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Abstract: This paper presents the results of scanning fiber continuity in the joints of thin sheets made of aluminum and magnesium alloys 

with bi-directionally glass and carbon fiber-reinforced composites formed by thermal drilling technology using computed tomography. The 

scans show the progression of the bushing forming and the closure of the fibres in the hem joint. Little delamination, but no fiber fracture are 

visible in metal-composite joints. 
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1. Introduction 

The joining of metals and composites in the form of thin-walled 

materials is a current subject of research [1-4]. The need to join 

such dissimilar materials arises from the needs of the automotive 

and aerospace industries, where the combination of ultra-

lightweight materials and the production of tailored parts is 

required. The largest group of composite materials suitable for 

automotive applications are polymer composites with a 

thermosoftening or thermosetting matrix. Thermoset composites 

provide higher mechanical properties and can be bonded to other 

materials by means of press-fit fasteners, since once cured, a change 

in their shape and possible further bonding without breaking the 

fibres is no longer possible. Thermosoftening matrix composites 

can be purchased in the form of organosheets formed by 

consolidating several layers of prepregs to achieve the desired panel 

thickness. The forming of such organosheets, heated above the 

melting temperature of the polymer matrix, can be carried out using 

a pair of flexible membranes, a rubber die or in conventional metal 

split moulds. Composite organosheets can also be processed by 

combined technologies, short or long fibre plastics with the same 

type of matrix can be injection moulded to form reinforcing or 

stabilising ribs, force transfer elements, functional elements or 

additional contours on the edges of the component, Fig. 1. 

 

Fig. 1 Rib structure and edge overmolding 

By choosing appropriate matrices and process parameters, a 

homogeneous connection between two different cross-sections is 

achieved. In particular, the temperature of the two materials must be 

high enough to form a reliable fusion bond. For a good fusion of the 

materials, the highest possible injection speed is preferred (because 

at high injection speeds there are high shear stresses in the injected 

mass and thus too rapid cooling is prevented), especially in areas 

away from the inlet, and also a high clamping force helps to fuse the 

materials. The joining of polymers and polymer composites with 

compatible matrices can also be achieved by welding. Welding is 

mainly used for joining thermosoftening composites, bonding and 

mechanical joining can be used for joining different material 

combinations, even plastics with metals. 

In addition to the aforementioned technologies, the issue of 

joining composites with other materials, especially metals, is also a 

challenge. Composite components are often part of complex 

assemblies that, in extreme cases, combine a variety of materials 

including steel, lightweight metals such as aluminum or magnesium 

alloys, polymers reinforced with short or long glass fibers, or 

carbon fiber composites. 

According to the physical principle, joining processes can be 

divided into:  

- homogeneous joints (welded, bonded) 

- non-homogeneous joints (mechanical joints) 

o non-positive joints (screw, pressure, riveted joints) 

o positive joints (latches, locks, handles) 

According to their demountability they are divided into: 

- demountable joints (using screws, pins, wedges) 

- non-demountable joints (bonded, welded, riveted). 

Typical mechanical joining techniques, such as bolting and 

riveting, cause the fibres in the composite to break when making 

metal-to-composite joints, which significantly reduces the load-

bearing capacity of the joint. This may underutilize the high 

potential of lightweight composite components in highly loaded 

multi-material systems. In addition, often multi-step manual 

operations, such as pre-drilling of the parts to be joined and 

subsequent insertion of additional fasteners, represent time-

consuming and costly preparatory work in the joining process [5-9]. 

Flowdrill technology is used in joining thin-walled materials, it 

uses frictional heat between the tool and the material, which softens 

the material and deforms it plastically by the movement of the tool 

[4]. The plasticized material is displaced below the level of the 

material being drilled, forming a bushing into which sufficient 

threads can be created to make a mechanical connection to another 

material with a screw. The bushing is very advantageous when 

joining thin workpieces because it locally increases the thickness of 

the material. 

The aim of the work is to experimentally verify the possibility 

of using the side effect of thermal drilling technology (flowdrill) for 

joining two overlapped thin-walled materials (metal-composite) 

without using a screw, just by forming a metal bushing penetrating 

through the fiber composite without breaking the integrity of the 

reinforcing fibers. The integrity of the fibres is analysed by 

computed tomography (CT). 

Materials and methods 

The joints were made of the following materials: 

 Aluminium alloy EN AW-6082 T6 (AlSi1MgMn) – Al alloy 

supplied in a precipitation-hardened state with relatively high 

mechanical properties. The alloy was supplied in the form of a 1 

mm thick rolled sheet.  Hereinafter Al. 

 AZ 91 magnesium alloy with the main alloying elements Al and 

Zn. The alloy was supplied in the form of a 2 mm thick rolled 

sheet. Hereinfter Mg. 

 Composite with polypropylene (PP) matrix reinforced with 

continuous glass fibres in two perpendicular directions. The 

thickness of the consolidated composite organosheet is 1.55 mm, 

which is the result of the compaction of three layers of prepregs. 
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Hereinfter GF.  

 Composite with polypropylene matrix (PP) reinforced with 

continuous carbon fibres in two perpendicular directions. The 

thickness of the consolidated composite orgaanosheet is 1.55 mm, 

the result of the compaction of seven layers of prepregs. 

Hereinfter CF. 

The basic characteristics of the materials are shown in Tab. 1-3. 

 

Tab. 1 Chemical composition of alloys in wt.% 

alloy Si Mg Mn Fe Zn Cu Al 

Al 1.0 0.7 0.44 0.4 0.08 0.06 balance 

Mg 0.09 balance 0.14 0.004 0.93 0.02 8.9 

 

Tab. 2 Mechanical and physical properties of alloys 

alloy Re [MPa] Rm [MPa] A50 [%] density [g·cm-3] 

Al 295 340 15 2.71 

Mg 280 200 24 1.81 

 
Tab. 3 Properties of composite organosheets 

Composite PP CF50 T200 

OS 

PP GF45 T600 

OS 

Matrix polypropylene 

Reinforcement Carbon fibre E Glass fibre 

Weaving Twill 2/2 Twill 2/2 

Surface mass. mats 200 g·m-2 600 g·m-2 

Density of weaving 3K 1200 tex 

Fibre content in the 

composite 
51% 47% 

Weight of finished product   301 g·m-2 887 g·m-2 

Prepreg thickness 0.22 mm 0.5 mm 

Specific weight of composite 1.46 g·cm-3 1.68 g·cm-3 

Melting temperature 165C 165C 

CTE (23-80°C) 3.2×10-6K-1 11×10-6K-1 

The philosophy of joint formation is that the tool, as it feeds 

into the material, comes into contact with the metal sheet, begins to 

penetrate it by means of friction-assisted rotation, whereby an 

opening is created and the material from the opening is transformed 

into a bushing. As it is formed, the bushing penetrates through the 

heated composite, deflecting its fibres off the axis of the opening 

without breaking it. This creates a mechanical interlocking of the 

two materials. However, when conducting the experiments, we 

divided the process into two steps - first, a hole was formed in the 

preheated composite, and in the second step, a metal sheet was 

placed on the composite and the drilling was carried out once more.  

 

a) direct drilling 

 

b) hemming flange of the joint 

Fig. 2 Joining of metals and composites by thermal drilling 

 

This sequential joining method was designed to facilitate the 

shaping of the metal bushing in the prepared hole in the composite 

plate. The joint was then further secured against opening from the 

opposite side with a hem flange, Fig. 2. The above materials were 

then used to form the joints with the metal plate in the top position 

when drilled and the composite in the bottom position. The material 

combinations of the joints formed were Al-CF, Al-GF, Mg-CF, Mg-

GF. 

The resulting metal bushing has an outer surface that is conical 

and an inner surface that is cylindrical in shape, Fig. 3 top. 

However, the outer conical shape of the bushing can cause the 

composite to slide away from the metal sheet when the joint is 

loaded, causing the joint to open and its load carrying capacity to 

depend on the thickness of the hem flange instead of the thickness 

of the bushing. Therefore, a geometric modification of the bushing 

was proposed by widening the bushing from the flange side with a 

larger diameter tool (Flowdrill Long 9.3 mm), Fig. 3 bottom. This 

results in an inverted bushing and the elimination of the tangential 

component of the force that causes the joint to open. 

 

 

Fig. 3 Design of the bushing geometry modification to increase the load 

carrying capacity of the connections (F - loading force, Fn - normal, Ft - 
tangential component of the force F) 

After the joints were made, the entire area was scanned using 

CT. The fiber distribution around the opening in the composite as 

well as around the bushing in joints was visualized by Carl Zeiss 

Metrotom 1500 Gen1. The scanning parameters were different 

when scanning the composites alone and when scanning the metal-

composite joints. The scanning parameters for the composites were: 

voltage 100 kV, current 230 µA, integration time 1000 ms, 

resolution 27.04 µm, no filter applied. Scanning parameters for 

metal-composite joints: voltage 120 kV, current 250 µA, integration 

time 1000 ms, resolution 40,29 µm, Cu filter 0,5 mm. 

Results 

First, the prepared openings in the composite were scanned, 

which is actually the first step in sequential joining, Figs. 4 and 5. 
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Fig. 41 Fibre distribution around the opening in the GF composite 

 

Fig. 5 Fibre distribution around the opening in the CF composite 

 
From CT scans of the openings made with the Flowdrill 5.3 mm 

tool in the GF and CF composite, fiber displacement is visible. 

Heating the composite to temperatures above 165°C caused the 

polypropylene matrix to melt and allowed the fibres to be displaced 

from their position to a greater distance from the opening, up to 22-

25 mm in diameter. Fiber breakage is not detected. The opening in 

the preheated composite, created by the 5.3 mm diameter tool, 

shrank to 4.6 mm after the tool returned to its initial position due to 

the tensile stress in the fibres. However, the opening is still large 

enough to facilitate the forming of the metal bushing after 

subsequent overlapping with metal sheet. It is also clear from the 

scans that the glass fibers are thicker, as are the bundles that make 

up the glass fabric. The carbon fibers are thinner, the fiber bundles 

are thus also thinner, and the weaving density of the fiber mat is 

greater. The higher weaving density may resist the penetration of 

the forming metal bushing. However, this need not be negative. It 

can help in the forming of the Al bushing in particular, which would 

not have a suitable shape without the resistance of the fibers. We 

consider a slightly conical bushing with a sharp end to be a suitable 

bushing shape for joining purposes. 

CT scans of the joints of Al and Mg plates with GF and CF 

composites are shown in Figs. 6-9. 

 

 

Fig. 6 CT scan of Al-GF joint 

The scan (Fig. 6) shows the displacement of the glass fibers during 

the formation of the bushing. Significant fiber breakage is not 

visible. The hem prevents delamination of the composite. The 

bushing has the shape of an inverted cone as a result of modifying 

the joint opening from the opposite side with a 9.3 mm tool. 

 

 

Fig. 7 CT scan of Al-CF joint 

The Al hem (Fig. 7) is well formed, trapping and fixing the fibres 

around the joint opening, thus preventing significant composite 

delamination. There is a visible fiber rich zone around the bushing, 

indicating fiber displacement during thermal drilling and fiber 

accumulation at the periphery of the bushing. 
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Fig. 8 CT scan of Mg-GF joint 

At the Mg-CF joint (Fig. 8), the importance of modifying the 

geometry of the bushing is more apparent. The Mg bushing is 

cylindrical outside and conical inside, which eliminates the 

composite from sliding off the bushing when the joint is subjected 

to load and could lead to desirable bushing failure by shear. The 

hem is relatively small and so there was local pulling of the fibers 

out of the composite. 

 

 

Fig. 9 CT scan of Mg-CF joint 

The Mg-CF joint (Fig. 9) again exhibits the desired inverted 

cone geometry. Widening the hem with the 9.3 mm tool leads to a 

reduction of the hem, as a result of which a slight pulling out of the 

fibers from the composite around the joint opening is again evident. 

Conclusion 

Computed tomography is an essential non-destructive technique 

that makes it possible to monitor the behaviour of a composite 

around a joint with a metal sheet formed by thermal drilling 

technology. CT confirmed the displacement of the fibers out of 

position during penetration of the flowdrill tool without breaking 

the fibers while maintaining their reinforcing effect. Due to the 

undisturbed continuity of the fibres and also due to the geometrical 

modification of the shape of the resulting bushing, the mechanical 

properties of the two materials involved in the joint can be 

effectively used for increasing the load carrying capacity of the 

joint. 
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