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Abstract: This paper presents an overview of technologies for joining fibre-reinforced polymer composites to thin-walled metal sheets. It 

covers the areas of welding, bonding with different surface texturing as well as mechanical joining. It analyses the problems arising from the 

different mechanical, physical properties of metals and composite materials and presents the possibilities of solving them by the application 

of individual and combined joining technologies. 
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1. Introduction 

Today, the automotive industry is under pressure from new 

emission and safety standards with stricter requirements.  

Awareness of climate change is increasing globally, putting 

pressure on all sectors of the industry to minimise their emissions. 

One way to meet these demands in the case of the automotive 

industry is to reduce vehicle weight. Therefore, in recent years, 

multi-material vehicle structures have started to be used, where, in 

addition to steels and light non-ferrous metal alloys, polymer 

composites reinforced with different types of fibres are also 

featured [1, 2]. 

A major problem in the production of multi-material vehicle 

structures is the joining of heterogeneous materials. Thus, in 

modern car bodies, there is also the problem of joining metallic 

materials - steels and aluminium alloys - with fibre reinforced 

polymer composites (FRPC). The difference in chemical 

composition, material, physical and technological properties 

requires modification of existing technologies such as adhesive 

bonding, mechanical joining and fusion welding, up to the 

development of new bonding technologies. In addition to these 

methods, hybrid joining methods have also been developed, where 

several technologies are combined into a single process. Most 

commonly, bonding is used in combination with mechanical joining 

(bolting, riv-joining, etc.) or welding (FSW, RSW), or several 

welding technologies are combined into a single joint [3].  

The paper presents an overview of joining technologies for thin 

walled materials based on polymer composites and metals. 

 

Fig. 1 Classification of basic methods of joining dissimilar materials 

 

2. Adhesive joining 

Adhesive bonding is the process of joining two components 

using an adhesive, it is suitable for joining elements made of 

dissimilar materials (metals, polymers or ceramics) in the 

aerospace, automotive and construction industries. As bonding is an 

irreversible process, it seals the joints and also prevents galvanic or 

crevice corrosion between two dissimilar materials. With adhesive 

bonding, lightweight structures can be produced compared to other 

assembly technologies [4]. 

 

Fig. 2 Adhesive joint of polymer composite and aluminium alloy [5] 

 

When bonding metals and composites, there are two ways to 

create an adhesive bond, either by using an adhesive and curing it 

with pressure, time or solvent evaporation, or by using the adhesion 

of the thermoplastic matrix of the composite itself, without the use 

of a separate adhesive. The second method uses heat to melt the 

thermoplastic matrix of the composite and, after compression with 

the metal plate and solidification, an adhesive bond is formed. This 

means that thermoset matrix composites cannot be bonded in this 

way [3]. 

Advantages: 

 Improves stress distribution which improves fatigue 

properties 

 No galvanic corrosion  

 Temperature sensitive materials can be joined (No 

change in material properties due to heat) 

 No thickness restrictions 

 Smooth surface finish 

 No added weight from bolts and rivets 

Disadvantages:  

 Stress concentrations at the edges of the joint  

 Sensitive to peel stress  

 Sensitive to mismatches in CTE (coefficient of 

thermal expansion), will create residual stresses  

 Surface preparation often needed  

 Cannot easily be dissembled for service or inspection  

3. Mechanical joining 

3.1 Clinching 

Clinching is a mechanical joining method that is widely used in 

the automotive industry to produce automobile body panels and 

electrical appliance skeletons. It is a cold forming process.  
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In metal-to-composite joining, either a composite plate or a 

metal sheet is deformed to form a geometric connection, Fig. 3. It is 

preferable to place the material with the higher ductility (metal) in 

the upper position, on top of the composite materials with the 

prepared hole, because during forming, an intense plastic 

deformation of the upper plate occurs, filling the hole in the 

composite with metal, thus forming a mechanical joint. The 

composite plate may have a pre-drilled hole necessary to ensure 

interlocking, or the hole may be punched out during nailing. Pre-

drilling the hole is an extra operation, but the prepared hole reduces 

the risk of damage to the material during joining, which often 

happens with joints without a prepared hole [4,6]. 

 

Fig. 3 The Clinching process: a) placement of the materials to be joined, b) 
deformation of the top plate, c) filling the space in the die with metal to form 

the joint, d) Clinching joint [6] 

 

Advantages: 

 No added weight from bolts and rivets 

 Does not require pre-drilled holes nor surface preparation 

 Temperature sensitive materials can be joined 

Disadvantages: 

 Two-sided access required  

 Risk of damage from deformation and galvanic corrosion  

 Brittle materials cannot be joined  

 Stress concentrations 

3.2 RIVTAC® (High-speed impact nailing) 

The RIVTAC® method is based on the grooved rivet 

penetrating the materials at high speed (20 to 40 m/s), Fig. 4. 

During bonding, a short heat increase occurs thus achieving better 

formability of the metal, the material first expands and then 

contracts and fits into the grooves of the rivet body as it cools. The 

rivet head then presses and locks the composite to the metal, 

creating another form lock [3].  

 

Fig. 4 The RIVTAC process [3] 

 

Advantages: 

 High productivity/short process times 

 Does not require pre-drilled holes 

 No surface preparation needed 

 Temperature sensitive materials can be joined 

 One sided access (depends on structural integrity) 

 No emissions 

Disadvantages  

 Risk of galvanic corrosion  

 Stress concentration 

 Rivet adds weight  

 Restrictions regarding maximum penetration (material 

strength and thickness)  

 Risk of damage from hole generation  

 Not user friendly (loud process)  

 No smooth surface finish 

3.3 Riveting joints 

Conventional riveting of composite materials can lead to 

damage to the composite matrix around the rivet, so this method 

cannot be used for safe joining of metal and composite parts. 

However, self-piercing riveting (SPR) and friction riveting methods 

do not require drilling holes in composite materials and impose less 

mechanical assembly loads on composites. 

3.3.1 Self-Piercing riveting 

Self-piercing riveting process of involves joining two 

overlapped sheets of the same or different materials using a rivet 

that is pressed into materials with a punch. The rivet pierces the top 

material and partially penetrates the bottom material. The punch on 

the underside of the sheets to be joined causes the rivet to expand 

under the action of the force, forming a mechanical connection, Fig. 

5. Both, the rivet and the bottom sheet are subjected to plastic 

deformation [4,6,7]. 

 

Fig. 5 Self-piercing riveting process and cross-section of SPR joint  [6] 

 

Advantages: 

 The process does not require pre-drilled holes, it is done in 

one operation, saving production time and cost. However, a 

hole can also be drilled or cut in the top plate before riveting. 

 No surface pre-treatment is required. 

 The process is operator friendly and produces low noise, no 

fumes and is easy to automate. 

One of the disadvantages of this method is that it requires 

double-sided access to the plates to be joined. 

3.3.2 Friction Riveting  

Friction riveting was first developed to form joints of metals 

and thermoplastic materials, but more recently several papers have 

looked at using this method to join fiber-reinforced polymer 

composites. Friction riveting involves anchoring a metal rivet inside 

a polymer or polymer composite base plate. The rivet passes into 

the composite material by frictional heat which softens the 

thermoplastic matrix of the composite and subsequently a high axial 

force causes the head to expand and wedge the rivet into the 

composite [6]. 
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Fig. 6 Friction riveting process steps: a) positioning of the joining, b) 

friction heat generates molten layer of polymer and the rivet penetrates it, c) 

increasing the axial force in order to widen an anchor rivet tip, d) 
consolidation of the joint [8] 

3.4 Pin joining  

Another method of making joints between fibre-reinforced 

plastic composites and metal parts involves making a metal part 

with a set of pins, or sharp protrusions of different shapes, that 

protrude vertically from it. Layers of the fibre-reinforced composite 

in the form of weaves are placed on top of the metal plate with the 

pins so that, when the composite is heated, the pins pass through the 

weave of the reinforcing fibres without damaging them. This creates 

a mechanical joint without damaging the fibres in the composite. 

The composite then solidifies [6]. 

 

Fig. 7 Schematic of an advanced hybrid metal/composite pin joint. The pin 

joints combine adhesive bonding with mechanical interlocking [6] 

3.5 Loop joining  

All loop joining concepts aim to separate the carbon fibre from 

the aluminium alloy to prevent galvanic corrosion, which inevitably 

occurs when the two materials come into contact and can lead to 

increased corrosive degradation of the aluminium with subsequent 

catastrophic failure of the aluminium and carbon fibre reinforced 

composite joints. Corrosion is caused by the electrochemical 

potential difference between the carbon fibres and the aluminium 

alloys and can be prevented by bonding the carbon fibres to the 

aluminium alloy substrate using titanium transition elements, which 

reduce the electrochemical potential difference by approximately 

two-thirds. This potential difference can be further reduced by 

surface treatment of titanium or even by using non-conductive 

materials such as glass and boron fibres. The titanium wire is 

attached to the aluminium alloy in the form of a series of loops by 

welding or casting. Bundles of carbon fibre are then threaded 

through these loops. In the foil concept, the loops are replaced by 

titanium foils bonded to an aluminium substrate. The carbon fibres 

are sandwiched between the foils and the joint is held by frictional 

force. In the fibre concept, the titanium is replaced by glass or boron 

fibres. The joint is then formed by embedding the fibres in a 

polymer resin [4,6]. 

 

Fig. 8 Concepts for bonding CFRP to aluminium using loops, foils and 

fibres [6] 

3.6 Bolted joints  

Bolted joints are one of the most common joining methods in 

many applications. In principle, they are similar to SPR. They have 

a uniaxial common hole through the components to be joined, 

usually formed by drilling. Bolts are then inserted into the holes 

from one side of the joint and fastened with nuts on the other side 

with the correct torque. The diameter of the bolts is smaller than the 

diameter of the drilled holes, although the diameter of the bolt and 

nut heads is relatively large compared to the diameter of the holes. 

The bolt heads and nuts act as flanges that hold the components of 

the joint firmly. The bolts do not deform plastically and the 

diameter and material of the bolt determine the strength of the 

bolted joints when the other components of the joint are stronger 

[4]. 

 

Fig. 9 Example of bolted joint [4] 

4. Fusion joining 

Conventional methods of joining FRPC to metals, such as 

bolting, riveting, bonding, etc., fall into the category of non-thermal 

processes, while welding falls into the category of thermal 

processes. Therefore, this method is applicable only for 

thermoplastic matrix composites. Local melting of thermoplastic 

matrices can be carried out by microwave, induction or friction 

heat. The principle of all these thermal processes is the partial 

melting of the thermoplastic matrix of the composite and the 

subsequent bonding to the metal surfaces. 

4.1 Laser assisted welding  

When welding composites and metals, a laser can be used as a 

heat source. The laser heats the metal in the overlapped composite-

metal assembly, with the heating of the metal by the laser beam 

being carried out from the side of the metal or composite (if it is 

treansparent to the laser beam). The hot metal melts the composite 

thermoplastic matrix at the interface with the metal. In doing so, 

bubbles can form in the poymer, which pressurize the polymer 

against the metal and thus improve their bonding by embedding the 

polymer into micro-porosities on the metal surface [4]. 

 

Fig. 10 Laser assisted direct metal - polymer joining mechanism [4] 

4.2 Friction spot welding  

The friction heat in friction spot welding is generated by a tool 

without additional materials, which consists of a clamping ring, a 

shoulder and a probe, which are assembled coaxially and move 

independently of each other. The clamping ring holds the parts to be 

joined. The probe and shoulder can rotate independently and 

generate the required heat due to friction between these parts and 

the workpieces. The rotating shoulder sinks into the metal plate to a 

predefined depth, while the probe retracts upwards. The friction 
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between the shoulder and the metal causes the increasing 

temperature to locally soften and plasticize the alloy. The 

plasticized alloys flow into the reservoir left after the probe was 

inserted. Frictional heat is also conducted into the metal alloy 

composite interfaces, forming a thin layer of molten polymer 

throughout the overlap area. The probe then extrudes the softened 

metal and fills the keyhole in the metal sheet. The molten layer is 

then consolidated under pressure, inducing adhesion and 

interlocking between the metals and composites [4]. 

 

Fig. 11 Friction spot welding method [9] 

4.3 Friction lap joining 

The FLJ tool does not have a stirring pin and therefore the main 

function of the rotary tool is not to cause the flow of materials 

around the stirring pin, but to heat and squeeze the metal workpiece. 

Localised heating is achieved by friction between the tool and the 

metal workpiece. Heat is transferred by conduction from the heated 

metal component to the plastic component and subsequently melts 

the plastic materials in a narrow area at the interface. The bond 

between the metal and the plastic can be completed after the plastic 

has solidified under the pressure of the tool [4]. 

 

Fig. 12 Friction lap joining process [10] 

4.4 Friction stir welding (FSW)  

A rotating cylindrical tool with a pin approaches the contact 

point between the composite and the metal. Frictional heat is 

generated between the materials and the tool, which leads to 

softening of the materials. The tool moves forward, mixing the 

softened materials and pushing them towards the back of the tool 

where they consolidate as the temperature drops. The composite 

must be based on a thermoplastic resin. The disadvantage is the 

high risk of fibre pull-out if the reinforcement in the composite 

consists of woven fibre mats. When short fibres are used, the risk of 

damage is less [3]. 

 

Fig. 13 Schematic diagram of friction stir spot welding process [11] 

4.5 Friction element welding (FEW) 

The theory behind FEW is that a custom rivet is welded to the 

bottom plate, which together with the rivet head secures the top 

plate in place. First, the two plates are pressed together, the friction 

element rotates at high speed. The rotating element contacts the 

surface of the top plate and the frictional heat generated causes the 

material to plasticize. This in turn allows the friction element to 

penetrate the sheet during further pressure. 

When the rivet comes into contact with the bottom sheet, the 

frictional heat increases even further, plasticizing the rivet and 

activating the surfaces. The additional clamping force has a pressure 

welding effect that further shortens the rivet and creates a solid 

metallic bond between the rivet and the bottom plate. The extruded 

material from the cover plate collects in the groove under the 

friction element head, resulting in a form-fit connection, while the 

falling temperature of the rivet leads to axial shrinkage and a force 

connection between the top plate and the rivet [3]. 

 

Fig. 14 The FEW process [3] 

4.6 Resistance element welding (REW) 

REW is a form of resistance spot welding developed for joining 

combinations of heterogeneous materials using a so-called weld 

rivet. This technique requires a hole to be pre-drilled into the cover 

sheet (which may be the composite) or a rivet to be punched in the 

hole before welding. Once the perforation is complete and the 

welding rivet is in place, electrodes are placed on top of the rivet 

and underneath the bottom plate, similar to the conventional 

resistance spot welding process. In the next stage, when pressure 

and electric current are applied, heat is generated due to the 

electrical resistance and a weld tip is formed between the bottom 

plate and the rivet. Subsequently, the electrodes compress the rivet 

and form a force connection between the cover plate and the rivet 

head [3]. 

 

 

 

 

Fig. 15 The REW process [3] 

4.7 Flow drill technology  

Flow drill technology is used for joining thin-walled materials. 

The material is softened by frictional heat from the tool and 

plastically deformed by the movement of the tool. Part of the 

material is moved below the level of the material to be drilled as a 

bushing into which threads are formed for mechanical connection 
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with other material. The bushing is very advantageous when joining 

thin workpieces because it locally increases the thickness of the 

material. In [13], Schmerler discussed the idea of joining two or 

three overlapped materials using screwless thermal drilling 

technology, although this technology is not primarily intended for 

this purpose. The idea is based on the premise that if two or three 

thin-walled materials are overlapped and a hole is made using a 

flow drilling tool, coaxial bushings could be formed on the 

materials being joined, which would be mechanically wedged to 

form a shaped joint, Fig. 16. One of the materials to be joined could 

be a polymer composite [12,13]. 

 

Fig. 16 Metal-composite joints made by Flowdrill method [13] 

5. Hybrid joining 

Hybrid joining processes combine basic processes to achieve 

some unique feature or capability of joints, often with synergistic 

results. These hybrid processes are generally of more recent origin 

and have often been developed to overcome the shortcomings of the 

basic processes for particularly challenging applications (e.g. 

advanced aerospace designs). As a result of advances in materials 

engineering, development work has focused on the use of thin 

sheets and small structural elements. There is also a growing trend 

to combine traditional metals with polymer composites. For 

example, composites are structurally more efficient in terms of 

strength-to-weight ratio than metals and do not suffer from galvanic 

corrosion, while metals have better damage resistance and failure 

predictability than composites and are not affected by solvents and 

temperatures that tend to degrade polymers.  

Therefore, multi-material joints between metals and composite 

materials are increasingly being developed in order to optimise the 

benefits provided by both types of materials. Special joining 

techniques are required to join this type of structural elements and 

polymer-metal multi-material structures. Among them, hybrid 

processes of the main processes of mechanical fastening, bonding 

and welding are the most widely used. 

5.1 Advanced Fastening and Bonding Processes 

The main objective behind the developments in advanced 

fastening and adhesive bonding processes is to successfully join 

new advanced materials with excellent joint properties. Hybrid 

bonded-fastened joints and clinch bonding are produced by 

simultaneous actions of adhesive bonding and a mechanical 

fastening technique. 

5.1.1. Hybrid Bonded-Fastened Joints  

A hybrid bonded-fastened joining technique is developed in 

order to avoid individual limitations of fastening and adhesive 

joining for assembling of dissimilar materials, composites and 

metallic materials. There are two types of hybrid bonded-fastened 

joints, such as the joints that use bolts/rivets known as hybrid 

bonded-bolted (HBB) joints and the joints that use pins with 

adhesive, known as hybrid bonded-pinned joints. 

A fastening system helps to sustain axial loads while the 

adhesive takes some of the load off the fasteners and redistributes 

the remaining load more uniformly. The fasteners, in turn, also take 

some load off the adhesive, particularly out of plane. Most 

important parameters such as type of joint configuration, type of 

fastener, type of adhesive, its thickness and length of bond line, 

loading condition, type of adherend being used and its thickness, 

overlap length and fastener-hole clearance of hybrid bonded-

fastened joints are required to produce metallurgically satisfactory 

joints [14,15]. 

 

Fig. 17 Schematic representations of a) bolted-bonded joint, b) rivet-bonded 

joint, c) a pin-bonded joint and example of hybrid adhesive joints with 

metallic pins [14,15] 

5.1.2 Clinch Bonding  

It is a classic forming process, however, a suitable adhesive is 

applied between the workpiece sheets. It is a modern and innovative 

technology that allows different types of materials to be joined 

together to create durable and reliable lightweight structures. 

Compared to other mechanical joining techniques, the clinching 

technique has the advantage of using only adhesive as a 

consumable. The adhesive is applied to one of the parts to be joined 

and then the two parts are joined together. The parts to be joined are 

immediately subjected to the clinching and this process may cause 

some of the adhesive to be pushed out of the joint. After clinching, 

the adhesive is cured [14,16]. 

 

Fig. 18 The principle of the clinch-bonding technology [14,16] 

5.2. Welding and Adhesive bonding 

5.2.1 Resistance Spot Welding and Adhesive 

Bonding (RSW-AB) 

When welding, the current is supplied to the cylindrical 

electrode, and closed circuit is formed between the cylinder 

electrode, column electrode and the metal sheet. This generates 

Joule heat in the metal sheet, which in turn heats the matrix of the 

composite at the interface. The matrix of the composite forms a 

molten zone in the shape of a half lens. The molten resin then wets 

the metal surface and chemical bonds are formed between the two 

sheets [11,14]. 

 

Fig. 19 Resistance spot welding and adhesive bonding (RSW-AB) [11] 

5.2.2 Friction Stir Welding and Adhesive Bonding  

As mentioned earlier, friction stir welding (FSW) is one of the 

most promising processes in the field of continuous joining. One of 

the problems posed by friction stir welding is, in the case of 

overlapping joints, the hook defect, which reduces the static and 
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fatigue strength because it acts as a crack initiator. In addition, there 

is a risk of galvanic corrosion. The solution to these problems could 

be hybrid joining - FSW and adhesive joining. FSW can produce 

consistent joints with high static strength, while adhesive dampens 

vibration, improves fatigue strength and isolates the weld from the 

environment [14]. 

The FSW-AB hybrid bonding technology also faces some 

challenges, for example:  

 The risk of adhesive degradation in FSW, where the 

temperature ranges from 300 to 470°C;  

 Adhesive requirements - high temperature resistance and 

chemical resistance in corrosive environments  

 Avoid solvents or non-organic additives to reduce the 

environmental impact of the process. 

 

Fig. 20 Resistance spot welding and adhesive bonding (RSW-AB) [11] 
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