completely in SHT-2 specimens, but less 

number of the precipitated crystals were observed.  

During the artificial ageing of the A.A 7xxx-series, the α solid solution 

transforms into GP zones which is followed by metastable phase, η’[167]. The 

hardened state of A.A 7xxx-series is due to the fine distribution of metastable 

hexagonal or pseudo-hexagonal phase η’ precipitates into the Al matrix [168]. 

During the brazing/soldering process, these precipitates agglomerate along the 

grain boundaries while the solution heat treatment adopted in this activity helped 

the redistribution of precipitates.  
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Table 3-7 Electron Dispersion X-Ray (EDX) spectroscopy analysis of Al-7046 

alloy sheet microstructure before and after the thermal treatments. 

EDS 
Composition, wt. % 

Al Zn Mg Fe Ti Mn 

1 90.16 7.07 1.53 0.44 - 0.8 

2 66.43 6.33 1.1 4.86 21.27 - 

3 91.54 6.75 1.72 - - - 

4 39.94 45.77 14.29 - - - 

5 91.54 6.75 1.72 - - - 

6 65.31 - - 34.69     

7 87.88 10.18 1.94 - - - 

8 89.63 8.57 1.8 - - - 

9 91.74 6.75 1.51 - - - 

10 86.31 11.64 2.05 - - - 

11 80.05 16.51 3.44 - - - 

12 80.05 16.51 3.44 - - - 

During the solution heat treatment, Mg (Zn, Cu, AI)2 rapidly begins to dissolve 

while Al2CuMg precipitates at the same time. These precipitates need high 

temperatures with lengthy dwells to become completely dissolved. In a well-

solutionised wrought alloy contains AI7Cu2Fe, (Fe, Cr)3 SiAI12, and Mg2Si phases 

along with the dispersoid. Recrystallized grains are extremely elongated but 

sometimes appear flattened due to the dispersoid banding. The un-recrystallized 

regions hold very fine sub-grains in which the boundaries are ornamented by 

hardening precipitate. It is the dispersoids that inhibit recrystallization and the 

formation of the fine sub-grain structures [166].  

3.5.1.4.2 Effect of Post brazing heat treatment on AFS-E and 

AFS-F joining seam 

Figure 3-13 and Figure 3-14 represents the SEM images of the AFS-E and AFS-

F cross section after the solution heat treatment.  

It was observed that during the solution heat treatment, most probably during 

the quenching step, the joining seam was affected. As the thermal conductivity of 

the Al-foam is very low with respect to massive Al-skin, this difference can create 

several defects mostly at the joining seam. The water entering the Al-foam cells 

during quenching of AFS specimens produce water vapours and the consequent 

pressure exerting on the facing skin. This pressure can even delaminate the facing 

skins if too much water enters the foam cells at once. However, the shower 

quenching adopted in this experiment reduced this effect by allowing only a few 

drops to enter hot Al-foam cells compared water tub quenching (by dipping).  
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Figure 3-13. SEM micro images SHT-2 Al-7046/Al-foam joint interface using 

Pure Zn as joining material. 

After the solution heat treatment, along with dendritic segregation in the 

diffusion zone, large precipitates of alloying elements were observed agglomerated 

in the Al-foam, Figure 3-14 (d). In the past studies, Al-foam was observed 

unaffected when the joining processes were below < 450 oC [49,133,169]. The 

micro-structure of Al-foam, however, was observed affected when subjected to 

prolonged thermal treatment (experiment 3) after brazing process in the range 490-

510 oC. Although the quenching step for AFS was optimised, the Al-7046/Al-foam 

interface was observed affected when the facing skins were rapidly cooled 

compared to the Al-foam. 

 

Figure 3-14. SEM micro images SHT-2 Al-7046/Al-foam joint interface using 

Zn2Al alloy as joining material. 

It can be assumed that the solution heat treatment of AFS specimens have both 

positive and negative effect on the mechanical properties of the AFS sandwich 

panel. The Al-facing skins properties are recovered to a certain extent but the 
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agglomeration of secondary phase particles in the Al-foam most probably affect the 

mechanical properties of the AFS specimen. The chemical composition of the 

regions identified in Figure 3-14 are reported in Table 3-8.  

Table 3-8 Electron Dispersion X-Ray (EDX) spectroscopy analysis of BHT-2 

AFS-E interface and SHT-2 AFS F interface. 

b 
Composition 

(wt.%) 
c 

Composition 

(wt.%) 
d 

Composition 

(wt.%) 

1 
69.26 % Al - 

30.74 % Zn 
3 

2.90 % Al – 

97.10 % Zn 
6 

48.20 % Al – 

51.80 % Zn 

2 

0.59 % Mg - 

32.82% Al - 

66.59% Zn 

4 

10.28 % Mg - 

21.52 % Al – 

0.62 % Fe -67.58 

% Zn 

7 
53.25 % Al – 

46.75 % Zn 

  

  5 

12.72 % O – 9.31 

% Mg - 10.68 % 

Al - 67.29 % Zn 

8 

3.31 % Mg – 

67.98 % Al – 

0.83 % Si – 

27.88 Zn 

  
  

  
  9 

35.06 % Al – 

64.94 % Zn 

The slow cooling after the brazing/soldering thermal treatment led to a random 

distribution of precipitates. A.A 7046 with higher Mg, Cu and zinc content, has 

more Al2CuMg to be dissolved at the solutionizing temperature compared to other 

dilute Al-alloys which can rapidly dissolve all of the zinc-rich phases. The 

overheating of 7xxx Al-alloys results in the segregated regions with unusual 

concentrations of AI2CuMg. Rosettes may appear if alloys contain Al2CuMg phase 

are subjected to very high heating rates due to inadequate time for diffusion and 

particle dissolution before exceeding the nonequilibrium eutectic temperature 

[166]. 

3.5.2 Micro Hardness Analysis 

3.5.2.1  AFS Specimens 

Polished cross-sections of the AFS specimens were subjected to microhardness 

test to analyse the effect of soldering/brazing process on the hardness of the base 

components. Vickers hardness values were obtained in the Al-sheet, joint seam 

(diffusion zone) and Al-foam area. The average Vickers hardness values of the base 

components before and after the joining thermal treatment are plotted, Figure 3-15. 

The average microhardness of the Al-alloys, Al-6016 and Al-7046 was found 

almost similar. The as-received Al-foam displayed around 48 % lower 

microhardness with respect to the as-received massive Al-sheets. It was observed 

that brazing in the range of 580 oC – 610 oC, adopted for AFS-C and AFS-D, 

affected the microhardness of Al-6016 plates by around 37 %, while the Al-foam 
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somehow showed a little improvement in the microhardness after brazing treatment. 

The microhardness observed near the joining seam in AFS-C and AFS-D was 

around 23% higher with respect to Al-6016 after the brazing process.  

After brazing, the Al-7046 sheets in AFS-E and AFS-F displayed around 27 % 

lower hardness compared to the as received while the micro-hardness of Al-foam 

showed improvement by 23 %. The microhardness observed in the diffusion zone 

of AFS-E and AFS-F specimens at the interface were around 32 % higher with 

respect to Al-7046 after brazing. 

 

Figure 3-15 Microhardness test average results for base materials before and after 

soldering/brazing. 

As a whole, a decrease in the microhardness of Al-sheets was observed after 

the brazing process due to the precipitation of strengthening elements. Higher 

microhardness values observed in the diffusion zones are due to the formation of 

secondary hard phases. The brazing process apparently did not affect the hardness 

properties of Al-foam and a slight improvement in hardness was observed. As 

discussed in earlier sections, it is because the Al-foam was produced by 

solidification from a liquid state (> 700 oC) and will require higher temperature or 

prolonged thermal exposure to affect the micro-structure. Relatively noticeable 

diffusion of agglomerated precipitates occurred during the high-temperature 

brazing process (AFS-E and AFS-F) resulted in the increase of microhardness 

values of the Al-foam, most probably due to the redistribution of agglomerated 

secondary phases. 

3.5.2.2  Effect on Micro Hardness by Post Brazing 

Heat Treatment 

Figure 3-16 represents the average microhardness values recorded for as the 

received and the heat-treated Al-7046 specimens. Around 27 % decrease in the 

hardness of Al-7046 alloy was observed after the BHT-1 heat treatment. The SHT-
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1 heat treatment leads to the recovery of around 21 % hardness of the Al-7046 alloy 

sheet.  

The BHT-2 heat treatment caused around 34 % decrease in the hardness of Al-

7046 alloy sheet. But when the BHT-2 heat treated Al-7046 sheet was further 

subjected to the SHT-2 heat treatment around 17 % hardness of the Al-7046 alloy 

sheet was recovered. At higher temperatures, the precipitation kinetics are faster, 

but the hardening is less effective because of non-homogenous nucleation and the 

over ageing starts before the peak is reached. Moreover, the Vacancy Rich Clusters 

(VRC) are not retained at higher temperatures, therefore, the density of hardening 

precipitates will be low. This behaviour could be due to Al3Zr compounds that don’t 

dissolve at a high-temperature treatment and act as nucleation sites for hardening 

precipitate η’ phase [45-49]. 

 

Figure 3-16 Micro hardness analysis of as received and thermally treated Al-7046 

alloy. 

When the Al-7046 alloy was subjected to BHT heat treatment, in both the 

experiments (1 and 2), a clear grain boundary appeared, and the precipitates of the 

alloying element were observed agglomerated. The agglomeration of alloying 

elements decreases the mechanical properties of the Al matrix and hence affects its 

hardness and overall performance. However, during brazing, it is difficult to avoid 

such occurrences, therefore a solution heat treatment was proposed which showed 

a successful redistribution of the agglomerated precipitates into the matrix and 
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recovered the microstructure of the BHT heat treated Al-7046 alloys to a certain 

extent. 

The microhardness of the Al-7046 skin/Al-foam interface was determined in 

three distinct sections as identified in Figure 3-17.  

The microhardness of the Al-skin, where there was no diffusion, increased by 

around 12 % for AFS-E and around 15 % for AFS-F after the solution heat treatment 

(SHT-2). The SHT-2 showed a pronounced effect on the microhardness of the 

diffusion zone. Around 30 % and 32 % improved in the microhardness of the 

diffusion zone at the joining interface of AFS-E and AFS-F was observed 

respectively. However, the micro-hardness of the Al-foam was not observed 

affected after the SHT-2 compared to the brazed specimens.  

 

Figure 3-17. Microhardness analysis of the Al-skin/Al-foam interface in AFS-E 

and AFS-F specimens before and after the solution heat treatment (SHT-2). 

The phenomenon behind the recovery of mechanical strength and the hardness 

of Al alloy of 7000 series lies in the redistribution of the precipitates in its 

microstructure. The alloying elements are basically added to the Al matrix to 

enhance its mechanical properties and hardness. These elements make different 

phases distributed throughout the matrix of the parent material. The increase in the 

microhardness values is attributed to the formation of GP-zones during ageing 

[166].  

3.5.3 Flexural Properties 

3.5.3.1  Flexural Behaviour of AFS Base 

components (Al-Sheets and Al-foam) 

The results reported in Figure 3-18 (a) and (b) shows the behaviour of the Al-

6016, Al-7046 sheets and Al-foam plate subjected to three-point bending test. The 

curves of load-cross head displacement for Al-sheets almost overlap while those 
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for Al-foam display a scattered behaviour due to the non-homogeneity of the pore 

size and distribution. The curve for Al-sheets, evidence improvement in ductility 

and decrease in stiffness after the heat treatment (simulated brazing conditions).  

In the initial part of the bending curve, the AFS base materials display elastic 

behaviour until the maximum bending strength. Beyond the maximum bending load 

value, the specimens started to deform plastically but with a different behaviour. 

The Al-sheets display strain hardening behaviour at increased deformation until the 

loading was stopped. The Al-foam showed strain hardening behaviour until 50 N 

and 1.5 mm of displacement, when it needed the maximum load required for 

deformation followed by local plastic deformation in the foam cell walls at the load 

contact point, which resulted in the reduction of bending strength to around 30 N. 

After the displacement of 7 mm, bulking effect was observed where the porous 

material starts behaving like a massive material.  

A decrease of ~60% in bending load was observed for the Al-6016 sheets after 

the thermal treatment similar to the soldering conditions adopted for AFS-A and B 

joining and around 70 % decrease in the bending strength was observed for Al-7046 

sheets after subjecting to the brazing thermal treatment adopted to braze the AFS-

E and D. 

 

Figure 3-18 Behaviour of AFS base components before and after the 

soldering/brazing treatment subjected to the static three-point bending test. 

The Al-foam, which is basically obtained by the solidification of liquid Al-melt 

having air/gas bubbles was observed unaffected and showed no prominent effect 

on mechanical properties in post heat treatment samples when subjected to the 

three-point bending test. The bending stiffness of Al-foam cannot be compared to 

Al-sheets due to the difference in the thickness of corresponding test specimens. 

The decrease in bending strength of Al-sheets is related to over ageing 

phenomenon. Average three-point bending results of AFS base components are 

reported in Table 3-9.  
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The deformation response of the only Al-foam can be divided mainly into three 

progressive stages. The first stage involves the localized plastic straining at cell 

nodes; the second stage involves plastic buckling, elastically constrained by 

surrounding cells [170] and the third one involves the consequent plastic collapse 

of cells with the increase of strain. 

3.5.3.2  Flexural behaviour of AFS specimens  

Figure 3-19 represents the behaviour of the AFS-A, AFS-B, AFS-C, AFS-D 

and AFS-F composite specimens subjected to a flexural load. Average three-point 

bending results are reported in Table 3-9. 

The scattering observed in the load curves, presented in Figure 3-19, was 

mainly due to the non-homogenous distribution of pores in the Al-foam core. The 

AFS specimens showed an initial elastic behaviour which reaches the maximum 

bending strength value. After the maximum bending strength, the elastic behaviour 

was followed by a plateau region representing the energy absorbing behaviour of 

AFS mainly due to the porous core material. Longer plateau region with constant 

or slightly increasing/decreasing trend for an extended crosshead displacement was 

corresponing to the energy absorbing capacity of each AFS specimen.  

The AFS components produced using Zn2Al as a joining material showed 

slightly higher bending strength compared to AFS components produced using pure 

Zn foil. The AFS specimens produced at a lower temperature using Zn based 

joining alloy showed improved joining properties, responded with higher bending 

strength values and displayed improved energy absorbance capacity for extended 

displacement before failure compared to AFS specimens produced at a higher 

temperature with the Al-based amorphous joining alloys.  

The lower mechanical properties of AFS-C and AFS-D are due to the 

development of brittle intermetallic compounds [159], observed in the brazed 

joining microstructure, which can be, however, avoided by controlling the extent of 

oxidation by further optimization of the brazing process and the joining materials.  
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Figure 3-19 Comparison of the flexural response of the AFS composite panels 

Figure 3-20  represents the post flexural test images of the AFS specimens. The 

failure modes of the AFS specimens were investigated during the three-point 

bending tests with the help of a digital camera to record the step-by-step 

deformation. 

The AFS specimens displayed a multi-stage collapse behaviour during the 

flexural test. After the maximum bending strength, the deformation in the sandwich 

specimens with a localized deformation of the skin initially at a load contact point. 

During the plateau regime, Al-foam compression right beneath the central head 

cylinder was observed, which was followed by shear displacement until the cracks 

appeared, mainly in the core along an approximate centre line of the core material.  

A sharp drop in the load curve corresponds to the failure of a joining point at 

the Al-foam/Al-skin interface, partial or complete delamination.  It was observed 

that AFS-A and AFS B did not show delamination and the failure was mainly due 

to the collapse of core material due to excessive after the extended plateau region 

as the progressive collapse of the foam cells was followed shear stress along the Al-

sheet/Al-foam interfaces.  
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Figure 3-20 Post three-point bending test - representative AFS specimens: a) 

AFS-A, b) AFS-B, c) AFS-C, d) AFS-D, e) AFS-E, f) AFS-F 

If the induced shear stresses along the joining interfaces are higher than the Al-

sheet/Al-foam joint strength face skin, the delamination occurs otherwise failure 

occurs due cracks produced by shear stresses in the core, along with the midline of 

Al-foam [169,171]. AFS-C and AFS-D specimens were observed completely 

delaminated due to lower Al-Skin/Al/Foam joint strength. The AFS-E the AFS-F 

specimens did not display a complete delamination even when the cross-head 

displacement reached 10 mm, where all the three-point bending test events were 

put to stop.  

The decreasing trend in flexural load after each big sharp drop shows a potential 

loss in flexural strength of the AFS composite panels. The collapse behaviour of 

AFS components involves localized indentation at the loading point, core 

compression, core shear and sometimes cracks in the Al-foam, along with face skin 

buckling (top skin) or face skin delamination (top or bottom skin) after a certain 

amount of deflection, as also reported in [126,172].  

Table 3-9. Average results of three-point bending test.  

Base 

Material 

Joining 

Paramete

rs 

Joining Material 

Specimen 

Dimensio

ns, [mm3] 

* 

Approx. 

Service 

Temperat

ure 

Bendin

g 

Strengt

h, [N] 

AL-

Foam 

(Post 

heat 

treatme

nt) 

- - 60x20x9   40±10 

Al-6016 

(As 

received

) 

- - 
60x20x1.

2 
  80±3 
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Al-6016 

(Post 

heat 

treatme

nt) 

- - 
60x 

20x1.2 
  35±3 

Al-7046 

(As 

received

) 

- - 
60x 

20x1.3 
  251±10 

Al-6016 

(Post 

heat 

treatme

nt) 

- - 
60x 

20x1.3 
  75±3 

AFS-A: 

Al-

6016/Al

-foam 

1 min @ 

420 oC 
Pure Zn foils 

60x20x11

.4 
380 oC 711±50 

AFS-B: 

Al-

6016/Al

-foam 

5 min @ 

430 oC 
Zn2Al alloy strips 

60x20x11

.4 
380 oC 751±60 

AFS-C: 

Al-

6016/Al

-foam 

10 min 

@ 580 
oC 

Al-Cu-Mg amorphous alloy 
60x20x11

.4 
520 oC 126±20 

AFS-D: 

Al-

6016/Al

-foam 

10 min 

@ 590 
oC 

Al-Si-Mg-Ti amorphous 

alloy 

60x20x11

.4 
520 oC 155±20 

AFS-E: 

Al-

7046/Al

-foam 

5 min @ 

490 oC 
Pure Zn foils 

60x20x11

.6 
450 oC 566±20 

AFS-F: 

Al-

7046/Al

-foam 

5 min @ 

510 oC 
Zn2Al alloy strips 

60x20x11

.6 
470 oC 854±20 

Al-

1100/Al

-Foam 

[173] 

60 min 

@ 180 
oC, 100 

kPa 

Epoxy 
150x35x1

2 
~100 oC 450 

Al 

3104-

H19/Al-

foam 

[173] 

Adhesiv

e 
Epoxy 

150x35x1

2 
~100 oC 650 

Al-

5056/Al

-foam 

[133] 

2 min @ 

450 oC, 

2-3 kPa 

Zn6.2Al4.3Cu1.2Mg0.8Mn

0.5Ag alloy 

60x15x17

.4 
350 oC 930 

 *Specimen Dimension: Length(l) x Width(b) x Thickness (t). 
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The results of current work are compared to the results reported by other 

researchers in the recent past in Table 3-9. Since the adoption of different test 

parameters such as span length [102,104], cross-head velocity [103,174], core and 

skin thickness [173], during the analysis of flexural properties of AFS components 

results in dissimilar values, the comparison of results may be inappropriate and 

difficult [126].  

The AFS composites panels produced by soldering or brazing (in this research 

work) and by other researchers in the recent past [49,133,173] showed higher 

mechanical properties, Table 3-9, compared to AFS-C and AFS-D. However, the 

applications of the former are limited to service temperature below ~380 oC. The 

AFS-C and AFS-D composites offer service temperature up to ~520 oC for 

applications where low mechanical strength and high thermal stability is a 

requirement.  

3.5.3.3  Effect of post-brazing thermal treatment on 

flexural behaviour of Al-skin 

Figure 3-21 shows the average behaviour of AR and thermally treated Al-7046 

alloy specimens subjected to a flexural load. It was noticed that after the thermal 

treatment (similar to brazing parameter adopted in this study) the bending strength 

of Al-7046 alloy was severely affected. When subjected to a flexural load, besides 

the decrease in bending, the deformation in heat treated specimens initiated at lower 

cross head displacement compared to as received specimens. 

The results obtained in experiment 1 show around 35 % decrease in the bending 

strength of the Al-7046 alloy sheet after the thermal treatment at 450 oC for 10 min. 

Around 10% bending strength was recovered after the solution heat treatment (370 
oC for 600 min followed by water quenching) of these specimens. This 

improvement in bending is attributed to the redistribution of fine precipitates, 

mainly of the metastable η’ phase MgZn2, which is possible by artificial ageing 

from a supersaturated solid solution [175,176]. 
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Figure 3-21. Comparison of bending behaviour of as received, and thermally 

treated Al-7046 alloy subjected to a transverse load. 

In experiment 2 when the Al-7046 alloy sheet specimens were subjected to 

thermal treatment at 500 oC for 5 min, around 70 % decrease in the bending strength 

was observed compared to the as-received specimen. However, when these heat-

treated specimens were subjected to solution heat treatment (370 oC for 180 min 

followed by water quenching), around 20 % of the lost bending strength was 

recovered.  

It can be, therefore, assumed that the deterioration in the mechanical properties 

of 7000 Al alloys remarkably increases with the increase in brazing temperatures. 

The solution heat treatment temperature was set around 10 degrees below the 

eutectic temperature of Al. The dwell time was decreased because it was noticed 

that with shorter dwell time the similar amount of recovery in microstructure can 

be achieved [177].  The proposed solution heat treatment can be further optimized 

to achieve more stable microstructure and recover the lost mechanical properties, 

which will be focused in future. 

3.5.3.4  Effect of post-brazing thermal treatment on 

flexural behaviour of AFS specimens 

Figure 3-22 represents the average flexural behaviour of brazed and post-

brazing solution heat treated AFS-E and AFS-F composite specimens subjected to 

a transverse load. All the specimens displayed initial elastic behaviour till the 

maximum bending load followed by a slightly decreasing plateau region. The 

average bending strength values obtained in experiment 3 are reported in Table 

3-10. 
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Figure 3-22. Comparison of the flexural behaviour of the AFS-E and AFS-F 

specimens before and after the solution heat treatment. 

Unlike Al-7046 alloy sheet specimens, the AFS composite specimens is a rather 

complex structure and responded differently to the solution heat treatment. Around 

27 % - 35 % decrease in the mechanical properties of the AFS composite specimens 

was observed when the brazed specimens were subjected solution heat treatment 

(370 oC for 180 min followed by water shower quenching).   

The early failure and complete delamination of solution heat treated specimens, 

shown in Figure 3-23, are mainly due to lower joint strength. The reasons for the 

decrease in the flexural properties of AFS was the lower joining strength at the Al-

7046/Al-foam interface. The interface strength was deteriorated during the solution 

heat treatment process where during the shower quenching, the facing skins were 

rapidly cooled compared to Al-foam. The resultant contraction of Al-skin upon 

cooling compared Al-foam affected the joining seam properties.  

 

Figure 3-23 Solution heat treated a) AFS-E and b) AFS-F specimens before and 

after the three-point bending test. 
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In general, the Al-foams are produced at temperature ~ 700 oC [120]. The 

soldering/brazing heat treatment, for the AFS production, which was carried out for 

short period of time (~ 5 – 30 min) do not affect the properties of Al-foam. 

However, when the AFS were subjected to 3 hrs long solution heat treatment at 370 
oC, the aggregation of alloying elements rich precipitates were observed in the 

aluminium foam cell walls microstructure which resulted in the formation soft 

matrix patches.  

Adopting different test parameters such as span length, cross-head velocity, 

core and skin thickness, to analyse the mechanical properties of AFS components, 

results in dissimilar values, which makes the comparison of results very difficult 

[49]. However, the joining technique and test parameters used in [133,173] are 

comparable to those used in the current study and the maximum bending loads 

observed for the AFS produced are compared in Table 3-10. 

Table 3-10. Average three-point bending results as received and heat-treated Al-

7046 sheets and the AFS-E and AFS-F before and after the solution heat 

treatment. 

Specimen 
Heat 

treatment 
Joining Material 

Specimen 

Dimensions, 

[mm3] * 

Bending 

Load, [N] 

AL-Foam 
5 min @ 

400 oC 
- 60x20x9 40±10 

Al-7046 
(As 

received) 
- 60x 20x1.3 251±10 

Al-7046 BHT-1 - 60x 20x1.3 171±3 

Al-7046 SHT-1 - 60x 20x1.3 185±3 

Al-7046 BHT-2 - 60x 20x1.3 77±3 

Al-7046 SHT-2 - 60x 20x1.3 127±3 

AFS-E: 

Al-

7046/Al-

foam 

5 min @ 

490 oC 
Pure Zn foils 60x20x11.6 566±20 

AFS-E: 

Al-

7046/Al-

foam 

SHT-2 Pure Zn foils 60x20x11.6 410.56±20 

AFS-F: 

Al-

7046/Al-

foam 

5 min @ 

510 oC 
Zn2Al alloy strips 60x20x11.6 854±20 

AFS-F: 

Al-

7046/Al-

foam 

SHT-2 Zn2Al alloy strips 60x20x11.6 542±20 
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Al-

1100/Al-

Foam [173] 

60 min @ 

180 oC, 

100 kPa 
Epoxy 150x35x12 ~100 oC 

Al 3104-

H19/Al-

foam [173] 
Adhesive Epoxy 150x35x12 ~100 oC 

Al-

5056/Al-

foam [133] 

2 min @ 

450 oC, 2-

3 kPa 

Zn6.2Al4.3Cu1.2Mg0.8Mn0.5Ag 

alloy 
60x15x17.4 350 oC 

Microstructural analysis of the solution heat treated AFS specimens revealed 

the redistribution of fine precipitates in Al-7046 alloy skins and the precipitates 

agglomeration in the microstate of Al-foam cell walls. Lower hardness values after 

solution heat treatment also support this argument, hence it was assumed that the 

decrease in the elasticity of the Al-foam is one of the reasons for lower flexural 

properties AFS panels. 

3.5.4 Finite Element Analysis 

Preliminary work on finite element analysis of the above-discussed AFS 

composites subjected to three-point bending test was conducted using Abaqus 

software. This work was carried out in collaboration with the Department of 

Mechanical and Aerospace Engineering, Politecnico di Torino as a final year 

project of a Master degree student (Mr. Payam Zahidi) under the supervision of 

Prof. Graziano Ubertalli, DISAT, Politecnico di Torino.  

Figure 3-24 concludes the results of finite element analysis of AFS specimen 

subjected to a flexural load. The details of this work are reported in a separate thesis 

(available in DISAT library, Politecnico di Torino) under the title “Finite Element 

Analysis of Al-Foam Sandwich Subjected to Three-Point Bending Test “.  
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Figure 3-24 Results of finite element analysis of Al-foam sandwich subjected to 

the three-point bending test. 

The preliminary finite element analysis work was concluded with the following 

two observations: 

• DESHPANDE-FLECK Model can be adopted for load-deformation 

Prediction. Compared to the implicit-static method,  

• The explicit-dynamic method can be preferable in 3-point bending test 

as stability time and Energy values are well controlled. 

3.6 Conclusion 

Five joining solutions are proposed to join Al-6016 and Al-7046 facing skins 

to Al-Foam to produce AFS composites using Zn based alloys and Al-based 

amorphous alloys as joining materials for higher temperature applications.  

In the Al-6016/Al-foam and Al-7046/Al-foam joint, the presence of Al-rich and 

Zn rich dendritic segregation confirms the diffusion of the Zn based joining alloy 

into the joining substrates.  

AFS specimens produced with Zn2Al alloy as a joining material displayed 

higher flexural properties with respect to AFS components produced with other 

joining alloys used in this study. 

The selection of Al-based amorphous alloys was based on the precursor 

materials used for Al-foam production. Higher diffusion of Al-Cu-Mg amorphous 

brazing alloy was observed into the joining substrates with respect to Al-Si-Mg-Ti 

amorphous alloy.  
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AFS produced with amorphous alloys as a joining alloy showed lower bending 

strength before failure compared to AFS produced with Zn based joining alloys due 

to the formation of hard and brittle intermetallic phases in the joining seam.  

The extended plateau region at around constant load for extending cross head 

displacement in the flexural load curves shows the energy absorbance capacity of 

the produced AFS composites. Core shear failure was dominating failure mode in 

AFS-B and AFS-F specimens. AFS-A and AFS-E specimens displayed mixed, core 

shear and/or partial delamination failure while AFS-C and AFS-D responded with 

complete delamination.  

AFS produced in this study can sustain the operational temperatures from 380 

°C to 500 °C. In the current research work, AFS composite panels were produced 

in a batch furnace, but the joining solutions proposed, favoured by diffusion, can 

easily be automated in a continuous furnace which can ensure the mass 

productivity, reproducibility, and lower production costs. 
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4. Development and 

Characterisation of Hybrid 

Dynamic Epoxy/PU Composites 

for Enhanced Impact Resistance  

4.1 Abstract 

Despite the several advantages of the Fibre Reinforced Polymer (FRP) 

thermoset composites over the metallic materials such as high strength-light weight, 

the former is more susceptible to mechanical damages especially when subjected to 

impact loads. Moreover, the thermosets are non-repairable and non-recyclable due 

to non-reversible cross-links in polymer networks. 

The introduction of reversible/dynamic chemical bonds into thermoset polymer 

networks can possibly be a way of overcoming such limitations which can extend 

the reliability and life expectancy while expanding the usage of thermoset FRPs in 

structural applications.  

In this study, utilizing the dynamic polymer systems, a new approach to 

enhance the impact resistance of thermoset composites is adopted. Separate CFRP 

laminates produced with dynamic epoxy and dynamic PU resin systems were joined 

in three different configurations to obtain hybrid dynamic composites with 

repairable, recyclable, self-healing and enhanced impact resistance properties. The 

hybrid dynamic composites were characterised for structural, thermal, flexural and 

impact properties in comparison to a reference non-hybrid dynamic epoxy 

composite. 

Keywords: Hybrid Composite, Dynamic Thermosets, DMA, Impact 

resistance, Flexural strength, ILSS. 

Graphical Abstract 
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4.2 Introduction 

Hybridisation is a successful strategy in the development of new structural 

materials. Nature shows one of the best examples of the hybridisation potential with 

the shells of molluscs. The shells are basically composed of one or more ceramic 

phases and a minimal amount (0.1 to 5%) of proteins. These ceramic phases, such 

as calcium carbonate (CaCO3) are brittle in nature and wouldn’t serve as armour. 

However, when they are combined with proteins to form a complex layered 

structure, the resulting bio-composite have exceptional mechanical properties. The 

fracture toughness and tensile strength of monolithic CaCO3 are 20-30 times lower 

than the bio-composites of shells [178]. 

Carbon Fibre Reinforced Polymers (CFRPs) are materials with higher specific 

strength and stiffness properties for structural applications in automotive and 

aerospace industries. Despite the several advantages of the FRP composites over 

the metallic materials, the FRPs show inferior resistance to mechanical damages, 

even to a low velocity to impact loads. Several efforts are made to improve the 

mechanical performance of the FRPs but the impact performance of components 

made of FRPs is still one of the main challenge [179].  

4.2.1 Methods to Improve Impact Resistance 

Since 70’s, the addition of liquid rubbers or rubber particles remained among 

the most common methods to toughen the thermosets [180,181], however, the melt 

blending or solvent blending of thermoplastic additives to resin lead to premature 

curing of the epoxy resin and increase in viscosity [182]. Increase in resin viscosity 

is a problem related to such approaches. Alternatively, the toughening components 

can be incorporated into the preforms or at interlayers such as thermoplastic veils, 

electro-spun nanofibers or thermoplastic fibres woven (Cycom's PRIFORM® 

system)  etc. [183]. 

Reinforcement hybridisation is another promising strategy to toughen 

composite materials [184]. The combination of two or more fibre types in a 
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composite material offer improved balance in mechanical properties [185,186]. 

Multi-layered structures consisting of stacked metal sheets and FRP thin plates, 

Fibre metal laminates (FMLs), with high stiffness and strength properties offer 

excellent fatigue and impact resistance at a cost of higher density [187].  

The modification in the chemistry of resin polymers allows vast opportunities 

to improve the toughness of the matrix material in the FRPs.  

The thermoplastics are solid below a given temperature and becomes liquid 

when heated above. Thermosets offer superior mechanical and thermal properties 

for permanent parts. Unlike thermoplastics, the thermosets once cured undergo 

irreversible chemical crosslinking and hence, cannot be repaired, reshaped and 

recycled. This has recently been made possible by the introduction of 

reversible/dynamic chemical bonds in polymer networks. 

4.2.2 Reversible/Dynamic Thermosets 

A reversible bond is a covalent/non-covalent bond that can break and reform 

under equilibrium conditions [188]. Outstanding improvement in properties is 

reported with the introduction of covalent adaptable networks (CANs) [189] and 

vitrimers [190]. The CANs display a drastic drop in viscosity beyond the critic 

temperature. The vitrimers retains a fixed crosslinking density during the thermal 

processing and show a restrained drop in viscosity. Therefore, vitrimers are 

generally characterised by second critic temperature at which the shift from 

viscoelastic solid to viscoelastic liquid occurs and is defined as topology freezing 

temperature (Tv). Below Tv, these polymer networks show typical properties of 

thermosets, but above it, the material display functionalities similar to 

thermoplastics [189,190].  

An alternative approach to preparing dynamic polymer networks based on 

disulfide bridges in polymer systems is reported in ref [191]. The two most 

important sulfur-based chemistries introduced in this regard are a thiol-disulfide 

exchange and the disulfide exchange. In the thiol-disulfide exchange mechanism, 

the nucleophilic displacement of a thiolate anion from the disulfide occurs through 

an attack by another thiolate anion [192].  

The disulfide exchange is generally stimulated by catalysts, moderate 

temperature or UV radiation at room-temperature [193]. Itxaso et al. [193] 

introduced aromatic disulfide cross-links in polyurethanes, poly(urea- urethanes), 

polyimides and epoxy resins concluding that a radical-mediated [2 + 1] reaction 

mechanism is responsible for the dynamic behaviour of these materials. Martin et 

al. [194] demonstrated the reprocessable, repairable and recyclable behaviour of 

dynamic polymer systems in fibre-reinforced thermoset epoxy composites.  
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4.2.3 Proposed Solution 

Introduction of dynamic functionalities into the thermoset resins open 

tremendous opportunities for material processing. In this study, utilizing the 

dynamic polymer systems, a new approach to enhance the impact resistance of 

thermoset composites is adopted. Individual CFRP laminates using dynamic epoxy 

and dynamic PU resin systems were produced separately. Hybrid composites were 

produced by combining/joining the dynamic epoxy and the dynamic PU laminates 

in different configurations to obtain unique properties of reprocess-ability, self-

healing and recyclability with enhanced impact resistance in the composites 

structure.  

The hybrid composites were then characterised for structural, thermal, flexural 

and impact properties and the results were compared to a reference non-hybrid 

dynamic epoxy composite.  

4.3 Experimental Work 

The experimental work was mainly carried out in IK4-CIDETEC, San 

Sebastián, Spain under a KMM-VIN joint research project.  

4.3.1 Materials 

Commercial high-strength plain-woven (warp at 0° and fill at 90°) carbon fabric 

(43199 Hexcell, 200 GSM), supplied by Hexcel Parla Madrid, Spain, was used as 

reinforcement. Materials used during the VARTM fabrication of FRP laminates 

such as release film and breather cloth were purchased from Gazechim and the 

Frekote 770-NC release agent was purchased from Loctite. Modified epoxy resin 

system was used to produce the dynamic rigid CFR laminates and modified PU 

resin system was used to produce the dynamic tough laminates. 

Polyurethane resin (PU 4000/2000) was synthesised by adopting aromatic 

disulfide metathesis. Trifunctional poly (propylene glycol) (PPG) (Mn 4000) was 

purchased from Bayer Materials Science. Isophorone diisocyanate (IPDI, 98 %), 

dibutyltin dilaurate (DBTDL, 95 %), were purchased from Sigma-Aldrich and were 

used without further purification.  

A commercial bisphenol A (DGEBA, 1) based epoxy resin (Araldite LY1564, 

density 1.2 g/cm3, Supplied by Huntsman Advanced Materials, Switzerland) with 

4-aminophenyl disulfide (AFD) was used as a dynamic hardener. DMF > 99%, 2-

mercaptoethanol 99% and AFD 98% were purchased from Sigma-Aldrich and were 

used as received. 
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4.3.2 Synthesis of Dynamic PU 

The detailed synthesis of dynamic PU elastomer reversibly crosslinked with 

aromatic disulfide bridges adopted in this study is discussed by Martin et al. [194]. 

Tris-isocyanate terminated prepolymer (PU4000) was prepared by feeding 

trifunctional PPG (Mn 4000) 1 (900 g, 718 mmol) and IPDI (167.430 g, 740 mmol) 

into a 1 L steel reactor equipped with a mechanical stirrer and a vacuum inlet. The 

molar ratio between isocyanate and hydroxyl groups was set to 2.1/1.0. The reaction 

was catalysed with 100 ppm of DBTDL and carried out at 70 °C for 30 minutes 

under vacuum and high shear mechanical stirring (1200 rpm). The reaction was 

monitored by FTIR spectroscopy, [194]. 

The tris-isocyanate terminated prepolymer PU4000 was obtained in the form 

of a colourless liquid and stored in a tightly closed glass bottle. The NCO content 

of the prepolymer was determined by FTIR monitored titration with n-butylamine, 

following the disappearance of the NCO signal at 2264 cm-1. The measured NCO 

content (2.90 wt. %) was observed in good agreement with theoretical value (2.92 

wt. %). 

4.3.3 Synthesis of Dynamic Epoxy 

Luzuriaga et al. [195] reported the detailed synthesis of epoxy resin with 

exchangeable disulfide crosslinks, which was followed in this study. 

The DGBA resin (100 g) was mixed with bulk AFD (43 g) instead of a classical 

diamine hardener (DETDA) at 80 ºC. The mix was cured in oven at 120 ºC for 2.5 

h followed by post-curing for 2 h at 150 ºC. The FTIR analysis of the cured dynamic 

epoxy confirmed the complete curing with the disappearance of epoxide bands 

[195]. 

4.3.4 Hybrid Composites Fabrication 

The hybrid composites were produced in two stages using dynamic epoxy and 

dynamic PU, as shown in Figure 4-1.  In Stage 1, VARTM fabrication of dynamic 

FRP-Epoxy and FRP-PU laminates was performed using an Isojet DPE COMPACT 

injection machine. In the second step, the dynamic FRP-Epoxy and FRP-PU 

laminates were joined face to face in a hot press to produce a hybrid composite.  
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Figure 4-1 Hybrid composite Fabrication. Stage 1: Individual CFR laminates 

fabrication by VARTM method. Stage 2: Hybridisation of composites by joining 

multiple laminates in a hot press. a) Resin, b) Hardener, c) Pumps, d) Mixer, e) 

Preform, f) Hot Press, g) 2-Piece Al Mould, h) Metal frame, i) Excess resin, j) 

Vacuum Pump, k) PU laminates, l) Epoxy laminates m) Pure epoxy (ref) 

laminate, n) Hot-press, o) Stacked laminates, p) Hybrid composite. 

During the FRP (epoxy or PU) laminate fabrication step, a sealant tape was 

placed on a 400 × 350 mm rectangular aluminium mould and a releasing agent 

(Frekote 770-NC) was sprayed evenly onto its surface. The carbon preform plies 

were placed in a mould according to the desired laminate thickness (4 plies/1 mm 

thickness). The thickness of laminate was ensured by placing a metal frame (spacer) 

between two pieces of mould. A release film was placed onto the reinforcement and 

then a layer of flow mesh and breather cloth was placed to soak up excess resin and 

ensure an adequate path for the dynamic resin and the vacuum pressure. The mould 

was vacuumed, heated (130 oC) and pressurised (up to 12 bars) to avoid leakages, 

void formation, cooling of resin and to ensure the compaction.  

The resins and the hardener were degassed separately for 30 minutes prior to 

mixing and injection to remove the bubbles. Preheated (epoxy or PU) resin (resin 

tank at 60 oC, hardener tank at 100 oC) was injected into the pressurized mould (2.5 

Bar) and was left to cure for 1 hour at 130 oC and for 24 hrs at Room Temperature 

(RT) at the same pressure. The resin/hardener mix ratio was kept 100:40 and 100:10 

parts by weight for dynamic epoxy and PU resins respectively. Multiple Individual 

dynamic epoxy and PU laminates (width (b) = 250 mm, length (l) = 300 mm) of 

thicknesses 0.5 mm, 1 mm, 2 mm were produced separately.  

A 3 mm thick dynamic epoxy composite panel (l = 350 mm, b = 250 mm), was 

produced in a single step by VARTM as a reference non-hybrid dynamic epoxy 

composite to establish a comparison during characterisation. 
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Figure 4-2 CFRP laminates stacking plan and nomenclature adopted for 

composites. 

In general, the joining of thermoset laminates is carried out with glues or 

adhesives. However, the dynamic thermosets offer a new paradigm towards 

laminate joining. The aromatic disulfide containing elastomers have been shown to 

have self-healing ability at room temperature and displayed around 97% dynamic 

crosslinking efficiency [196]. However, in the dynamic epoxy and dynamic PU 

systems used in this study, the reshuffling of disulfide crosslinks is frozen due to 

their high Tg [197]. Therefore, the joining in the dynamic epoxy and dynamic PU 

systems require heat (above Tg) to trigger the reshuffling of disulfide crosslinks 

In the hybridisation stage, 50 mm × 60 mm dynamic CFR-epoxy and CFRP-

PU laminates of different thicknesses were staked in three different configurations, 

as shown in Figure 4-2.  

As the dynamic polymer network system can be easily reprocessed at 

temperatures above Tg. Thus, each pile of stacked dynamic epoxy/PU laminates 

was subjected to hot press at 200 ºC and 100 bars for 5 minutes and were cooled 

down below Tg and demoulded. A compact multi-laminate hybrid dynamic 

composite was obtained.  

In total 4 carbon fabric layers impregnated with dynamic PU, which makes 

33.33% of the total composite thickness were incorporated into hybrid 

configurations while its distribution through thickness was varied. It was made sure 

that each of the composites receives 12 layers of carbon preform layers and an 

average thickness of 3 mm.  
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4.3.4.1 Structural Properties 

Three specimens of each dynamic composite (Dimensions: b = 10mm, l = 20 

mm) were obtained to analyse the density, Fibre Volume Fraction (FVF) and void 

content. Air-water method (ASTM D792-08) was adopted to measure the density 

of the dynamic composite specimens. ISO EN 2564-1998 and ASTM D2734-09 

standard procedures were followed to determine the fibre volume fraction and the 

void content respectively. Optical Microscope (OM) and Scanning Electron 

Microscope (SEM) images of the polished cross-sections of the individual CFR-

epoxy and CFR-PU laminates, and the hybrid composites produced to analyse the 

2D geometric arrangement of the fibres within the laminates and through the 

composite thickness. using a Scanning Electron Microscope (SEM) and an optical 

microscope. 

4.3.4.2 Dynamic Mechanical Analysis (DMA) 

The capacity to store and the dissipated energy by imposing deformation as a 

function of temperature was measured using DMA-Q 800 equipment. Three 

samples (Dimensions: b=12mm, l= 35mm) of each of the composite were analysed 

in a three-point bending mode with a double cantilevers strain ramp at an oscillation 

frequency of 1 Hz under controlled amplitude (30 N/m2). A ramp of 3 oC/min was 

set to reach 220 oC.  

4.3.4.3 Interlaminar Shear Strength 

Short beam three-point bending test was carried out to evaluate the apparent 

Inter-Laminar Shear Strength (ILSS) of each composite and the ISO-14130 

standard procedure [198] was followed. Five rectangular specimens (b=12.5mm, 

l= 25mm), of each composite, were subjected to a transverse load at a loading speed 

of 1 mm/min and a span length of 12 mm on INSTRON 5985 equipped with a 5kN 

load cell, at 23 oC and 50% humidity. ILSS parameter was computed from the 

maximum load observed during the test using the Eq. 1. 

 ILSS = 0.75 ∗ Fmax/bt  Eq. 1 

Where b and t are the width and thickness of the rectangular specimens 

respectively.  

4.3.4.4 Flexural Strength 

A long span three-point bending test was carried out to evaluate the flexural 

strength of the composites and the ISO-14125 standard procedure was followed. 

During the transverse loading, compressive stresses are produced at the concave 

while the tensile stresses are produced on the convex surface resulting in an area of 

shear stress along the midline. Five specimens (b=15mm, l= 125mm) of each 

composite were subjected to long span three-point bending keeping a total span 

length of 100 mm using INSTRON 5985 equipped with a 5kN load cell, at 23 oC 
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and 50% humidity. The flexural strength, σf (MPa), was calculated according to the 

following formulae:   

   σf = 3FL/2bt2   Eq. 2 

Where F (N) is applied load and L is total span length (mm). 

4.3.4.5 Impact Test 

Circular specimens of 60 mm diameter, of each composite type were subjected 

to impacts at multiple energy levels in supercritical energy range i.e. 3J – 50J. 

Impact tests were conducted to evaluate the energy required to initiate a fracture 

and/or perforation.  

The contact force and energy curves were recorded via 5kN load cell attached 

to a striker, the impactor. The diameter of hemispherical (striker) impactor head 

was 20 mm. The impact energy was modified by varying velocity form 0.98 m/s to 

4.43 m/s. During the test, the specimen was supported on an annular ring within 

and out the diameter of 40 and 60 mm respectively.  Fractovis-Plus drop weight 

equipment by Ceast assisted with D8EXTWIN software was used for impact tests 

and all the tests were carried out at room temperature (23 oC) and 50% humidity.  

 

Figure 4-3 Demonstration of terminologies used to explain load-energy and time 

relations. 

Some important terminologies that are commonly used in impact analysis 

[199,200], shown in a (representative) Force-Energy-time plot Figure 4-3 are 

interpreted as;  

Impact energy - The maximum kinetic energy of impactor.  

Critical force – The force value related to the first change in out of the plane. 
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Critical energy - The energy value corresponding to critical force. 

Peak force – The maximum force value observed in a force curve. 

Maximum energy - The maximum energy value observed in a force curve. 

Dissipated energy – The amount of energy dissipated in damage initiation. 

Propagation Energy- The energy utilised in the propagation of damage in the 

composite specimen.  

Elastic energy - The difference between maximum energy and dissipated 

energy.  

4.4 Results and Discussion 

4.4.1 Structural properties 

Figure 4-4 shows the SEM images of a cross-section of the individual dynamic 

epoxy and PU laminates produced in a single step. It was observed that a very 

uniform impregnation was achieved in the laminates due to the pressurized resin 

injection. The small un-impregnated spots in the dynamic PU laminate which are 

contributing to the overall void content of the composites, visible in Figure 4-4 (b), 

are due to the relatively higher viscosity of the dynamic PU compared to Dynamic 

epoxy. This higher viscosity resulted in poor impregnation of around the kinks in 

carbon rovings induced by weaving process. 

 

Figure 4-4 SEM images a) Dynamic CFR-epoxy laminate, b) Dynamic CFR-PU 

laminate 

Figure 4-5 represents the OM images of the cross-section of the dynamic CFRP 

composites. The average values obtained for density, FVF and void content of the 

reference composite and the three hybrid composites are reported Table 4-1. It was 

observed that the additional step involved in the production of hybrid structures 

(VARTM + Hot Press) resulted in extra voids at the interlaminate interfaces/joints, 

indicated in Figure 4-5 (b) (c) and (d). The voids at the interlaminate joining seams 

are the reason for increased void content in the hybrid composites.   
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Figure 4-5 Cross Section of CFRP composites, a) CFRP-1, b) CFRP-2, c) CFRP-

3, d) CFRP-4 after hybridisation in hot press. 

The reference composite contains only the intra-laminate voids while the 

hybrid composites have both, the inter-laminate and the intra-laminate voids. Inter-

laminate voids are quite evident in the cross-section and around 50% to 80% of void 

content in the hybrid composites were assumed to be concentrated at the inter-

laminate interfaces. 

The hybrid composites, when subjected to pressure (100 Bar) in a hot press, 

their overall thickness decreased by around 10% compared to the reference 

composite thickness. The decrease in the thickness of hybrid composites 

contributed towards the increase in FVF by an average of around 22% in the hybrid 

composites compared to the reference composite, Table 4-1. 

Table 4-1 Average results obtained for structural properties of a reference non-

hybrid and hybrid composites. 

Composite Thickness, t (mm) Density, g/cm3 FVF, % Void Content % 

CFRP-1 2.85 ± 0.05 1.44 ± 0.005 43.36 2.18 

CFRP-2 2.6 ± 0.01 1.43 ± 0.005 51 4.66 

CFRP-3 2.75 ± 0.06 1.40 ± 0.005 58.4 11.09 

CFRP-4 2.6 ± 0.08 1.44 ± 0.005 54.52 8.01 

Voids, in general, are considered as the critical imperfections and have 

detrimental effects on the performance of fibre reinforced composite materials. 

They mainly affect the matrix-dominated properties, such as interlaminar shear 

(ILS), flexural, compressive, fatigue and fracture toughness properties [201]. 

However, increase in the FVF improves the ILS and flexural strength properties of 
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a composite [202]. Suhat et al. [203] reported that a 2% increase in void content 

reduces the flexural strength of a composite material by 12.7%. the variation in 

thickness of the composite panel influence the flexural properties. Rathnakar et al. 

[204] observed 14% increase in flexural strength when the thickness of composite 

was increased from 2 mm to 3 mm.  

4.4.2 Dynamic Mechanical Analysis 

The glass transition temperature, Storage and Loss moduli were measured to 

determine the viscoelastic properties of the hybrid composites in comparison to 

reference non-hybrid composite.  

Figure 4-6 represents the DMA results for all the four dynamic composites. 

Storage modulus is a measure of the stiffness or elastic response of a material [205]. 

As the stiffness is mainly attributed to the epoxy component, a noticeable decrease 

in the stiffness of the hybrid composites was observed in the hybrid composites 

where the dynamic PU laminates were incorporated into the composite structure. 

The different hybrid configurations responded with a degree of decrease in rigidity 

ranging from 32% to 75% at room temperature, Figure 4-6 (a). The hybrid 

configuration with relatively thicker individual dynamic epoxy laminates in it 

displayed higher stiffness.  

All the composite configurations sustained their respective stiffness property 

with a slight decrease with the increase in temperature till around 120 oC or when 

the resin started softening. After the softening point, a noticeable decrease in the 

stiffness was observed. It was noticed that the thicker individual dynamic epoxy 

laminates in the hybrid composites configuration responds with higher stiffness 

values before the softening point and also show a higher loss in stiffness of the 

composite after softening temperature.  

 

Figure 4-6  Dynamic Mechanical Analysis Results. (a) Storage Modulus, (b) Loss 

Modulus, (c) Tan Delta. 

Loss modulus corresponds to the viscous response of the materials and is 

measured as energy loss as heat per cycle under a stress or deformation [206]. Loss 

modulus curves, presented in Figure 4-6 (b), confirms the higher viscoelastic 
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properties of hybrid composite structures in comparison to the non-hybrid one. 

Improved viscoelastic behaviour was displayed by CFRP-4 where the individual 

dynamic epoxy laminates with relatively less thickness were incorporated. 

Reduction in peak height of the curve for hybrid composites is mainly due to the 

two-phase (Epoxy-PU) similar trends and agreements are reported by other 

researchers for two-phase systems [207]. 

For all three hybrids and a non-hybrid dynamic composite tan delta as a 

function of temperature is presented in Figure 4-6 (c). Tan delta is the measure of 

damping property of a material and it also specifies the elastic or viscous properties 

of a system. For viscoelastic materials, the energy stored during stress at a loading 

frequency is out-of-phase with the strain by angle φ, (where 0 < φ < π/2) [207,208]. 

The lower values of corresponding φ evidence the higher energy storage capacity 

of the dynamic composites compared to the non-hybrid where the improved 

damping properties are displayed. The sharp narrow peak of CFRP-1 corresponds 

to lower amorphous content which is obvious due to its pure dynamic epoxy content 

and lower void content in the structure. 

In the hybrid configurations where dynamic PU laminates were distributed 

more evenly throughout the thickness (CFRP-4) responded with viscoelastic 

dominated properties as compared to a hybrid configuration where the epoxy 

content is relatively concentrated such as CFRP-2.  

4.4.3 Inter Laminate Shear strength 

The dynamic composite specimens were subjected to a transverse load in a 

short span three-point bending assembly to analyse the interlaminar and shear 

strength. For each of the four configurations tested, a load–cross head displacement 

curve which best represents the average of five separate specimens of each hybrid 

and a reference non-hybrid composite are presented in Figure 4-7. 
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Figure 4-7 Average behaviour of the hybrid composites specimens compared to 

reference non-hybrid composite specimens subjected to short span 3-point 

bending test. 

The reference composite displayed no interlaminar shear failure and a brittle 

fracture was observed at the point of loading when the cross-head displacement 

reached around 0.8 mm. The hybrid structures showed resistance to inter-laminar 

shear failure for extended displacement followed by interlaminate shear failure. It 

is due to the fact that the interlaminar bonding, produced during curing, were 

stronger and more coherent compared the interlaminate interface bonding. The 

interlaminate bonding which relies on exchangeable bonds in a polymer network 

which was rearranged thermally in polymer networks during the hybridisation (hot 

press) step. The observations reported by Selmyet et al. [209] supports the 

detrimental effect of poor adjacent layers interface bonding on the ILS results.  

Average apparent ILSS values and the corresponding failure modes recorded 

for each dynamic hybrid and a non-hybrid composite are reported in Table 4-2. A 

pattern of decrease in ILSS values with the increase in the number of interlaminate 

interfaces in the hybrid configurations is evident. 

Table 4-2 Average results obtained for short and long span three-point bending 

test. 

Configuration 

Flexural 

Strength, 

σ (MPa) 

Flexural 

Strain, 

(%) 

Flexural 

modulus, 

(GPa) 

Failure Mode ILSS 
Failure 

Mode 

(Long span) (MPa) (Short span) 

CFRP-1 
818 ± 

64.82 
1.9 51.8 ± 3.2 

Tensile 

fracture of 

fibres 

53,2 ± 

1.32 

Brittle 

fracture at 

loading point 
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CFRP-2 386 ± 9.39 3.2 19 ± 1.6 
Compressive 

fracture 

32.2 ± 

1.45 

Shear and 

brittle failure 

CFRP-3 
147 ± 

47.97 
2.5 19.9 ± 7.5 

Interlaminate 

shear 

20.3 ± 

0.086 

Multiple 

shear 

CFRP-4 147 ± 29.2 2.3 11 ± 15.8 
Interlaminate 

shear 

13.5 ± 

3.06 
Delamination 

The fracture analysis of the dynamic hybrid composite specimens after the 

ILSS test display dominant intra-laminate shear failure, Figure 4-8. Cracks were 

observed were only in the 2 mm thick rigid epoxy layer of CFRP-2 specimens. 

However, no cracks were apparently observed in the hybrid configurations having 

the epoxy laminates of less than 2 mm thickness.  

 

Figure 4-8 Inter-Laminar Shear (ILS) fracture analysis. 

Another reason for the interlaminate shear failure was the relatively higher void 

content at the interlaminate interfaces in the hybrid composites, Table 4-1. Zhu et 

al [210] reported that the voids content, the position and size of voids in the 

composite laminates defines the interlaminar and flexural properties of a composite. 

The voids in the hybrid structures were relatively concentrated at the interfaces 

between the laminates, therefore, the load applied was not transferred across the 

thickness and delaminated the composites at the weaker interlaminate interfaces.  

4.4.4 Flexural Strength 

Flexural properties of the three hybrids and non-hybrid CFRP composites were 

analysed using a long span three-point bending test assembly. The Average flexural 

strength, strain, modulus values and failure modes evaluated for five specimens of 

each configuration are reported in Table 4-2. Figure 4-9 represents the average 

behaviour of composites specimens subjected to a flexural load.  
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Figure 4-9 Average flexural behaviour of the hybrid composites specimens 

compared to reference non-hybrid composite specimens subjected to long span 3-

point bending. 

When subjected to a flexural load, the reference dynamic composite displayed 

initially an elasticity, comparatively higher than the hybrid composites, followed 

by brittle a failure.  At a lower cross head displacement at a point of loading. The 

hybrid dynamic composites showed relatively lower rigidity due to PU content and 

responded with a ductile failure without any failure for an extended crosshead 

displacement. However, the CFRP-3 and CFRP-4 failed at lower load values due 

to delamination of bonded laminates, as can be seen in Figure 4-10.  

 

Figure 4-10 Fracture analysis of specimens subjected to a flexural load. 

The flexural properties of hybrid configuration were found highly influenced 

by the distribution of dynamic epoxy and PU laminates in the composite thickness. 

The CFRP-2 hybrid composite exhibited the highest stiffness among the hybrid 

configurations due to a 2 mm thick epoxy laminate in its configuration. It displayed 

brittle failure mainly in the thick epoxy laminate at a point of loading but at a 
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displacement higher than the reference composite. The failure in the CFRP-3 and 

CFRP-4 was less catastrophic with respect to CFRP-1 and CFRP-2. 

4.4.5 Impact Analysis 

The plots of force and energy versus time of a dynamic non-hybrid composite 

(CFRP-1) are compared to three hybrid dynamic composites (CFRP-2, CFRP-3 and 

CFRP-4), shown in Figure 4-11 for impact events conducted in the ranger 5 – 50 J.  

The specimens of a hybrid configuration practically responded with quite a 

different contact time duration (Tc) and peak force (Fp) compared to the non-hybrid 

configuration. The lower contact time at a similar energy level impact corresponds 

to higher stiffness and lower energy absorbance (Ea) of the reference composite 

compared to the hybrid composites. Similar behaviour was observed for all impact 

events at different energy levels, Figure 4-11.  

The oscillations in the force curve appear due to the breakage of fibres/matric 

and/or delamination of the laminas facing the impact. Therefore, the first apparent 

oscillations in the force curve, indicated green in Figure 4-11, was interpreted as 

damage initiation in a composite specimen. The corresponding damage initiation 

energies which initiated the damage in the specimen are reported in Table 4-3. The 

damage initiation was observed at lower energy levels in the reference non-hybrid 

composite capered to the hybrid ones.  
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Figure 4-11 Response of dynamic composites to different impact energies. The 

green indicator shows damage initiation and the red indicator shows perforation 

initiation in the composite specimen. 

At higher impact energies where a sudden drop in the force curve is followed 

by the peak forces indicate a drop in the transverse stiffness of the composite 

specimen. The drop is then followed by low amplitude and frequency load 

oscillations till it reaches to zero. The progressive drop corresponds to the damage 

propagation or sometimes partial or complete perforation. Therefore, the energy 

corresponding to the post-peak sudden drop in the force was considered as the 

perforation initiation energy or perforation threshold. The perforation energy values 

analysed for the four configurations of the dynamic composite are reported in Table 

4-3.  

Table 4-3 Analysed damage initiation and perforation energies corresponding to 

hybrid and non-hybrid composites. 

Configuration 
Damage 

Initiation Energy, J 

Perforation 

Energy Threshold, J 
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CFRP 1 0.52 18.9 

CFRP 2 3.55 23.19 

CFRP 3 9.98 34.50 

CFRP 4 12.42 20.17 

The hybrid composites apparently displayed a noticeable improvement in the 

impact resistance compared to a non-hybrid reference composite. Due to the tuff 

dynamic PU content, sustained the lower impacts without any damage and resisted 

the perforation by absorbing higher impact energies compared to a rigid non-hybrid 

composite. 

The impacted facings of the non-hybrid dynamic composite specimens are 

shown in Figure 4-12, in comparison to the hybrid dynamic composite specimens. 

After the complete perforation in hybrid specimens, the energy curve displays 

saturation because the specimens are unable to absorb more damage. However, the 

reference specimens displayed saturation at lower impact energies where complete 

perforation was not noticed even at 50 J impact due to the dissipation of partial 

impact energy in the propagation of damage across the specimen area.  

It was noticed that, after the perforation energy level, in the hybrid specimens, 

the perforation together with the fibre pull out was extended to the back surface. 
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While in the of non-hybrid configuration, horizontally extended propagation of 

impact damage was noticed along the composite laminate plane.  

Figure 4-12 Images of the impacted face of the dynamic composite specimens. 

The distribution of the dynamic CFR-PU laminates in the hybrid configurations 

highly influenced the response of hybrid specimens to an impact. The hybrid 

configurations with relatively thicker FRP-epoxy laminates responded with lower 

impact resistance and behaved more like a rigid laminate. However, the hybrid 

configurations with relatively thinner dynamic CFR-epoxy laminates and well 
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distributed PU laminates through the thickness (CFRP-4) responded with highest 

impact resistance.  

On the basis of the experimental data, the impact resistance of the three hybrid 

dynamic composites is compared a non-hybrid dynamic epoxy composite utilizing 

the composite structure assessment procedure suggested by Paolo Feraboli et.al 

[211].  

4.4.5.1 Force Plot 

The peak force curves, presented in Figure 4-13, can be divided into the sub-

critical and supercritical regimes. The sub-critical regime is the range of impact 

energy values below the damage threshold (energy level at which the damage 

initiates), while the Super-critical regime is the range of impact energy values above 

the damage threshold.  

 

Figure 4-13 Force Plot. 

The peak force increases follow a power law according to a simple spring-mass 

model below the damage threshold [211]. In the sub-critical regime, where the 

damage is not initiated, the peak and critical force values almost coincide. 

Therefore, at very low impact levels, critical energy is not relevant as failures do 

not occur and the peak force indicates the elastic response. However, in the 

supercritical regime, these values vary and separate values for critical and peak 

force can be recorded.  After the damage threshold, which is independent of the 

impact energy, the curve deviates from theoretical power law prediction and 

achieve a so-called plateau which was noticed at 7500 ± 70 N, 5800 ± 120 N 6000 

+100 N 7000 ± 80 for CFRP-1, CFRP-2, CFRP-3 and CFRP-4 respectively. 
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4.4.5.2 Energy Plot 

The energy plot, presented in Figure 4-14, is comprised of dissipated energy 

curves and the 1:1 line of incident kinetic energy. In the recent past, researchers 

[211–213] suggest that the dissipated energy increases quadratically with the 

increasing impact energy while the critical energy is independent of the impact 

energy level at which the test is performed. The dissipated energy is directly related 

to the amount of damage in a specimen. Feraboli et al. [211] suggest that a 

perforation in specimens can be predicted by forecasting the point of intersection 

between the (quadratic) dissipated energy curve and the 1:1 incident energy line. 

According to that, hybrid dynamic composite displayed around 37 % higher 

penetration energy compared to non-dynamic CFRP-epoxy composites reported in 

[199]. 

 

Figure 4-14 Energy Plot. 

The dissipated energy curves for the hybrid composites, Figure 4-14, cross the 

incident energy line in the range 40 J-50 J. The visual investigation of the impacted 

specimens, Figure 4-12, also supports this argument as the complete perforation in 

the hybrid composites was observed in the similar impact energy range.  

The quadratic dissipated energy curve of the reference dynamic composite 

specimens crossed the incident energy line at around 50 J as it displayed only partial 

perforation and the rest of the dissipated energy was utilised in the delamination of 

composite laminas. From a structural point of view such propagation of damage are 

more catastrophic than the localised perforation displayed by hybrid configuration 

specimens.  

4.4.5.3 Coefficient of Restitution (COR) Plot 

Figure 4-15 represents the COR values plotted against the impact energy. The 

COR values at impact energies below the damage threshold remain almost the same 
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due to no or a negligible amount of energy loss. Beyond the damage threshold, a 

sharp drop in COR values is the evidence of energy loss consumed in damage 

initiation and propagation.  

The Coefficient of Restitution (COR) is a direct representation of failure mode 

estimation occurring in the specimen at different energy levels. For a stationary 

target, COR is the ratio of the exit velocity to the incident or the square root of the 

ratio of the exit energy to the incident. Eq. 3 [211]. 

𝐶𝑂𝑅 = 𝑣𝑜𝑢𝑡/𝑣𝑖𝑛 =  √𝐸𝑜𝑢𝑡/𝐸𝑖𝑛
        Eq. 3  

The trend in COR values recorded for the reference non-hybrid dynamic 

composites specimens displays a sharp drop since the beginning which evidences 

that the damage was initiated at the very low energy level. However, for the hybrid 

configuration, the damage initiation was noticed at comparatively higher energies 

with respect to reference composite.  Therefore, unlike the reference specimens, the 

COR values for the hybrid composites remain almost the same till their respective 

damage thresholds. Which is followed by a relatively sharp drop corresponding to 

a sudden increase in damage (after the perforation threshold). This shift in the slope 

also indicates the transition from the matrix to fibre dominated failure mechanism. 

 

Figure 4-15 Coefficient of restitution plot. 

The larger apertures noticed in the hybrid specimens compared to a non-hybrid, 

Figure 4-12, after the perforation threshold can be assumed as the result of higher 

contact duration.  

The hybrid composites having 33.33% tough PU content in the structure 

absorbed more energy upon impact than a non-hybrid rigid having 100% pure 
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epoxy content in the matrix. For the same energy level, higher COR values for the 

non-hybrid composite are due to its higher stiffness and rigidity compared to the 

hybrid ones. 

4.4.5.4 Contact Duration 

Contact duration analysis is related to the instantaneous stiffness of material 

subjected to impact load and describes the damage state accurately. Higher contact 

time for an impact energy corresponds to higher energy absorption and lower 

stiffness property of a material. The contact duration values oscillate around the 

same mean before perforation threshold. However, it increases progressively after 

the onset of damage. The sharp increase in duration of contact at higher impact 

energies, in the plot presented in Figure 4-16, corresponds to progressive damage 

and ultimate perforation in a composite specimen. This also indications of the 

transition from the matrix to fibre dominated fractures and dissipation of energy 

within the composited.  

 

Figure 4-16 Contact duration plot. 

The contact time is inversely proportional to the effective structural stiffness 

and depends on properties of impactor/target system. As the same impactor was 

used during all the impact tests in the current work, therefore it can be assumed that 

the variation in the contact durations was mainly due to the intrinsic properties and 

the configuration of the epoxy/PU laminates in the hybrid structures. The curves 

for hybrid configurations, in general, displayed 60-100% higher duration of contact 

throughout the entire range of impact energy values, due to the difference in 

effective structural stiffness, Figure 4-16. 

Further investigation of the detailed mechanics involved in dynamic hybrid 

structures using finite element analysis and damage analysis using CT scan to better 
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predict the integrity of the dynamic epoxy/PU hybrid composites in complex 

structures are the focus of our Future work. 

4.5 Conclusion 

Hybrid dynamic epoxy/PU composites were successfully produced by a two-

step, VARTM + hot press, manufacturing technique in three different 

configurations. The additional step in the manufacturing of hybrid composites, 

however, contributed to the added void content and increased FVF % and decrease 

in the relative thickness of the hybrid dynamic composites. 

The hybrid dynamic composites displayed relatively lower stiffness due to PU 

content. Lower inter-laminate interfaces shear strength resulted in delamination of 

dynamic epoxy/PU which can be improved by further optimisation of the pressure 

and temperature parameters during the hybridisation step. 

Impact damage initiation was observed at around 95% higher impact energy in 

the hybrid configuration, CFRP-4, compared to the non-hybrid configuration. The 

hybrid configuration, CFRP-3, displayed around 55% improved impact resistance 

compared the non-hybrid configuration.  

Comparing the hybrid configurations, CFRP-2 responded with relatively higher 

stiffness and flexural properties, CFRP-3 displayed the highest perforation 

threshold and the CFRP-4 showed the uppermost resistance to damage initiation 

value.  

The possible hybridisation of dynamic thermoset resins to allow the 

optimization of mechanical properties demonstrated in this study, will open new 

horizons for the engineering structure designers.  
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5. Surface Modification of Ti6Al4V 

by Micro-Electrical Discharge 

Machining to Improve Adhesive 

Joining 

5.1 Abstract 

Surface modification for adhesive joining improvement is widely utilized for 

various applications in modern automotive and aerospace industries. Finding more 

economically viable techniques to modify surfaces is becoming an important issue.  

This chapter describes the preliminary work done on the effect of surface 

modification of titanium surfaces by means of a low cost, in-house developed 

Micro-Electrical Discharge Machining (Micro-EDM) and the design of micro-slot 

on the adhesion and strength of the adhesive joint. Three types of micro-slots: V, 

semi-circle and U-shaped micro-slots were produced on Ti6Al4V alloy sheet 

surface. Ti6Al4V specimens with and without micro-machined surfaces were 

bonded together using a commercial epoxy adhesive. Each set of bonded 

specimens, with and without micro-slots, were subjected to Single Lap Offset 

(SLO) shear test to observe the effect of micro-slots on the adhesion and joint 

strength.  

Macro and micro-scale image was produced to analyse the joint fractures and 

to observe the failure modes. It was observed that the increase in the joined surface 

area may not necessarily increase the joint shear strength. The shape of micro-slots, 

alignment of micro-slots with respect to the direction of load and the alignment of 

micro-slots with respect to each other at the joining seam were observed as the 

influencing parameters.  
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5.2 Graphical Abstract  

 

Keywords: Micro-EDM, Surface machining, Single lap offset shear test, 

Adhesive bonding. 

5.3 Introduction 

Today, there is a growing demand for highly reliable joints of Ti6Al4V alloys 

for structural applications in high-end automotive and aerospace industries [214]. 

Adhesives are widely used for joining metals to themselves or to dissimilar 

materials, both for structural and for non-structural applications [215].  

Unlike polymeric materials, metals and metal oxides usually have higher 

surface free energies in the ultra-clean state, typically greater than 500 mJm-2. In 

the ultra-clean state and controlled environment, metals are readily wetted by the 

organic adhesives having lower surface free energies [216]. The adhesion between 

the adherent and the adhesive influences the joining strength. The surface oxides or 

the rust hinder the adhesion which must be removed to achieve an optimum bonding 

[217].  

Ti6Al4V alloy is an important structural material often used for manufacturing 

critical components of aerospace vehicles and high end automobiles due to its lower 

density combined with better high-temperature mechanical properties [218]. 

Compared to mechanical or chemical bonding, the adhesive joining of Ti6Al4V 

components is an efficient solution. However, the adhesive joining is still not 

reliable due to the unpredictable joint strengths caused by variability in surface 

preparation techniques and are therefore reinforced with mechanical fasteners for 

safety reasons [219,220]. Several attempts have been made in the past to improve 

the adhesive bonding of Ti6Al4V alloys [221–226].  
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Some of the well-known techniques to increasing the surface area of Ti6Al4V 

by surface machining to improve the adhesive bonding used in recent past are: 

electro-chemical machining [227,228], Jet-Electrochemical Micromachining (Jet-

EMM) [229], laser ablation [19], laser-induced surface oxidation and roughening 

[230], elliptical vibration cutting [231], femtosecond laser micromachining [232], 

Electrical Discharge Machining (EDM) and Electrochemical Machining (ECM) 

[233]. 

The adhesive joint strength relies on the coherence of adhesive and adherence 

between adhesive and adherent. Several methods are proposed in the past to 

determine the adhesive joint strength properties [128,234–236].  

The Lap shear test is one of the most commonly used method to determine the 

adhesive joint strength and offer results with low scattering in data [237,238]. 

However, in the case of lap joints, the failure does not occur simultaneously all over 

the joined area but results from the extension of cracks [239]. Although, the Lap 

tests do not provide a shear strength value suitable to be used for design purposes 

[240], but with the use of specimens of similar dimensions it can give a first 

approximation on the micro-machining effectiveness on the adhesion and joint 

strength.  

Depending on the nature of joint fracture of the adhesive joint, three failure 

types are expected during the Ti6Al4V/Ti6Al4V adhesive joint failure: adhesive, 

cohesive or mixed failure. Siegmann [241] classified the adhesive joint failure into 

three main categories:  

• Mode I - where adherence < coherence 

• Mode II - adherence ≅ coherence and is also known as mixed mode failure.  

• Mode III - where adherence > coherence  

Micro-slots were produced on the Ti6Al4V surfaces using an in-house 

developed, low-cost, Micro Electrical Discharge Machining (Micro-EDM), 

developed by the Indian School of Mining (ISM), Indian Institute of Technology, 

Dhanbad, India under the supervision of Dr. Alok Kumar Das, Erasmus visiting 

Professor at Politecnico di Torino during this Thesis, with whom a collaboration on 

this subject was established and was used to produce micro-slots on Ti6Al4V alloy 

surface. It is an economic alternative to the earlier reported high-cost micro-

machining operations. In this work, micro-slots of three different shapes were 

machined on the Ti6Al4V alloy sheet surface. 

A commercial epoxy adhesive was used to join the metal substrates with and 

without surface modification to analyse the effectiveness of the micro-slots and its 

shape and size on the joint strength. Specimens with and without micro-slots were 

bonded in seven different micro-slots alignment and tested in Single Lap Offset 
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(SLO) configuration and characterized to determine the effect of micro-slots and 

their orientation on the adhesion and the adhesive joining strength.  

5.4 Experimental Work 

5.4.1 Materials 

Ti6Al4V alloy sheets (10 mm x10 mm x 3 mm), supplied by M/s Aich 

Enterprise, Kolkata-6, India were used as a joining substrate and for surface 

modification.  

A two-component thixotropic paste adhesive, Hysol EA 9321 AERO, supplied 

by Henkel Corporation, USA, was used as a joining material. Part A of the 

commercial adhesive was grey in colour with density 1.24 g/ml and viscosity 290 - 

710 Pa·s at 25 oC while the Part B was off-white in colour with density 1.22 g/ml 

and viscosity 20 - 80 Pa·s at 25 oC. The two components of adhesive were mixed 

in a ratio of 100 (Part A) to 50 (Part B) by weight, at room temperature prior to 

application. The density of the mixture, grey in colour, was ~1.23 g/ml.  

Lap shear strength of Hysol EA 9321 AERO adhesive is around 40 MPa at 

room temperature (25 oC) [242,243].  

5.4.2 Ti6Al4V Surface Modification 

The Ti6Al4V alloy surface was modified by micromachining three different 

shapes of micro-slots on separate specimens using In-house built Micro-EDM setup 

developed by the Indian School of Mining (ISM), Indian Institute of Technology, 

Dhanbad, India under the supervision of Dr. Alok Kumar Das, Erasmus visiting 

Professor at Politecnico di Torino during this Thesis, with whom a collaboration on 

this subject was established and was used to produce micro-slots on Ti6Al4V alloy 

surface. 

5.4.2.1  Micro-EDM working 

The model presented in Figure 5-1 shows the Micro-EDM setup. The Micro-

EDM setup had a rotating spindle, and X-Y-Z CNC (Computer Numerical Control) 

stages. The spindle was mounted on the Z-stage while the workpiece was merged 

in a dielectric tank which was mounted on an X-Y stage. A 100 µm thick, copper 

foil, mounted on the spindle, was used as a machining tool. 

Uniform micro-slots (parallel to each other) with a pitch of 11 micro-slots per 

centimetre were machined on the workpiece surface. The material removal in 

micro-EDM was done by the electrical sparks which were produced between the 

tool and the job merged in a dielectric liquid medium when a threshold electrical 

potential was applied to them. 
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Figure 5-1 Model of Micro-EDM set-up used to micro-machine Ti6Al4V surface. 

During the micro-machining process, when the applied voltage crosses the 

threshold potential, dielectric breakdown takes place and the spark is produced 

between the two closest points on the tool and the workpiece which offers the lowest 

resistance to the current flow. The temperature of the points reaches up to 10000 

°C which melts the material at those points. 

To control the spark energy, a pulsed DC power supply was used. During the 

pulse-on-time, spark is developed and during the pulse-off-time the molten material 

in the pole suddenly cools down which generates a high-pressure shock wave in the 

liquid dielectric medium and with that the material from the molten metal pole 

comes out into the dielectric medium in the form of debris leaving a micro-crater 

on both the tool and the workpiece surface.  

Figure 5-2 (a) and (c) represents the macro images of a Ti-6Al-4V workpiece 

before and after the micro-machining. 
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Figure 5-2 (a) As received Ti6Al4V surface, (b) Micro-EDM Set-up, (c) Micro-

machined Ti6Al4V surface, (d), (e), (f) SEM images of micro-machined Ti6Al4V 

surface and cross-section, g) Surface area calculation. 

The micro-machined Ti6Al4V surfaces were analysed to observe the effect of 

the micro-machining process. The accumulation of the craters on the workpiece 

shows the material removal from the substrate but the accumulation of crates on the 

tool surface indicates the tool erosion. The coloured surface of the machined 

workpiece shown in Figure 5-2 (c) indicates the material transfer from the cupper 

electrode to the work surface. Figure 5-2 (d), (e) and (f) shows the SEM 

micrographs of the micro-machined surface. 

5.4.2.2 Configuration of Micro-Slots 

The Micro-EDM machine was set to produce V-shaped, U-shaped and semi-

circle micro-slots on the Ti6Al4V surface. Figure 5-3 shows the optical microscope 

images of the cross-sections of the as received and micro-machined surfaces 

produces by using in-house Micro-EDM on Ti6Al4V workpieces.  
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Figure 5-3 Macro images of a cross-sectional view of the un-modified micro-slots 

produced by in-house built Micro-EDM. 

The specifications of the produced micro-slots are reported in Table 5-1. The 

average dimensions of the micro-slots were calculated by adopting a method shown 

in Figure 5-2 (g). The produced micro slots dimensions deviated around 5-10 % on 

average from the pre-set values fed to the machine. However, the reproducibility of 

the in-house built Micro-EDM is still under study for improvement.  

Table 5-1. Average dimensions of micro-slots produced on Ti6Al4V surfaces. 

Surface 
width, 

µm 

Depth, 

µm 

Spacing, 

µm 
Slots/cm 

Surface area, 

cm2 

Joining 

configuration 

As-

Receive 
- - - - 1 Face-face 

V-Shaped 330 280 550 11.36 +27% 

Semi Overlapped 

(Slots ┴ to the load 

direction) 

Semi Overlapped 

(Slots ║ to the load 

direction) 

U-Shaped 258 230 628 12.04 +38% 

Semi Overlapped 

Overlapped 

Unaligned 

Semi-

Circle 
500 197 345 11.83 +23% Interlocked 

┴ = Perpendicular, ║ = Parallel 

The micro-machining helped increase in the surface area of Ti6Al4V alloy 

compared to the as received by around 30 % (on Average). The number of micro-

slots achieved per centimetre and relative increase in the surface area for each shape 

of micro-slot is reported in Table 5-1. Figure 5-4 shows the SEM images of 

Ti6Al4V alloy the as received and the micro-machined surface (V-Shaped micro-

slots).  
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Figure 5-4 Micrographs of a representative micro-machined Ti6Al4V sample (V-

Shaped micro-slots). (a) and (b) side view, (c) and (d) top view. 

Micro-EDM process resulted in an uneven surface in the machined area. Figure 

5-4 (e) and (f), reveals protruding nano-structured surface at a higher magnification 

which potentially can enhance the interlocking at the adhesive/metal joining 

interface. 

5.4.3 Specimen Preparation 

Ti6Al4V substrates, of dimension 10 mm x 4 mm x 3 mm, were cut off from 

the micro-machined and as received Ti6Al4V sheets using a ceramic blade. Prior 

to joining, the as-received Ti6Al4V substrates were polished with SiC-paper (P-

600). The micro-machined surfaces were not abraded to maintain the dimensions 

of the micro-slots. Prior to joining, all Ti6Al4V joining substrates (with and without 

surface modification) were cleaned with alcohol in an ultrasonic bath for 10 min at 

60 oC to de-grease the surface and remove the impurities.  

The two parts of commercial epoxy adhesive were mixed, and the mixture was 

applied to the dried surfaces of the joining substrates. The joining substrates were 

then stacked in an offset configuration, as shown in Figure 5-5 (b). 
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Figure 5-5. The Single Lap Offset (SLO) shear test specimen and test 

configuration. (a) Ti6Al4V substrate dimensions, (b) bonded sample 

configuration, (c) SLO test setup. 

After applying the adhesive to the joining surfaces, each pair of joining 

substrates was shimmed together before subjecting to curing cycle to ensure that 

the adhesive fills the micro-slots. All the specimens were placed in an oven for 

curing 82 oC for 1 hour in the air without using any pressure.  

Three pairs of bonded specimens with and with-out micro-machined surfaces 

were produced together for each configuration reported in Table 5-1. A set of three 

bonded specimens having V-shaped micro-machined surface was produced to 

analyse the effect micro slots on adhesion also when the micro-slots are oriented ║ 

to the direction of load. In total, seven sets of specimens, each having three pairs of 

bonded substrates, were produced. 

 

Figure 5-6. Macro-image of produced specimens for microscopic analysis and 

SLO test. 
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All the bonded pair of specimens were subjected to compression load in a 

Single Lap Offset (SLO) test configuration shown in Figure 5-5 (c). Single Lap 

Offset test procedure is derived from ASTM D905-03 and is described by 

Casalegno et.al [240]. Figure 5-6 shows the specimens prepared for SLO test in this 

study. The loading speed was set to 1 mm/min on a universal mechanical testing 

machine (SINTEC 10/D) equipped with a 5 kN load cell to determine the apparent 

joint shear strength of bonded samples. The loading was stopped when the joint 

failure occurred.  

All the SLO tests were conducted at a room temperature (25 oC) and 65% 

relative humidity. Maximum load values at failure were recorded for each bonded 

specimen. Macro and micro images of tested specimens were obtained to analyse 

the joint failure mechanism. Lap shear strength for each specimen was calculated 

as maximum load divided by the total joined area. 

5.5 Results and Discussion 

5.5.1 Microscopic Analysis 

Figure 5-7 (a) and (b) shows the cross-section of a bonded specimens with un-

modified surfaces. The porosity observed in the joining seam is a defect and can 

influence the joint strength [32]: porosity is common when adhesives are used as 

joining material; during curing, the adhesive releases volatile gases which creates 

porosity in the joining seam. In this study, as all the joints were produced with 

similar adhesive and at same curing conditions, therefore, the effect of porosity was 

observed similar for all the joints. 

 

Figure 5-7. (a) and (b) Cross-section of the bonded specimen as received Ti6Al4V 

surface prepared for joining. 

Figure 5-8 (a) and (b) show the cross section of bonded specimens with V-

shaped micro slotted surfaces. The cross-section of the bonded specimen with V-

shaped micro-machined surface displayed fully filled micro-slots with a semi-

overlapped configuration.  

The semi-circle micro-slots were produced with relatively curved edges to 

facilitate the interlocking at the joining interface as can be seen in Figure 5-8 (b) 
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and (d). The mechanical interlocking between the adhesive and the adherent surface 

in the micro-machined area are more evident for the semi-circle micro-slots. 

 

Figure 5-8. (a) and (b) Cross-section of the bonded specimen with V-shaped 

micro-machined with micro-slots semi aligned to each other (c) and (d) Cross-

section of the bonded specimen with a semi-circle shaped micro-machined with 

interlocked misaligned micro-slots. 

Substrates with U-shaped micro-machined surfaces were bonded in three 

different alignments as shown in Figure 5-9.  

Practically it was quite difficult to perfectly align the micro-scale slots in the 

desired position, however, the best of the efforts were put to achieve the discussed 

alignments.  
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Figure 5-9. (a) and (b) Cross-section of bonded specimen with U-shaped micro-

machined with micro-slots aligned to each other (c) and (d) Cross-section of 

bonded specimen with U-shaped micro-machined with partial misaligned micro-

slots, (e) and (f) Cross-section of bonded specimen with U-shaped micro-

machined with completely misaligned micro-slots. 

The increase in surface area by surface modification increases the potential area 

for bonding. The micro slots were observed completely filled with the adhesive as 

is evidenced in Figure 5-7, Figure 5-8 and Figure 5-9.  

Adhesive joint thickness is considered as an influencing factor in determining 

the joint strength of a bonded specimen [244]. The average thickness values 
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presented in Figure 5-10 are taken at the facing points where the surfaces were not 

modified.  

 

Figure 5-10. Average joint thickness recorded for each set of bonded specimens. 

In a pressure less joining, it is generally not easy to maintain the joint thickness 

at a constant value because the volatile gases which releases during the curing can 

push out the joined substrates by creating porosity inside the joining seam. 

Techniques such as introducing glass beads in the adhesive joining seam are 

employed to control the joint thickness. As the glass beads not only control the 

thickness but also act as a particle reinforcement in the joining seam, therefore, 

were avoided.  

During the preliminary experiments, around same quantity of joining material 

was used for all the specimens. Furthermore, the joining substrates were shimmed 

manually to ensure the filling of micro slots with adhesive which resulted in 

dissimilar joint thicknesses. However, instead of using glass beads, the use of 

particular fixtures to hold specimens and control joint thickness during curing 

cycles will be adopted in the future experiments. 

5.5.2  Mechanical Characterization 

The average single lap shear test values for each set of bonded specimens are 

reported in Figure 5-11. The surface machining by Micro-EDM technique showed 

a significant effect on the joint shear strength.  

The orientation of the micro-slots with respect to the applied load was observed 

as a critical factor in the joining configuration. Compared to non-modified (as-

received) surfaces joint, around 12% increase in the joint strength was observed 

when the samples with V-shaped micro-machined slots were subjected 

perpendicular (⊥) to the applied load while about 11% decrease in joint strength 

was noticed when the same were subjected parallel (║) to the applied load.  
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The edges of the micro-slots when ⊥ to the applied load, play an important role 

in resisting the cracks and ultimate failure. While in the specimens where the micro-

slots were ║ to the applied load, the resistance by edges was missing. Moreover, it 

was assumed that the propagation of fracture is relatively swift when micro-

channels were ║ to the applied load compared to the microchannels oriented ⊥ to 

the load.  

 

Figure 5-11. Average joint shear strength calculated for each set of bonded 

specimens. 

The specimens with semi-circle micro-slots on the surface displayed around 31 

% decrease in the joint shear strength compared to specimens with unmodified 

surfaces. The round edges of the semi-circle micro-slots were designed to avoid 

stress concentration points at the micro-slot edge where a crack can be initiated. 

Another advantage of this design is to achieve physical interlocking between the 

adherents. However, due to the relatively higher joint thickness of these specimens, 

the physical interlocking of the micro-slots was not satisfactorily achieved.  

The micro-slots alignment with respect each other in the joining seam was also 

found an influencing factor while determining the joint shear strength of a bonded 

specimen. It was observed that the U-shaped micro slots when overlapped show 

decrease in the joint shear strength compared to non-overlapped (misaligned) 

configurations, which displayed around 5 % increase in the joining strength 

compared to the as-received specimens. However, when the U-shaped micro-slots 

were bonded together in semi-overlap configuration, a remarkable increase in the 

joint strength, around 31 % compare to as received surfaces, was observed. The 
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micro-slots alignment in an adhesive joint influence the mechanics of load 

distribution and the resistance to crack propagation during loading.  

According to fracture mechanics principles there are two failure criterions: the 

stress intensity factor criterion and the energetic concepts. A stress intensity failure 

in adhesive joints is assumed to initiate from local sites of initial imperfection such 

as pores, cracks or unbonded points along the interface. An imperfectly bonded 

interface initiates sudden and adhesive failures leading to delamination the bonded 

substrates at interface and the cohesive fracture initiate from a pre-existing crack in 

the adhesive layer. While the energetic criteria rely on the supposition that the 

propagation of an internal defect [245]. 

The results presented in Figure 5-11 confirms that the alignment of micro-slots 

with respect to each other and the shape and depths of micro-slots in a joint seam 

influences the distribution of loads and the propagation of cracks. The variation in 

the shape and design of micro-slot allowed variable distribution of load and 

propagation of fracturs which resulted in different joint strength.  

When the micro-slots are parallel to the applied load, the mechanical 

interlocking do not apparently establish due to the orientation of micro-slots and 

the transition of pure adhesive failure mode into mixed adhesive/cohesive mode is 

mainly due to the improved adhesion bonding at metal/adhesive interface. 

Furthermore, the parallel orientation favored the fracture propagation along the load 

direction resulting in the lower joint strength due to the sliding of the bonded 

substrates at adhesive/metal interface. De Silva et al. [246] also reported around 6 

% decrease in joint strength when the micro slots in bonded area were oriented 

parallel to the applied load. 
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Figure 5-12. Macrographs of post SLO test bonded substrates surfaces. (a) As 

received Ti6Al4V joint, (b) Micro-machined surfaces joint with V-slots ⊥ to the 

load, (c) Micro-machined surfaces joint with V-slots ║ to the load, (d) Micro-

machined surfaces with Semi circle-slots, (e) Micro-machined surfaces joint with 

U-slots in overlapped alignment, (f) Micro-machined surfaces joint with U-slots 

in semi overlapped alignment, (g) Micro-machined surfaces joint with misaligned 

U-slots. 

Figure 5-12 shows the representative, post SLO test fractured joint surface for 

each set of bonded specimens. A complete adhesive failure was observed in the 

specimens with un-modified surfaces, Figure 5-12 (a), which shows a poor adhesion 

of the surface. Decreases in apparent shear strength correlate well with increases in 

adhesive failure mode, as anticipated. Surface modification appears to play a key 

role in maintaining an adhesive bond and driving the specimen to a cohesive failure 

mode. The rough surface in the micro-machined area has protruding nanostructures 

which give interlocking effect at the adhesive/Ti6Al4V interface and improves the 

adhesion [247].  

The pitch of micro slots, which also influences the adhesive joint strength 

properties [19], was kept constant in this study. However, unlike the machined area, 

the spacings between two micro-slots displayed typical adhesive behaviour like as-

received un-modified specimens. The joint failure in the micro-machined 

specimens can be, therefore, termed as a mixed failure due to the combination of 

both adhesive and cohesive failure in the joined area.  

The increase in the surface area increased the number of adhesives bonds and 

along with physical interlocking of adhesive with the nano-structured protruding 

surface in the machined area overcame the adhesive forces leading to cohesive 
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dominated failures. The shift from complete adhesive failure to a mixed failure 

evidences the improvement in adhesion by the surface modification of Ti6Al4V 

alloy. Similar failure modes are reported by other researchers [19,226,248] in the 

recent past while studying the improvement in adhesion by the surface modification 

of Ti6Al4V alloy.  

Table 5-2 Comparison of in-house developed Micro-EDM micro-machining effect 

on joining strength with established techniques. 

Reference Joints Specifications Type 

of lap 

shear test 

Effect of 

micromachining 

on joint strength 

Current 

study 

(As received) Ti-6Al-

4V/Ti-6Al-4V (Reference 

samples)  

Single 

Lap-Offset 

shear 

(derived 

from 

ASTM 

D905-03) 

Reference 

Value 

V-Slots (Micro-slots 

Perpendicular to Load) 

12.00% 

V-Slots (Micro-slots 

parallel to load) 

-11.00% 

Wavy-Interlocked -31.70% 

U-slots overlapped -7.00% 

U-Slots semi 

overlapped 

31.00% 

U-Slots misaligned 5.00% 

[249] lap-

shear 

Reference 

Value 



144 

 

Ti (99.6%)/Ti (99.6%) 

(As received), (epoxy 

adhesive) * 

(ASTM 

E8/E8M-

11) 

Ti (99.6%)Pre-treated 

with Plasma Electrolytic 

Oxidation (PEO) in 

aluminate-phosphate 

electrolyte, (epoxy 

adhesive) 

lap-

shear 

1.65% 

(ASTM 

E8/E8M-

11) 

Ti (99.6%) Pre-treated 

with PEO in silicate-

phosphate electrolyte, 

(epoxy adhesive) 

lap-

shear 

-18.62% 

(ASTM 

E8/E8M-

11) 

[19] Ti-6Al-4V/ Ti-6Al-4V 

(As received), (PETI-5 

adhesive) ** 

Single 

lap-shear 

Reference 

Value 

(ASTM 

D1002-05) 

Ti-6Al-4V surfaces 

modified using laser 

ablation (at 25.4 ablation 

pattern pitch), (PETI-5 

adhesive) 

Single 

lap-shear 

15.30% 

(ASTM 

D1002-05) 

Ti-6Al-4V surfaces 

modified using laser 

ablation (at 12.7 ablation 

pattern pitch), (PETI-5 

adhesive) 

Single 

lap-shear 

15.30% 

(ASTM 

D1002-05) 

Yukimoto et al [250] reported interfacial failure along the step-shaped micro 

slots, followed by cohesive failure of the CFRP micro slots and epoxy adhesive 

while only interfacial failure was observed in unmodified bonded surfaces. They 

further propose that with the increase in the aspect ratio of the micro slots, the 
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fracture transition to cohesive failure occurs. Vorobyev et al.  [247] also reported 

the improvement in adhesive bonding performance due to improved interlocking 

within the micro-slots area after Micro-EDM treatment. 

The micro-machining increased the surface area available for adhesive bonding 

compared to as-received surface and has a direct relation with joint strength 

[19,226]. The effect of Micro-EDM micro machining on the adhesion and joint 

strength is compared to other currently established surface modification techniques 

in Table 5-2. However, the preliminary experimental results, presented in Figure 

5-11, reveals that the alignment of micro-slots with respect to the direction of load 

and the alignment of micro-slots with respect to each other in the joint are 

influencing parameters and governs the load carrying capacity of the adhesive 

joints.  

Considering the variation in the adhesive joint thickness, the preliminary results 

will be reproduced to obtain a comparable data (experimental is in progress). To 

understand the effect of micro-machined area, shape and size on the mechanics of 

crack propagation will be studied in detail according to the principles of fracture 

mechanics. The load distribution in the joint area of with and without surface 

modified specimens will be studied using the finite element analysis which is 

proposed as a future work. 

5.6 Conclusion 

Ti6Al4V/Ti6Al4V bonded specimens with and without surface modification 

were produced to analyse the effect of microgeometry of micro-slots on adhesion 

and the adhesive joint shear strength. V, U and semi-circle shaped micro-slots were 

successfully produced on Ti6Al4V surfaces using an in-house developed Micro-

EDM setup (in Indian School of Mines, India).  

Preliminary results show that the bonded specimens with U-shaped micro-slots 

on the joining surface aligned in semi-overlap configuration exhibit around 30 % 

improvement in the joint shear strength compared to the specimens with unmodified 

surfaces. 

When the V-shaped micro-slots in a perpendicular (⊥) orientation in the bonded 

specimens were subjected to the applied load, displayed around 23% higher joining 

strength compared to when the micro-slots were oriented parallel (║) to the applied 

load.  

Around 31% decrease in joint strength compared to reference un-modified 

specimens was noticed when the specimens with a semi-circle shaped micro-slots 

in interlocking configuration were tested.  

Following three factors were observed that apparently influenced the joint shear 

strength of the adhesive bonded micro-machined specimens: 
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• The shape/design of micro-slots. 

• The alignment of micro-slots with respect to the direction of load. 

• The alignment of micro-slots with respect to each other at the joining 

interface. 

The joint fracture analysis confirmed the improvement in adhesion with the 

increase in bonded surface area and cohesive fractures dominated failure was 

observed for bonded specimens with micro-machined surfaces compared to the as 

received.  

Authors confidently put forward that further improvement to the in-house built 

Micro-EDM micromachining setup can emerge as a cost-effective and alternative 

solution to industries, where surface machining is employed.  

The preliminary results obtained during this research activity will help in the 

selection of micro-slots designing and their configuration at the joint interface for 

the future work. 
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6. Joining of SiC-SiC and C/SiC 

Ceramic Matrix Composites 

(CMC) To Ti6Al4V Alloy 

6.1 Abstract 

The aim of this chapter is to review SiC-based Ceramic Matrix Composites 

(CMC)/Ti6Al4V joining techniques and to discuss the new joining solutions 

proposed in the current study, such as SiC/SiC and C/SiC composites joined to 

Ti6Al4V by using active brazing alloy (Cusil-ABA) and Zr-based brazing alloy 

(TiB590) and the joint strength improvement by surface modification Ti6Al4V 

alloy.  

The microstructure of the joining seams and the elemental compositions of the 

diffusion zones are investigated using Optical Microscope (OM), Scanning 

Electron Microscope (SEM) and Electron Dispersion Spectroscopy (EDS) analysis. 

The joint shear strength values are evaluated using Single Lap (SL) and/or Single 

Lap Offset (SLO) mechanical tests and the fractured surfaces are analysed to 

determine the failure modes.   
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6.2 Graphical Abstract 

 

6.3 Introduction 

The CMC considered in this study consist of carbon or SiC ceramic fibres 

embedded in a SiC matrix. They have recently found applications in the fields of 

advanced aerospace vehicles and energy production. 

Ti6Al4V is one of the most commonly used titanium alloys, accounting for 

more than 50% of total titanium usage. It is an alpha beta (α + β) alloy i.e. heat 

treatable to achieve moderate increases in strength. The Ti6Al4V alloys show 

higher specific strength with good corrosion and oxidation resistance and can retain 

strength at higher temperatures [8].  

Ti6Al4V alloy has found extensive applications in aircraft, automotive and 

aerospace industries such as aircraft turbine engine components, aircraft structural 

components, aerospace fasteners; high-performance automotive parts, marine 

applications, medical devices, and sports equipment [251].   

6.3.1 Joining of CMC-Ti6Al4V 

Due to the brittle nature and complex production processes of CMC materials, 

it is difficult to manufacture large and complex structures.  For a complex structure, 
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the smaller parts of CMC are, therefore, joined to itself or to metals, especially Ti 

alloy. 

The development of appropriate joining processes and joining materials is 

crucial for expanding the structural applications of CMC and Ti6Al4V alloy-based 

components. Table 6-1 summarises the joining techniques and materials used to 

join CMC to Ti6Al4V in the recent past.  

Heat treatment of α + β titanium alloys above the β transus temperature (935 
oC) affects its mechanical properties due to change in microstructure [252]. 

However, by adopting an appropriate post-brazing heat treatment, the loss of 

strength or ductility Ti6Al4V can be recovered [253].  

 Table 6-1 CMC-Ti6Al4V joining solution proposed in the recent past. 

Ref 
Joining 

Substrates 

Joining Material, 

(wt. %) 

Joining 

Method 

Joint 

Strength, 

[MPa] 

Phases at the 

joining interface 

[254] 

 

C/SiC-

Ti6Al4V 

94 (72Ag–28Cu)–

6Ti (wt.%) alloy 

powder 

Vacuum 

Brazing 

at 20 oC 

=102 
TiC, Ti3SiC2, 

Ti5Si3, Ag, TiCu, 

Ti3Cu4, Ti2Cu, 

Ti2Cu+Ti 
890–

950◦C for 

1–35 min 

at 500 
oC=51 

 

[222] 

C/SiC-

Ti6Al4V 
Ag-26.7Cu-4.5Ti 

Vacuum 

Brazing 

with 

modified 

C/SiC 

surface = 

10 

TiC, TiSi2, TiCu, 

TiCuSi, Ag, 

Ti3Cu 

935 oC for 

10 min 

Otherwise 

= 3 

[255] 

C/SiC-Nb Ti-39.4Ni-21.2-Nb 

Vacuum 

Brazing 

at 20 oC = 

149 

(Ti,Nb)C, Nb5Si3, 

(Ti,Nb)2Ni and 

Ti5Si3 

1160–

1260 oC 

for 10 min 

at 600 oC = 

120 

  
at 800 oC = 

73 

[256] 

C/C-

Ti6Al4V 

Graphene nanotubes 

(GNPs)/Ag-26.7Cu-

4.5Ti composite 

Vacuum 

Brazing 

23.3 

Ti2Cu, TiCu, 

Ti3Cu4, TiCu4/Ag 

(s,s), Ti3Cu4, 

TiCu4,  

TiCu/TiC/C/C 

750 oC for 

10 min + 

880 oC for 

10 min 

[257] 

 

C/C-

Ti6Al4V 
Ag-26.7Cu-4.6Ti 

Vacuum 

Brazing 

With 15 

Vol% SiC 

particles = 

29 

TiCu, TiC, TiSiC, 

Ti2Cu and 

Ti2Cu+Ti (s.s) 
910 °C for 

10 min 

Otherwise 

= 22 
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[258] 

 

C/C and 

C/SiC-

Ti6Al4V 

Metal Glasses 
Vacuum 

Brazing 

1.       42 

MPa 

C–C/MBF-20 = 

Single phase 

enriched in Ti 

1. MBF-20 (Ni–

6.48Cr–3.13Fe–

4.38Si–3.13B–

0.06C–0.07Co–

0.01Al) 

MBF-20 = 

1040 oC 

for 4 min 

2. 73 MPa- 

C–C/MBF-30 = 

Two phase, Ti 

and light Ni-rich 

phase 

2. MBF-30 (Ni-

4.61Si–2.8B–

0.02Fe–0.02Co–

0.01(Al, P, Ti, Zr)) 

MBF-30 = 

1070 oC 

for 4 min 

  
TiC, NiCoCr, 

Cr3B4, Cr3B5, 

(CrFeMo)xBy, 

[259] 
C/C-

Ti6Al4V 

GNPs/Ti-23Cu-

11Zr-9Ni powder 

Vacuum 

Brazing 

With 1 wt. 

% GNPs = 

43.7 

TiC, (Ti, Zr)2(Cu, 

Ni), (Ti, Zr) (Cu, 

Ni), Ti (s.s) 

+Ti2Cu 
940 °C for 

10 min 

Otherwise 

= 22 

[260] 

Cr coated 

C/C-

Ti6Al4V 

1.Ti–23Cu–11Zr–

9Ni (wt%) 

Vacuum 

Brazing 

TiCuZrNi 

= 11.7 

CrxCy/TiC/β-

(Ti,Cr) + 

(Ti,Zr)2Cu + (Ti, 

Zr)Cu + TiC 

particles/Ti(s.s) + 

Ti2Cu 

2.Ti–23Cu–11Zr–

9Ni (wt%) + pure Cu 

(40 µm) layer 

960 °C for 

15 min 

TiCuZrNi+ 

Cu = 39 

6.3.2 Joining Materials for CMC-Ti6Al4V joining 

In the C/SiC-Ti6Al4V joint system, silver and aluminium based brazing fillers 

are generally used as a joining material to achieve a uniform and cracks free joining 

seam. However, they also have some serious disadvantages such as lower corrosion 

resistance, lower joint shear strength and are restricted to relatively low service 

temperature [13]. Joints produce with Ag based fillers are suitable for services 

temperature up to 400 °C while the joints produce using Al-based joining alloys are 

restricted to service temperatures below 250 °C [261].  

Metallic glass brazes provide high strength, leak tight, corrosion, and fatigue 

resistant joints [262]. The liquidus temperature of such joining alloys is higher than 

the beta transus of the Ti6Al4V alloys, however, they display excellent surface 

wetting properties and are used to join steels, superalloys, and cemented carbides 

[258]. Zr based fillers were proposed as an alternative to join the Ti alloys and 

display higher joint shear strength, improved corrosion resistance and can sustain 

higher working temperatures i.e. ~600 °C [263].  

Most of the Zr-based brazing alloys adopted to join ceramic composites to 

Ti6Al4V alloy contains Cu as an alloying element to relax the stress concentrations 

and to enhance the ductility of the joint. However, it results in the formation of 

brittle intermetallic phases (such as TiCu2, TiAl3, TiNi2, Ti3Cu4, (Ti, Zr)2Cu, etc.) 

practically in all titanium brazed joints which are the primary cause of fracture in 

the joints [259,260,263,264].  
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Most recently, Shapiro et al. used (Zr-Ti-Ni-Hf) fillers to join Ti6Al4V to itself 

to avoid the brittle intermetallics produced with quaternary near-eutectic filler 

metals of the Ti-Zr-Cu-Ni family [263,264].  

Besides the selection of a suitable joining process and joining material, the 

strength of a CMC-metal joint system can also be improved by the modification of 

joining surfaces.  

6.3.3 Surface Modification 

Due to extreme hardness and relatively low ductility of CMC parts, they are 

difficult to machine. On the contrary, metals are ductile and can be machined easily.  

Micro Electrical Discharge Machining (Micro-EDM) is an economic and a 

versatile process for machining different micro-texturing features that can be 

modelled to optimize effectiveness, for both conductive and non-conductive 

materials [265]. The details of surface modification of Ti6Al4V surfaces using 

Micro-EDM technique is discussed in Chapter 5. 

6.4 Experimental Work 

In this research activity, the brazing of CMCs (C/SiC and SiC/SiC) to Ti6Al4V 

using Active brazing alloy (CusilABA) foils and Zr-based braze (TiB590) foils as 

joining materials was carried out utilizing a pressure-less brazing technique in an 

argon atmosphere. Further improvement in the joint strength is experimented by 

adopting surface modified Ti6Al4V substrates. 

 The joining interfaces of the brazed specimens were investigated, and the joint 

shear strength was determined.  

6.4.1 Materials 

The CMC used were SiC/SiC and C/SiC composites, shown in Figure 6-1. The 

SiC/SiC (density = 2.3-2.4 g/cm3) composites were supplied by MT Aerospace, 

Augsburg, Germany.  

The C/SiC composites (density=1.8 g/cm3), were supplied by Airbus Defence 

and Space GmbH, Germany: SiC/SiC was reinforced with 0/90 woven SiC fabric 

and the C/SiC was reinforced with layers of unidirectional long carbon fibres 

stacked in 0/90 nonwoven configuration.   
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Figure 6-1 Morphology of SiC-based CMC used in this work a) SiC/SiC, b) C/SiC 

The active brazing alloy foils, (Cusil ABA, 50 µm thick), were supplied by 

Wesgo-Metal, USA. Zr-based filler foils, 50 µm thick, (TiBraze® 590), were 

supplied by Titanium Brazing, Inc. Columbus, Ohio, USA. The properties of 

materials (joining substrates and joining materials) discussed in this chapter are 

reported in  

Table 6-2. 

Table 6-2. Properties of material used in this chapter. 

Material 
Physical 

Form 

Composition, 

Solidus, oC 
Liquidus, 

oC 

CTE 

(wt.%) (10−6 K−1) 

SiC/SiC coupon 

Reinforcement: 

SiC fibres, Matrix: 

SiC 

- - 4 

C/SiC coupon 

Reinforcement: 

Carbon fibres, 

Matrix: SiC 

- - ║=2, ┴ = 5 

Ti Alloy Sheet Ti-6Al-4V 1604 1660 8.7-9.1 

Cusil-ABA Foil 
63.0 Ag-35.3 Cu-

1.8 Ti 
780 815 18.5 

TiB590 Foil 
61.7Zr-17.3Ti-

20Ni-1Hf 
796 813 8.8 
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Ti6Al4V alloy sheets having a thickness of 1.5 mm and 4.5 mm were supplied 

by MTA, Aerospace Germany and M/s Aich Enterprise, Kolkata-6, India 

respectively.  

6.4.2 Ti6Al4V Surface Modification 

The Ti-6Al-4V surface was modified by using an in-house built Micro-EDM 

setup in the Indian School of Mining (Indian Institute of Technology (ISM), 

Dhanbad, India). The Micro-EDM working is discussed in Chapter 5 section 5.4.2. 

Ti6Al4V with V-shaped micro-slots on the surface were brazed to C/SiC 

composites. Using a digital interface, the Micro-EDM was set to produce 300 μm 

wide and 200 μm deep V-shaped micro-slots at a distance of 500 μm from each 

other on the surface of a 4.5 mm thick Ti6Al4V alloy sheet.  The average width of 

the V-shaped micro-slot was calculated around 330±10 μm, the average depth was 

280±20 μm and the average distance between the slots were found 550±30 μm, 

Table 5-1.  

The micro-machining process resulted in around 30% increase (measured by 

the method shown in Figure 5-2 (g)) in the surface area of the Ti6Al4V surface. In 

the machined area, surface with protruding nano-structures was observed which can 

further enhance the interlocking at the joining seam/metal substrate interface. 

6.4.3 Joined Specimen Preparation 

The CMC-Ti6Al4V joints were produced mainly in two different 

configurations: Single lap and single lap offset configurations. Ti6Al4V sheets were 

cut using a ceramic blade and the CMC composite sheets were cut using a diamond 

blade to the desired size using a precision cutting machine. 

The joining surfaces were abraded with SiC paper (no. 360) and were cleaned 

with alcohol in an ultrasonic bath for 10 minutes at 60 oC to remove the surface 

impurities prior to brazing. 

All the joining components (CMC, joining materials and Ti6Al4V) were then 

stacked in a configuration shown in Figure 6-2 (a), (b) and (c). The CMC 

composites adopted in this study were relatively porous, therefore, during the 

brazing process, they were placed in the top position to avoid excessive infiltration 

of brazing alloy.  
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Figure 6-2. Specimen preparation and brazing, (a), (b) and (c) Joining components 

stacking configuration, (d) Brazing in a tubular furnace equipped with Argon 

Supply, (e), (f) and (g) Brazed Joints, (h) Single Lap (SL) test, (i) Single Lap 

Offset (SLO) test 

A small weight (15 g) was placed on the stacked configuration to ensure the 

stacking alignment during the brazing experiments. All the brazing experiments 

were carried out in a Carbolite® tube furnace equipped with Argon (Ar) gas supply 

and a digital control panel. A model of brazing setup is shown in Figure 6-2 (d). 

Several sets of brazing parameters (time, temperature, heating rate (H/R) and 

amount of joining material based on the literature review and phase diagram studies 

were tried to achieve a uniform joining seam with the adequate diffusion of the 

joining material into the joining substrates (CMC-Metal) along the interface. The 

optimised brazing parameters were decided when the surface wettability, adequate 

diffusion and non-porous uniform joining seam was achieved. Moreover, to avoid 

the effect of higher temperature on Ti6Al4V microstructure, a set of lower 

temperature and higher dwell were preferred over higher temperature and lower 

dwell time. The sets of optimized joining conditions at which sound joining was 

observed are reported in Table 6-3. 
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At the optimum brazing conditions, three SL specimens of dimension 10 mm 

(l) x 10 mm (w) were produced while 10 mm (l) x 4 mm (w) x 4.5 mm (t) joining 

substrates (CMC and Ti6Al4V) were brazed together with a 6 mm offset for SLO 

test configuration. 

Table 6-3 Set of optimised brazing parameter  

# Joining Configuration 

No. of 

Brazing Foils 

Joining parameters 

Temperature, 
oC 

Dwell 

Time, 

min 

Heating 

Rate, oC/hr. 

1 
SiC/SiC-CusilABA- 

Ti6Al4V 

2 
900 15 2000 

2 
C/SiC-CusilABA-Surface 

Modified Ti6Al4V 

4 
900 15 2000 

3 C/SiC-TiB590-Ti6Al4V 2 920 10 1000 

4 
C/SiC-TiB590-Surface 

modified Ti6Al4V 

4 
940 15 1000 

The joining interfaces were analysed using Optical Microscope (OM) and 

Scanning Electron Microscope SEM equipped before and after the mechanical test. 

The compositions of the multiple phases across the joints were investigated using 

the Electron Dispersion Spectroscopy (EDS).  

The joint shear strength of the brazed joints was determined using a universal 

mechanical testing machine (SINTEC D/10) equipped with a 5 kN load cell at a 

room temperature and 65% relative humidity. Single lap (SL) shear test method 

[266], adapted from ASTM D1002-05, and Single Lap Offset (SLO) shear test 

method (as discussed in Chapter 5). 

Before the mechanical test, the SL test specimens were glued to aluminium 

fixtures (Figure 6-2 (h)) using Scotch-Weld DP 490 epoxy and the curing was 

carried out for 45 minutes at 90 oC in Heraeus™ oven while the SLO test samples 

were carefully placed (not glued) in a steel fixture, (Figure 6-2 (i)), before 

subjecting to load without gluing. All the test samples were subjected to a 

compression load at a speed of 1 mm/min. The loading was stopped when the joint 

failure was ensured. Maximum load values at failure were recorded for each sample 

and macro images of the joint fracture were obtained to analyse the failure modes. 
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Joint shear strengths values were calculated by dividing maximum load over the 

joined area. 

6.5 Results and Discussion 

6.5.1 SiC/SiC-CusilABA-Ti6Al4V Joint  

Figure 6-3 (a) and (b) represents the optical microscope images of the SiC/SiC-

Ti6Al4V joint cross-section produced using a single (50 microns thick) CusilABA 

foil. During the brazing process, some of the joining melt infiltrated into the pores 

of the ceramic substrate, therefore a single CusilABA foil was observed not enough 

to produce a continuous joint. A uniform and around 40-45 microns thick 

continuous joining seam was achieved, Figure 6-3 (c) and (d), when two foils of 

CusilABA were used as a joining material. 

 

Figure 6-3. OM images of the (a) and (b) SiC/SiC-Ti6Al4V joint produced using 

one CusilABA foil, (c) and (d) SiC/SiC-Ti6Al4V joint produced using two 

CusilABA foils. 

Figure 6-4 presents the SEM micro images and the EDS analysis carried out at 

the SiC/SiC-CusilABA (2-foils)-Ti6Al4V joint interface. At the brazing 

temperature, Ti from the joining melt migrated to the ceramic surface to form a non-

continuous TiC and TiSi reaction layer. The EDS analysis shows Si, Ti and C 

enrichment at or near the SiC/SiC-CusilABA joint interface which is due to the high 

chemical affinity of Ti towards C and Si. The affinity of Ti towards C, in particular, 

is beneficial because it promotes surface wetting but the formation of Brittle TiC 

layer is detrimental to the joint strength [258]. Singh et al. [267] reported that the 

formation of titanium carbide and titanium silicides at this point is 
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thermodynamically possible as ∆G<0 while analysing the reaction between SiC 

fibre-bonded ceramics brazed with Ag-Cu-Ti alloy. 

 

Figure 6-4 (a) In-lens SEM, (b) Bask scattered SEM image and (c) EDS analysis 

of the SiC/SiC-CusilABA-Ti6Al4V joint interface. 

The presence of Si evidenced at the SiC/SiC-Cusil ABA interface favours the 

formation of titanium silicides besides the TiCx compounds [268]. During the 

brazing of C/SiC and Ti6Al4V using Ag-Cu-Ti ABA, Xiong et al. [254] observed 

that Ti reaction with SiC matrix is more evident than with carbon. The Ti-Si 

compounds forms during the solidification where SiC dissolves in brazing melt. Lui 

et.al [269] and Asthana et.al [270] also reported the formation of Ti5Si3 and TiC 

compounds in the reaction layers during self-joining of SiC ceramics using Ag-Cu-

Ti alloys as a joining material.   

The solidified braze matrix in the joining seam displays a two-phase eutectic 

microstructure with the Ag-rich light grey areas, Figure 6-4 (b) EDS 3, and the Cu-

Ti rich dark grey, Figure 6-4 (b) EDS 4. Literature study summarised in Table 6-1 

suggests the possible formation of Ag, TiCu, Ti3Cu4, Ti2Cu, phases in this zone 

[254].  

The grey zone appeared in the Ti6Al4V component at the Ti6Al4V-Joining 

seam interface is due to the diffusion of Ti and Al diffusion from Ti6Al4V alloy 

towards the joining seam and the diffusion of Ag and Cu from the joining melt 

towards the Ti6Al4V surface, Figure 6-4, EDS 5.  

Three brazed specimens of dimension 10 mm x 10 mm were subjected to 

compression load in an SL test to analyse the joint shear strength of the SiC/SiC-
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Ti6Al4V joints produced using two foils of Cusil ABA as a joining material. Figure 

6-5 (a) and (b) represents the macro images of the SL test specimens before and 

after the mechanical test.  

 

Figure 6-5. (a) SiC/SiC-Ti6Al4V brazed SL test specimens, (b) post SL test joint 

surfaces top view, (c) SL test results 

During the mechanical test, it was observed that all the specimens failed due to 

the delamination of the SiC/SiC composite and no failure was observed at the 

joining seam. It is evidenced in Figure 6-5(b) that delaminated SiC/SiC layer is still 

attached to the Ti6Al4V component while the joint is still in place. The interlaminar 

shear strength of the SiC/SiC composites is around 2-3 MPa. Around the same was 

observed during the SL test, reported in a table shown in Figure 6-5 (c).  

Although the SL test results do not represent the true value of the C/SiC-

CusilABA-Ti6Al4V joint strength, however, it confirms that the apparent joint 

strength is higher than the interlaminar strength of the SiC/SiC component. 

6.5.2 C/SiC-TiB590-Ti6Al4V Joint  

At the brazing conditions, reported in Table 6-3, satisfactory spreading of TiB-

590 foils on the C/SIC and Ti6Al4V surfaces was observed. C/SiC composite 
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substrates were brazed to Ti6Al4V (un-modified surface) using two, 50-micron 

thick, TiB590 foils in an argon atmosphere. 

Figure 6-6 represents the SEM images of the C/SiC-TiB590-Ti6Al4V joining 

seam using as received and surface modified Ti6Al4V substrates. At the optimised 

brazing conditions, a uniform, crack-free and void-free joining interface was 

observed.  

 

Figure 6-6 SEM images of the C/SiC-TiB590-Ti6Al4V joining seam using a) 

unmodified and b) surface modified Ti6Al4V substrates. 

Almost half of the micro-slots on Ti6Al4V substrate surface were filled when 

two foils of TiB590 alloy were used as a joining material and without modifying 

the brazing parameters. The complete filling of micro-slots was achieved when the 

brazing temperature and number of brazing foils was increased as reported in Table 

6-3.  

The TiB590 fillers contain active Ti and Zr elements with good metal-glass 

forming ability. At the brazing temperature, these active elements supposedly 

diffuse and forms a diffusion layer at the substrates surfaces near the joining 

interface.  

According to the supporting literature, the joining interface layer adjacent to 

C/SiC is possibly composed of  HfSi2 [271] and C (Ti, Zr) [272], the interlayer 

Ti2Zr, Ti3Si, Zr (s.s), HfSi2 and Al3NiZr6 compounds, while the diffusion area 

adjacent to Ti6AlV is possibly composed of AlNi3, AlZr4 Al(Ni, Zr) and Ti(Al, V) 

compounds. 
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The metal carbides (ZrC and TiC) formed in the joining seam are relatively 

brittle in nature, however, compared to SiC matrix, the ZrC and TiC exhibit larger 

bulk modulus, smaller changes in the Young’s and shear moduli, as well as better 

ductility [272,273].  

Hf and Si react at temperature 600 oC to form HfSi and at 765 oC to form HfSi2 

[274]. Hafnium di Silicide (HfSi2) is high-oxidation resistant compound and is 

commonly used as high-temperature oxidation resistant coating in high temperature 

structural materials and aviation and spaceflight etc [271].  

 

Figure 6-7. a) and b) SEM images of the C/SiC-Ti6Al4V joint interface, c) EDS 

analysis of C/SiC-Ti6Al4V interface 

A strong attraction between Ti-Al and Ti-Si as well to form intermetallic 

compounds have been reported by Vahlus et al. [275] and the thermodynamic 

assessment shows the formation of Ti3Si+TiAl compounds at ~1049 oC [275,276]. 

However, the ductile to the brittle transition temperature of the TiAl and Ti3Al 

intermetallics is above 800 oC and have coarse-grained lamellar or equiaxed 

structures [277]. 

In the diffusion layer adjacent to Ti6Al4V, a two-phase microstructure was 

observed. The grains of Zr rich dark phase (Figure 6-7, EDS-3) distributed through 

the matrix were composed of ~50Zr-27Ti-21Ni-1.6Al-0.8V wt.% alloy (with traces 

of Hf). The matrix phase (Figure 6-7, EDS-4) is represented by large islands of 

~37Zr-17Ti-13Ni-1.4Al wt.% alloy (with traces of V and Hf) where the V and Al 
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are diffused from base Ti6Al4V alloy due to the diffusion driving force caused by 

the concentration gradients. The obtained results are supported by observations 

reported in  [253,263].  

Ti-Zr compounds observed at the joining interface generally display low 

structural stress concentrations, therefore the Ti6Al4V-Joining seam interface is 

potentially resistant to dynamic loading [278]. According to phase diagram, the 

dark phase grains constitute Zr-Ti α solid solution system which has solidification 

temperature ~1600 oC [279]. The crystals within are solidified first, most probably 

at the brazing temperature, and left all the nickel in the ternary eutectic Zr-Ti-Ni 

liquid, which solidifies only below 820 oC during cooling after brazing. Shapiro et 

al. observed similar behaviour while brazing Ti alloys using TiBraze foils [263].  

6.5.2.1 C/SiC-TiB590-Ti6Al4V Joint Shear Strength analysis 

Three C/SiC-TiB590-Ti6Al4V brazed specimens (with un-modified Ti6Al4V 

surfaces) of dimension 10 mm x 10 mm were produced and subjected to 

compression load in an SL test configuration to evaluate the joint shear strength. 

Figure 6-8 represents the macro images of the SL test specimens after the 

mechanical test and the average SL test results.  

 

Figure 6-8 (a) Single Lap (SL) configuration, (b) Macro images of post SL test 

fractured surface of C/SiC-TiB590-Ti6Al4V, (c) SL test results. 

During the SL test, the specimen 1 and 2 failed due to the delamination of the 

C/SiC composites while the specimen 3 was discarded because the epoxy glue with 

which the specimen was bonded to the aluminium fixture failed.  The delaminated 

layer of the C/SiC composite attached to Ti6Al4V component after the failure is 

shown in Figure 6-8 (b) while the C/SiC-Ti6Al4V joint remained intact. The 

interlaminar shear strength of the uncoated C/SiC composites used in this work was 

around 4 MPa. The results displayed in Figure 6-8 (c) shows that the specimen 

failure occurred in the range of 3-5 MPa, therefore it was assumed that the C/SiC-
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Ti6Al4V joint produced with Zr-based alloy is higher than the interlaminar shear 

strength of the C/SiC composites.  

As discussed earlier, SL test configuration was adopted to evaluate the joint shear 

strength of the CMC/Ti6Al4V joints, but all the specimens failed due to low 

interlaminar delamination of the ceramic composites. Therefore, Single Lap Offset 

(SLO) test configuration was adopted for further joint shear strength analysis to 

avoid delamination of the ceramic specimen during the test and ensure the failure 

in the joining seam.  

C/SiC-Ti6Al4V SLO test specimens were produced with as received and 

surface modified Ti6Al4V substrates using Zr-based filler (TiB590) fillers as a 

joining material. To establish a comparison, another set of C/SiC-Ti6Al4V SLO 

specimens was produced using CusilABA as a joining material. The interface 

properties of C/SiC-CusilABA-Ti6Al4V joints are discussed in section 6.5.1. As 

CusilABA is a conventional alloy used to join SiC based CMCs to Ti6Al4V and 

Itself, therefore,  is also reported by several researchers [268,280] in the recent past. 

 

Figure 6-9. Polished cross section of (a) C/SiC/Cusil-ABA/Surface modified 

Ti6Al4V joining seam, (b) C/SiC/TiB590/Surface modified Ti6Al4V joining seam. 

Figure 6-9 (a) and (b) represents the polished cross-section of the C/SiC-

Surface modified Ti6Al4V joining seams using CusilABA and TiB590 as a joining 

material respectively. In the C/SiC-surface modified Ti6Al4V joint, the micro slots 

were observed filled, when four foils of CusilABA were used as joining material. 

The visible cracks in C/SiC part (Figure 6-9 (a)) appeared during polishing of the 

brazed specimen. 
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Table 6-4 Single Lap Offset (SLO) mechanical test results. 

No. Joint Configuration 

Joint Shear 

Strength, 

[MPa] 

Failure Mode 

1 C/SiC-TiB590-Ti6Al4V 43 ± 3 Mixed Mode 

3 
C/SiC-TiB590-Ti6Al4V 

* 
6.33 ± 2 

C/SiC 

delamination 

4 
C/SiC/Cusil-ABA/ 

Ti6Al4V 
18 ± 3 Mixed Mode 

5 
C/SiC-CusilABA-

Ti6Al4V * 
7.9 ± 3 

C/SiC 

delamination 

*Surface modified Ti6Al4V substrate  

A set of three C/SiC-Ti6Al4V SLO specimens, for each for each of the four 

joint configurations, reported in Table 6-4 were subjected to compression load 

using SLO test configuration as shown in Figure 6-2 (i).  

It was observed that C/SiC-Ti6Al4V joints produced with Zr based fillers 

display around 40 % higher joint shear strength compared to conventional Ag-

based (CusilABA) fillers, Table 6-4 (1) and (4). All the brazed specimens produced 

with unmodified Ti6Al4V surfaces failed at the joining interface.   

 

Figure 6-10 Macrographs of post SLO fracture surfaces of (a) and (b) C/SiC-

CusilABA-Ti6Al4V and (c) and (d) C/SiC-CusilABA-Surface modified Ti6Al4V 

bonded specimens. 

The brazed joints having a surface modified Ti6Al4V substrates, however, did 

not fail at the joining interface and the failure observed was mainly due to the 

delamination of the ceramic composite substrate. Figure 6-10 and Figure 6-11 
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represents the stitched OM images of the fractured surfaces of the tested SLO 

specimens. 

 

Figure 6-11 Macrographs of Post SLO fracture surfaces of (a) and (b) C/SiC-

TiB590-Ti6Al4V and (c) and (d) C/SiC-TiB590-Surface modified Ti6Al4V 

bonded specimens. 

The joints obtained with modified Ti6Al4V surfaces were observed intact after 

the SLO test which apparently evidences the improvement in the joining seam. The 

results (2) and (4) in Table 6-4 do not represent the true values of the C/SiC-

Surface-modified Ti6Al4V joints strength, however, it gives an indication of 

improvement in joint strength as the joining interface was not failed for both the 

joining materials.  

6.6 Other CMC-Ti6Al4V Joining trials 

During this part of research work, several other attempts were made to join 

CMC to Ti6Al4V but were discontinued due to scientific reasons. The summary of 

some of those attempts is discussed in the following sections. 

6.6.1 CVD C/SiC-TiNi based powders-Ti6Al4V Joint  

The joining of CVD (Chemical Vapour Deposition) SiC coated C/SiC to 

Ti6Al4V was carried out using TiNi (70:30 wt. %, mesh size 325) alloy powder 

950 oC for 30 min with a heating rate of around 16 oC/min in Argon atmosphere in 

a Carbolite tube furnace. A porous and discontinuous joining seam was observed 

with no apparent diffusion of joining material into the joining substrates (CVD SiC 

coated C/SiC and Ti6Al4V).  

This process was improved with the addition of 20 wt. % Cu powder of mesh 

size 325 to the TiNi alloy powder. Using TiNi-20Cu (wt. %) as a joining material 

the brazing of the CVD SiC coated C/SiC to Ti6Al4V was carried out at 930 oC for 
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20 minutes in an argon atmosphere and heating rate 16 oC/min. The diffusion of 

joining material into the joining substrates was achieved, however, the infiltration 

of the joining material into the porous C-SiC substrate was observed. 

A sputtering technique was employed to avoid this problem. A Ti layer of 

around 700 nm – 900 nm was sputtered on the surface of porous the CVD SiC 

coated C/SiC composites to avoid the infiltration of joining material during the 

brazing process. The sputtering helped to avoid the infiltration of joining melt into 

the joined substrates, but the porosity in the joining seam still remained a challenge. 

For this reason, working with powder alloys was not continued further.  

6.6.2 CVD SiC Coated C/SiC-Metal Glass Brazing Foils (MBF)-

Ti6Al4V joint system 

Two Ni-based Metal Glass Foils: MBF-50 (50Ni-19Cr-7.3Si-0.08C-1.5B) and 

MBF-80 (80Ni-15Cr-0.06C-4B) (both 40 microns thick) were used to join CVD 

SiC coated C/SiC composites to Ti6Al4V alloys substrates. 

Using 2 foils of MBF-50 CVD SiC coated C/SiC components were brazed to 

Ti6Al4V components. The optimised joining was achieved by brazing at 1200 oC 

for 5 min in an argon atmosphere. The heating rate adopted was 16 oC/min and the 

specimens were slow cooled (10 oC/min) after brazing to avoid residual stresses. 

In another brazing attempt, for a similar pair of joining substrates, MBF-50 

amorphous foils were replaced with MBF-80 amorphous foils and the brazing was 

carried out at 1120 oC for 5 min in argon (heating rate = 16 oC/min, and cooling rate 

= 10 oC/min). 

Joining interface analysis revealed a uniform and continuous joining seam with 

the diffusion of both the Ni-based amorphous joining alloys into the joining 

substrates.  However, this approach to join the CMC to Ti6Al4V was not further 

followed due to the high-temperature parameters during brazing (beyond the beta 

transus temperature of Ti6Al4V), which results in the deterioration of mechanical 

properties of the Ti6Al4V alloy. 

6.7 Conclusion 

Uniform, void and crack free SiC/SiC-Ti64, C/SiC-Ti64 joints with and 

without surface modification were demonstrated utilizing a pressure less brazing 

technique in an argon atmosphere.  

Around 40% increase in joining strength was recorded when the conventional 

active brazing alloy was replaced with an Zr-based brazing alloy as a joining 

material.  

Ti6Al4V surfaces with V-Shaped micro-slots were employed to analyse the 

effect of micro-machining on C/SiC-Ti6Al4V joint strength. Brazed joints 
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produced with surface modified Ti6Al4V displayed prominent improvement in the 

joining strength.  

To further understand the interfacial reactions and phased formed at C/SiC-

TiB590-Ti6Al4V joining interface, XRD analysis will be carried out and the results 

analysis will be updated.  

Ti6Al4V specimens with different micro-slots shape and size will be 

experimented to analyse the effect of micro-slot configuration on the joint shear 

strength of brazed CMC-Ti6Al4V specimens. 
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7. Thesis Conclusion 
Reliable joining techniques are necessary to integrate the lightweight, 

dissimilar materials for structural and functional applications. Despite its 

technological advances, the joining of dissimilar materials is not problem free and 

still poses challenges. 

The aim of this research work is to produce alternative and efficient joining 

solutions for automotive and aerospace applications. Experiments were performed 

to improve the joining processes by optimising the current joining techniques, to 

introduce new joining solutions and to develop non-conventional light-weight 

composite materials with improved properties. 

The potential replacement of expensive honeycomb material with low-cost Al-

foam in a sandwich structure is experimented for automotive, marine and civil 

applications. The Al-foam and Al-honeycomb core materials are joined to the Glass 

and Carbon Fibre Reinforced Polymer (FRP) facing skins by in-situ fabrication of 

sandwich panels method. The experimental results show that, compared to 

honeycomb sandwich panels, the Al-foam sandwich panels display ~25 % and ~65 

% higher flexural properties in a long and short span three-point bending test 

respectively. Furthermore, the addition of MWCNTs to the CFRP skins improved 

the stiffness properties of the facing skins and hence the flexural behaviour of the 

sandwich structure.  The flexural behaviour of sandwich structure is observed 

highly influenced by the type of core material, facing skins properties and the span 

length adopted during the flexural test. 

Five soldering/brazing solutions are proposed to join Al-6016 and Al-7046 

facing skins to Al-Foam to produce AFS composites of complete metallic character 

using Zn based alloys and Al-based amorphous alloys as joining materials for 

higher temperature applications. The experimental results show that, AFS 

specimens produced with Zn2Al alloy as joining material displayed higher flexural 

properties with no delamination at the Al-foam/Al-skin interface when compared 

to AFS components produced with other joining alloys used in this study. The types 

of AFS produced in this study can sustain operational temperatures from 380 °C to 

500 °C. Although, the AFS composite panels were produced in a batch furnace; 

however, the joining solutions proposed in this study, favoured by diffusion, can 

easily be automated in a continuous furnace which can ensure the mass 

productivity, reproducibility, and lower production costs. 
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A unique class of dynamic composites with improved impact resistance 

properties are produced by joining epoxy and polyurethane laminates reinforced 

with carbon fabric. The joining was achieved by utilising the reversible crosslinking 

chemistry of the modified epoxy and PU resins. The thermal, flexural and impact 

response of the multilayer epoxy/PU laminates produced in three different 

combinations are compared with a pure epoxy composite laminate. The Epoxy/PU 

configurations displayed ~95% higher damage initiation threshold (CFRP-4) and 

~55% higher perforation threshold energy (CFRP-3) when compared to the pure 

epoxy composite. Unlike the conventional thermosets, the dynamic thermoset 

composites, due to the reversible crosslinking chemistry of resins, are recyclable, 

repairable and reshape able. The dynamic composites have great potential to replace 

the conventional thermoset composite used for body and interior parts in 

automobiles and aeroplanes. 

To analyse the effect of shape and orientation of a micro-slots in a joint on the 

adhesion and joint strength, V, semi-circle and U-shaped micro-slots were produced 

on Ti6Al4V sheet surface by using an in-house developed Micro-Electro-Discharge 

Machining (Micro-EDM) setup. The preliminary Single Lap Offset (SLO) joint 

shear test results show that the micro-slots oriented perpendicular to the applied 

load displayed around 23 % higher joint strength when compared to parallel 

orientation. The U-shaped micro-slots configuration displayed around 30 % 

improvement in the joint shear strength compared to the reference plain surface 

bonded specimens. The variation in the shape and design of micro-slot allowed 

variable distribution of load and propagation of fractures which resulted in 

increase/decrease of the joint strength values. The shape, alignment of micro-slots 

with respect to the direction of load and the alignment of micro-slots with respect 

to each other at the joining interface are found as the main parameters influencing 

the adhesive joint strength.  

The joining of CMCs (C/SiC and SiC/SiC) to Ti6Al4V alloy is experimented 

to produce a high strength and corrosion resistant joining seam by replacing the 

conventional active brazing alloy(Cusil-ABA) with a Zr-based brazing alloy 

(TiB590) in a pressure-less argon atmosphere. Around 40% higher joining strength 

was recorded when the Zr-based brazing alloy was used as a joining material 

compared Cusil-ABA. Further improvement in the joining strength was noticed 

when the Ti6Al4V surface was modified by Micro-EDM technique prior to joining.  

The best of efforts is put to develop the missing knowledge to fill in the 

highlighted gaps and transfer it to industry. However, there are still some 

improvements, verifications of the results and most importantly integration of the 

proposed joining solutions into the relative engineering structures, which will be 

the focus of future research work preferably in collaboration with industries. 
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List of Publications  

Joining of Al-6016 to Al-Foam Using Zn-Based Joining Materials. 

Published in International Journal of Applied Science and Manufacturing: 

Composite Part A; 96:122–8. doi:10.1016/j.compositesa.2017.02.019, January, 

2017. 

Joining of Al-Sheet to Al-Foam Using Metal Glasses. Submitted to the 

Journal of Materials Processing Technology. Ref: PROTEC-D-18-01186, April 

2018. 

Development and Characterisation of Hybrid Dynamic Epoxy/PU 

Composites for Enhanced Impact Resistance. Ref: JCOMB_2018_1382. 

Reviewed, Journal of Applied Science and Manufacturing: Composite Part B, 

March 2018. 

List of Conferences 

Joining of C/SiC Ceramic Composites to themselves and to Ti-6Al-4V for 

aerospace applications. 23rd AIDAA Conference on Aeronautics and 

Astronautics, Turin Italy 17-19 November 2015. 

Joining of Al-6016 To Al-foam Using Zn-based Alloys to Obtain 

Aluminium Foam Sandwich (AFS) For Aerospace Applications. 23rd AIDAA 

Conference on Aeronautics and Astronautics, Turin, Italy 17-19 November 2015. 

Joining of C/SiC Ceramic Composite to Itself and TI64 For Aerospace 

Applications. 40th International Conference and Expo on Advanced Ceramics and 

Composites. Ref ID: 2349806, Daytona Beach, Florida, United States of America 

(USA) 24 – 29 January 2016. 

Joining of C/SiC to Ti-6Al-4V by Zirconium-Based Brazing Alloys. 41st 

International Conference and Expo on Advanced Ceramics and Composites. Ref: 

2586304, ICACC-S1-P082-2017, Daytona Beach, Florida, United States of 

America (USA) 22-27 January 2017. 

Joint Strength Improvement of C-SiC/Ti6Al4V System by Surface 

Modification. 42nd International Conference and Exposition on Advanced 

Ceramics and Composites (ICACC 2018), Daytona Beach, Florida, Florida, United 

States of America (USA) January 21-26, 2018. 

Development and Characterisation of Hybrid Epoxy/PU Dynamic 

Thermoset Composites with Enhanced Impact Resistance. European Congress 
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and Exhibition on Advance Materials and Processes (Ref: 1830 EUROMAT, 2017). 

Thessaloniki – Greece. 17-22 September 2017. 

Joining of CFRP and low-CTE glass-ceramics for aerospace applications. 

European Congress and Exhibition on Advance Materials and Processes 

(EUROMAT, 2017). Thessaloniki – Greece (17-22 September 2017). 

Brazing Joining Of C/SiC to Ti6Al4V and the Joint Strength Improvement 

by Surface Modification. Ref: CD: HP09. CIMTEC 2018, 14th Ceramics 

Congress (June 4-8, 2018) Perugia, Italy. 

Effect and Comparison of MWCNTs on the Flexural Behaviour of Carbon 

Fibre Reinforced Polymer (CFRP)/Al-foam and Al-honeycomb Sandwich 

Composites. 18th world textile conference. Istanbul, Turkey. (20-22 June 2018). 

A Comparison of Al-foam Core and Al-honeycomb Core Glass-

fibre/Epoxy Sandwich Panels. (Accepted) 1st International Symposium on 

Mechanics, Glasgow, United Kingdom, 9-12 July 2018. 

List of External Research Activities 

Task: Development and Characterization of Fibre Reinforced Polymer / Al-

foam and Al-Honey Comb Sandwich Panels. (Joint research activity of Politecnico 

di Torino and Istanbul Technical University). Funding: Higher Education 

Commission, Pakistan (HEC). Host Institute: Dept. of Textile Engineering, 

Design and Technology, Istanbul Technical University, Turkey. (September 2017-

October 2017). 

Task: Hybrid Epoxy / PU Dynamic Thermoset Composites with Enhanced 

Impact Resistance. Funding: 7th Call of KMM-VIN research fellowship. Host 

Institute: IK4-CIDETEC, San Sebastian, Spain. (September 2015-November 2015) 
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• HEC, Pakistan MS leading to PhD fellowship award (2012-2017). 
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Annex 2 

Preparation and Investigation of AFS from Al-6013 and 

Al6Si Foams by Brazing Method 

This project was started in collaboration with Institute of Metallurgy and 

Materials Science (Polish Academy of Sciences), Krakow, Poland under Erasmus 

staff mobility and training programme.  

The joining of Al-6013 sheets to Al6Si foams (produced by Institute of 

Metallurgy and Materials Science, Poland) to obtain AFS composite panels. The 

joining substrates (Al-Sheets and Al-foams) were provided by the partner institute 

while the joining experiments were carried out in DISAT, Politecnico di Torino 

under the supervision of Prof. Graziano Ubertalli. 

 

 a) Al6Si Foam surface and cross-section, b) AFS base stacking for brazing, c) 

Transverse view of Al-6013/Al6Si AFS composite brazed specimen 

The brazing parameters were optimised and AFS specimens were produced by 

joining un-treated and artificially aged Al-6013 sheets to Al6Si foams using Zn-

based joining alloys.  

The AFS cross-sections were investigated using OM, SEM and TEM. 

Rectangular specimens of dimension 60 mm (length) x 20 mm (width) x 11 mm 

(thick) were subjected to three-point bending test to analyse the flexural properties 

of the AFS composite panels. 

The results are under analysis at this point. A joint research paper regarding 

this research activity will be published in near future. 
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Annex 3 

Adhesive Joining and Disassembling of Alumina (Al2O3) – 

Steel  

This research activity was conducted within J-TECH@POLITO, Advanced 

Joining Technologies inter-departmental research centre funded by Politecnico di 

Torino and under the supervision of Prof. Monica Ferraris. SASIL s.r.l. Italy is 

kindly acknowledged for having partially funded this experimental work. 

Rollers are used to crush the waste glass in industry: since they are made of 

steel, it adds dark colour contamination to the crushed glass powder. Recently it 

was proposed to cover the steel roller surface with high wear resistant alumina 

ceramic inserts to avoid the problem of coloured contamination in the glass powder.  

 

Adhesive joining and Disassembling of Alumina/Steel specimens 

The aim of this research activity was to study the adhesive joining and 

disassembling of alumina inserts to C-45 steel. The joining was targeted to ensure 

that the alumina inserts remain intact to steel roller surface (minimum joint shear 

strength ≥10 MPa) during the operation. While the disassembling target was to 

ensure the easy replacement of individual alumina inserts broken/damaged during 

the operation.  

Adhesive joints were produced using three types of commercial adhesives 

(Bondit: B-45TH, B-481 TH, and B-536 TH, supplied by RELTEK, USA). The bonded 
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substrates were subjected to single lap offset shear test to determine the joint shear 

strength.  

The two adhesives, B-481 TH (~30 MPa) and B-536 TH (~18 MPa) displayed 

the joint shear strength well above the target i.e. 10 MPa and displayed mix 

adhesive-cohesive failure at the joining interface. 

The disassembling tests were conducted at higher and at cryogenic 

temperatures. The alumina/steel substrates bonded with B-536 adhesive displayed 

easy disassembling when heated for 15 minutes at 160 oC. While the specimens 

bonded with B-481 TH and B-45 TH disassembled when heated for 25 minutes at 

160 oC. The cryogenic disassembling test (using liquid nitrogen) apparently didn’t 

work. Based on experimental results and observations, B-536 TH adhesive was 

found, the most suitable solution for this project due to adequate joint shear strength 

easy disassembling. 

The lab-scale experimental work was successfully reproduced and upscaled for 

the industrial process in the partner company (SASIL s.r.l. Italy). A letter of 

appreciation issued by the SASIL s.r.l. Italy for the successful completion of 

research activity is attached.  
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