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HIGHLIGHTS 

• A friction-based alternative (F-ICJ) to current staking joining methods is 

presented 

• The new method is feasible with transportation industry materials 

(PEI/AA6082-T6) 

• Sound joints can be produced in short cycles (3-20 seconds) 

• Effects of heat input on joint microstructure and local properties are 

elucidated 

• The mechanical performance and failure mechanisms of F-ICJ joints are 

described 

 

ABSTRACT 

 

The increased use of hybrid structures to reduce weight and the 

limitations of the traditional technologies create a niche for new joining 

techniques. Injection Clinching Joining (ICJ) was recently introduced as a new 

joining technique based on staking, injection molding and mechanical fastening. 
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This technique consists of using an energy source to soften/melt a protruding 

stud that is integrated in the polymeric partner and injecting it into the cavity of a 

metallic, ceramic or polymer-based partner to create a spot joint. The first 

studies used the principles of ICJ with electric resistance as a heating source; 

this variant is known as Electrical heating ICJ (E-ICJ). E-ICJ could achieve good 

mechanical properties but had long cycles because of the convectional energy 

supply. This paper presents a feasibility study of the new Friction-based ICJ 

technique (F-ICJ) to investigate alternative energy sources for a faster and 

more efficient process. The microstructure and mechanical properties of the 

joints of polyetherimide and aluminum alloy 6082-T6 are discussed and related 

to temperature development during processing. The effect of tool geometry on 

the generated shear layer is explained based on rheology theories. Three 

different microstructural zones are developed in the polymer partner during 

processing: a thermomechanically affect zone, a heat affected zone, and the 

base material. The ultimate tensile load of the joint in single lap shear tests 

ranged from 712 ± 34 N to 1250 ± 98 N. The strength of the stake head was 

evaluated using cross tensile testing and ranged from 311 ± 20 N to 585 ± 10 N. 

The primary observed failure modes for F-ICJ joints are presented and briefly 

described. This preliminary study indicates that the F-ICJ process can produce 

sound punctual joints in short cycles (3-20 seconds) with potential for 

improvement in further development. 

 

KEYWORDS: staking, polymer-metal structures, hybrid joining, friction joining, 

polyetherimide 
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INTRODUCTION 

 

There is an increasing trend to reduce vehicle weight in the 

transportation industry because of environmental issues, such as the 

requirement to reduce CO2 emissions (Cuenot, 2009), and economic concerns, 

such as the trend of rising fuel prices (Duflou et al., 2009). The most common 

strategy for weight reduction is the use of advanced lightweight materials such 

as polymer composites, engineering thermoplastics and lightweight alloys 

(Amancio and dos Santos, 2009). This broader selection of materials leads to 

the use of hybrid structures, where the dissimilarity among materials creates a 

design and assembly challenge for engineers. 

The traditional techniques to join polymeric and metallic parts are 

mechanical fastening and adhesive bonding. The use of adhesives promotes a 

continuous contact between the surface of the parts, which results in structures 

with uniform stress distribution and good mechanical performance under 

tension, compression and shear (Adderley, 1988). However, the need for 

extensive surface treatments adds costs and is time consuming. Moreover, 

solvent evaporation, which is usually found in thermosetting adhesive systems, 

may result in health and safety hazards (Barnes and Pashby, 2000). 

Mechanical fastening is largely used because of its simplicity and ease to 

disassemble. The main limitation is the hole, which acts as a stress 

concentrator (Amancio and dos Santos, 2009) and allows for earlier crack 

nucleation, which may result in premature failure. The difficulty in joining 
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dissimilar materials and the limitations of the traditional techniques to join 

complex geometries create a niche for new joining techniques (Messler Jr, 

1995). 

Staking techniques have been studied as an alternative to join hybrid 

structures by several authors. Hahn and Finkeldey (2003) studied ultrasonic 

staking and hot-air staking for glass fiber reinforced polyamide; Yeh et al. 

(1998) used hot-air staking to join various combinations of engineering 

thermoplastics; Beute (2009) introduced a more efficient and fast concept for 

infrared staking; DeSouza (2009) used design of experiments to create an 

optimized design guideline for heat staking at a company. Staking methods are 

based on the deformation of a protruding polymeric stud, whose diameter fits 

into a metallic through-hole. This stud is subsequently formed into an anchoring 

element, which is designated as a stake and is responsible for the mechanical 

anchoring of the joint. This forming step can be performed at room temperature 

using sheer pressure, which is known as cold staking (Rotheiser, 1999). Cold 

forming requires high joining forces and is more efficient with ductile polymers, 

which do not break during forming. Staking can also be performed using several 

different energy sources to soften or melt the stud prior to forming. The common 

energy sources are hot air (Yeh et al., 1998), ultrasonic (Hahn and Finkeldey, 

2003), and infrared radiation (Beute, 2009). The “hot staking” methods generate 

less residual stresses (Rotheiser, 1999) and are applicable to almost any 

thermoplastic. The main applications of staked joints are in secondary and 

tertiary structures of automotive industry, electronic devices, and household 

items. State-of-the-art staking is a simple and low-cost technique, whose main 
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limitations are the poor surface finishing, and the residual stresses and recovery 

effects in the case of cold staking (Rotheiser, 1999). 

A recent development in staking technologies is the “Injection Clinching 

Joining” (ICJ) (Amancio-Filho et al., 2010) based on the principles of staking, 

injection molding, and mechanical fastening. ICJ consists of softening/melting a 

protruding stud that is integrated in the polymeric partner and injecting it into the 

cavity of a metallic, ceramic or polymer-based partner to create a spot joint with 

improved mechanical anchoring performance. The geometries of the 

components and some joint characteristics of ICJ and staking are similar; 

however, although the mechanical performance of staking is based on the 

formation of a protuberant stake head, in ICJ, the filling of the metallic cavities 

with polymer, which leads to flatter stake heads, is responsible for the 

mechanical strength of the joint. Therefore, ICJ flat-head joints have better 

visual aspect and can withstand loading because of the anchoring in the 

metallic cavities. The application range of ICJ is aimed at the high-end of 

staking technologies for secondary and tertiary load-bearing structures. 

A laboratory prototype for the ICJ process was developed in 2010 

(Amancio-Filho et al., 2010). The system uses a hot case, which is heated by 

electricity as the energy source to soften/melt the stud, and a punch-piston 

coaxial to the hot case to form the stud into a stake. This technique was called 

Electrical-heating Injection Clinching Joining (E-ICJ) (Abibe et al., 2011). A 

typical microstructure of E-ICJ joints of aluminum 2024-T351 and 30% short-

fiber reinforced polyamide 66 is shown in Figure 1a. The complete filling of the 

metallic cavities (chamfer and screw) with the polymer considerably improves 

the mechanical performance of the joint (Abibe et al., 2013). Figure 1b is a 
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microtomography of the polymeric partner, which shows a good filling of the 

metallic cavities by the polymeric partner. This joint was produced in 3 minutes 

at 300 °C (Abibe et al., 2011). E-ICJ joints with such geometrical characteristics 

achieved good mechanical performance, where the bearing stress was up to 

88% of the tensile stress of the base material (Abibe et al., 2013). 

 

 

Figure 1: Electrical-heating Injection Clinching Joining (E-ICJ): (a) Cross-

sectional view of a joint (Adapted from Abibe et al. (2011) with permission); (b) 

Microtomography of a joint, which shows the polymeric partner. This joint was 

produced in 3 minutes at 300 °C. 

 

The main advantages of E-ICJ over traditional techniques are the 

absence of surface preparation, requirement of simple equipment, good 

mechanical performance, and costs and weight savings by not using extra parts 

(Abibe et al., 2011). The main limitations of E-ICJ are that it produces only 

punctual, permanent joints, it is not feasible for thermosets, and it has long 

joining cycles and low energy efficiency because of the heat transfer by 

convection (Abibe et al., 2011).  

Considering the limitations of current staking and E-ICJ, a niche for a 

high-end staking technology was identified. To achieve high energy efficiency 

with fast cycles and good mechanical performance, a friction-based variant of 
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ICJ is proposed. The energy efficiency of frictional processes is shown in 

analytical (Neumann and Schober, 1991; Schaefer, 1971) and numerical (Chao 

et al., 2003) models for heat transfer in friction welding, which report more than 

95% energy efficiency for the process. Additionally, the principles of ICJ 

contribute to improved mechanical performance (Abibe et al., 2013). 

This paper describes the principles of the Friction-based Injection 

Clinching Joining (F-ICJ) process, and the feasibility of joints between AA6082-

T6 aluminum alloy and polyetherimide (PEI) is demonstrated. The F-ICJ joints 

are analyzed in terms of thermal history, microstructure, local and global 

mechanical properties. The failure modes that are observed in lap-shear and 

cross-tensile tests are described. 

 

MATERIALS AND METHODS 

 

The polyetherimide (PEI) that was used is a commercial-grade Duratron 

PEI U1000, which was supplied by Quadrant Plastics (Lenzburg, Switzerland). 

It is an amorphous thermoplastic with high mechanical strength and stiffness. It 

exhibits excellent thermal stability with glass transition temperature ranging from 

215 to 220 °C and decomposition occurring above 490 ºC (Amancio-Filho et al., 

2008). The main applications of PEI are in the aircraft, medical, packaging, and 

automotive industry (Carrocio et al., 2012). 

The metallic partner is the 6082-T6 aluminum alloy. This material is a 

precipitation hardenable alloy, whose main alloying elements are magnesium 



9 
 

(0.6-1.2%) and silicon (0.7-1.3%) (Aalco, 2011). AA6082-T6 is a medium-

strength aluminum alloy with excellent corrosion resistance, good formability, 

weldability and machinability. It is typically used in highly stressed structures 

such as trusses, bridges, cranes, and transportation applications (Aalco, 2011). 

The specimens were machined from 6.25-mm-thick extruded PEI 

plaques and 2-mm-thick rolled AA 6082-T6 plates. The polymeric part had a 4 

mm height and 6 mm diameter stud that protruded from its surface, which was 

fitted into the machined through-hole on the metallic part. A surface radius of 

0.3 mm was used at the base of the stud. The metallic part had a chamfer 

cavity design (Figure 2a). The geometries are described in Figure 2. 
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Figure 2: Configuration of F-ICJ joints: (a) joint for microstructural 

analyses and local mechanical properties testing; (b) overlap specimen 

for the lap shear strength test and (c) cross tensile specimen to evaluate 

the stake head strength. 

 

The F-ICJ joints were produced using a cylindrical, non-consumable tool 

that was coupled with a high-rotational-speed friction welding machine (RSM 

400, Harms & Wende, Hamburg, Germany). The tool was machined from AISI 
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316L stainless steel bars. The frictional torque was measured with a torque-

measuring system (Kistler Instrumente AG, Winterthur, Switzerland), which was 

mounted on a backing plate. The AA 6082-T6/PEI joints were obtained within 

the following processing window: rotational speed of 8000-15000 rpm, frictional 

pressure of 0.2-0.8 MPa, frictional time of 2500-5000 ms, forging pressure of 

0.6-1.0 MPa, forging time of 2500-5000 ms and holding time of 7.5-10 s. The 

process parameters were monitored using the RQ-Fuzzy software, which was 

integrated with the RSM 400 system. An infrared thermo-camera 

(ImageIR8800, InfraTec GmbH, Dresden, Germany) was used to monitor the 

thermal history during joining and cooling time.  

Two tool designs were used to investigate the effects of tool geometry on 

the properties and microstructure of F-ICJ joints. The tool designs are 

schematically shown in Figure 3. To heat a sufficient volume of the stud and 

efficiently deform it, a pin-tool design was chosen. Compared to a flat-tool 

design, the pin tool can better distribute the generated heat in the stud volume 

while maintaining short cycles; in addition, it helps pushing the material 

outwards to improve the cavity filling of the ICJ joints.  
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Figure 3: Tool geometry designs that were named (a) 30° pin tool or (b) 75° 

pin tool according to the angle between the wall of the pin and its bottom 

surface (cone angle). 

 

The microstructure and local mechanical properties were investigated in 

the joints as shown in Figure 2a. Samples were cut 1 mm from its center, 

mounted in epoxy resin, ground and polished. Microstructural analysis was 

performed using stereo and light optical microscopy. Microhardness profiles 

were used to observe the local changes in mechanical properties. The testing 

procedure was performed according to ASTM E384 (ASTM, 2010c) using an 

indentation load of 0.495 N and a holding time of 15 s with a Zwick ZHV (Zwick 

GmbH & Co. KG, Ulm, Germany) microhardness tester. 

The global mechanical properties of the joints were evaluated through 

single lap shear tests on overlap joint specimens (Figure 2b) using a Zwick 

1478 (Zwick GmbH & Co. KG, Ulm, Germany) universal testing machine at 

room temperature and a crosshead speed of 2 mm/min; the test procedure was 

based on ASTM D5961 (ASTM, 2010b). The clamps were aligned to the 

longitudinal axis of the specimen. A digital image correlation system (DIC) – 

Aramis (GOM mbH, Braunschweig, Germany) – was used to monitor the 

sample strain distribution during the tests. 
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The mechanical strength of the stake head was evaluated through cross 

tensile testing (Figure 2c) using a Zwick 1478 (Zwick GmbH & Co. KG, Ulm, 

Germany) universal testing machine at room temperature and a crosshead 

speed of 2 mm/min; the test procedure was based on DIN ISO 14272 (DIN, 

2002). In this configuration, the top metallic plate was fixed, whereas the lower 

polymeric plate was pulled away. 

 

PRINCIPLES OF FRICTION-BASED INJECTION CLINCHING JOINING (F-ICJ) 

 

F-ICJ is a new approach to the ICJ technique (patent application) (Abibe 

et al., 2011) to join hybrid structures of thermoplastics and metals. ICJ 

processes produce joints by heating and deforming a polymeric stud that is 

inserted into a through-hole (metallic cavity) to create a stake that mechanically 

anchors the joining partners (Amancio-Filho et al., 2010). Although E-ICJ uses 

electrical heating, F-ICJ is based on frictional heating, which is faster and more 

energy-efficient.  

A schematic drawing of the F-ICJ process is shown in Figure 4. In Figure 

4a, the parts are aligned with the tool, and the thermoplastic stud is inserted into 

the cavity of the metallic partner. The rotating tool approaches the stud (Figure 

4b) and touches it to generate frictional heat (friction step - Figure 4c). This 

friction step creates the first softened/melted polymer volumes and is followed 

by the deceleration of the rotational speed until stopping, whereas the axial 

pressure is increased to push the softened volumes to the cavities and give the 

stake head the final form (forging step - Figure 4d). After a short cooling time 
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under pressure (Figure 4e), the tool retracts, and the staked joint is formed 

(Figure 4f). 

 

 

Figure 4: Stages of the F-ICJ process using a pin tool: (a) Positioning of 

the polymeric stud into the metallic cavity; (b) approach of the rotating 

tool; (c) friction step when polymer is softened/melted; (d) forging step 

when rotational speed is decreased and an increased axial pressure is 

applied by the tool; (e) consolidation of the polymer under pressure in the 

metallic cavity; (f) staked joint. 

 

In this process, it is possible to use different tool designs and create 

different stake geometries. For example, a pin tool produces a hollow stake, 

whereas a flat tool creates a solid stake with a flat surface. The tool design 
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should be chosen according to the thermal and rheological properties of the 

polymer, the geometries of the joining partners, and their hole clearances. 

The metallic through-hole is designed with cavities such as threads 

and/or a chamfer to improve the mechanical interlocking of the polymer and 

increase the contact surface of the stake with the metallic partner. In an 

optimized process, the polymeric stud volume efficiently fills these cavities and 

increases the mechanical anchoring, which results in an improved global 

mechanical performance. 

 

  Process phases 

The F-ICJ process can be divided into two main phases: the friction 

phase, which is characterized by high rotational speed and low axial pressure, 

and the forging phase with high axial pressure and decreased rotational speed. 

Figure 5 explains the F-ICJ phases based on the monitoring curves from the 

RQ Fuzzy software and the torque-measuring sensor.  
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Figure 5: Phases of the F-ICJ process related to the monitoring curves of 

rotational speed, pressure, and torque. The steps 1 to 4 are related to 

phenomena occurring in the process. 

 

Figure 5 shows the typical curves of rotational speed (blue squares), 

pressure (red triangles) and torque (black circles) of an F-ICJ joining cycle. 

During the friction stage, the solid-solid contact of the rotating tool with the 

thermoplastic stud generates frictional heat and produces a torque peak (stage 

1). The torque decreases when the stud is softened by the generated frictional 

heat. At stage 2, an intermediary peak in the torque curve appears. Such peaks 

during the friction phase result from the recurring contact with solid and 
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softened/melted material because of the squeeze flow of the softened/melted 

volumes into the cavities and the surroundings. In the forging phase, the 

rotational speed decreases to zero. In this stage, there is a torque peak 

because of the decreased heat input and increased axial pressure (stage 3), 

which implies solid-solid contact. In stage 4, after a short holding time, the tool 

retracts, and the stake is formed.  

 

Heat generation by friction in F-ICJ 

 The thermal energy produced by a friction process has two components: 

an internal friction because of plastic deformation and a surface friction (sliding), 

whose nature remains unclear (Chen and Li, 2005). The process temperature is 

a function of the set-up axial pressure and rotational speed, and of the 

coefficient of friction, density, and thermal conductivity of the materials (Potente, 

2004). Similar to most friction welding processes, the F-ICJ process can be 

divided into five distinctive phases as shown in Figure 6. 
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Figure 6: Schematic curve that represents the tool penetration in a friction 

welding process. Based on Stokes (1988a).  

 

Phase I is characterized by solid friction. The polymer-tool interface is 

subjected to a normal pressure, and the contact of the rotating tool with the 

solid stud induces Coulomb friction, which heats the materials until the polymer 

is softened/melted. During this notably short phase, the tool axial displacement 

almost does not change (approximately zero), whereby the temperature 

increases because of the plastic deformation of the surface microscopic 

roughness peaks.  

Phase II is known as “unsteady state viscous dissipation”. It starts when 

a softened/melted polymer layer is created at the polymer-tool interface. In this 

phase, energy is mainly generated by viscous heating in the melted polymer. 

Thermal energy is released from the breaking of the secondary bonds among 

the chains because of the tool-shearing action, chain disentanglement and flow 
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(Billmeyer Jr, 1971). At the beginning, the softened/melted film is thin; therefore, 

the shear rate is high, which induces a high viscous heating and an intense 

melting rate at the polymer-tool interface (Stokes, 1988a). In addition, the 

material flow to the side is small when there is a thin softened/melted polymer 

layer. However, the thickness of the softened/melted polymer layer increases 

with time, which reduces the shear rate and the melting rate. Therefore, the 

squeeze flow is further supported. 

Eventually, an equilibrium between the polymer softening/melting at the 

interface and the squeezed outflow is reached, and the axial displacement 

increases linearly with time (Stokes, 1988a). The process is steady, and phase 

III, known as “steady state viscous dissipation”, occurs. 

Phase IV is known as the “forging phase” and starts when the axial 

pressure is increased and the rotational speed of the tool is decreased. The 

melted polymer continuously flows outwards until its viscosity increases and 

consolidation is achieved during cooling (Stokes, 1988b). This stage helps 

eliminating defects such as air bubbles in the softened/melted volume. The last 

phase (phase V) is called the “holding phase”. In this stage, there is no squeeze 

flow. The tool stays in contact with the solidifying polymer, which avoids 

undesired deformation of the stake head during cooling because of shrinkage 

and recovery effects.  

 

 Controlling parameters and variables 

The main controlling parameters of F-ICJ are rotational speed (RS), 

frictional time (FT), frictional pressure (FP), forging pressure (FoP), forging time 
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(FoT), and holding time (HT). In the friction phase, RS, FT, and FP are active in 

heat generation. RS is the speed of the tool during the friction phase, which is 

decelerated at the start of the forging phase, but it contributes to generate 

frictional heat during the friction phase. FT is the length of time of the friction 

phase, where the rotational speed is at its set level and generates heat. FP is 

the axial pressure of the spindle during the friction phase. The frictional 

pressure keeps the tool in contact with the stud to make it reach solid volumes 

when the softened/melted layers are squeezed out. 

During the forging phase, FoP, FoT, and HT define the final shape of the 

stake. FoP is the axial pressure of the tool during the forging phase. The forging 

pressure is higher than the frictional pressure and serves to form the final shape 

of the stake. FoT is the length of time during which the stake is under the 

forging pressure; this parameter determines the length of the forging phase and 

is important to the joint consolidation. Finally, HT is the length of time during 

which the tool remains in contact with the stake before tool retraction. HT is 

relevant to reduce the recovery effects and polymer shrinkage. 

These parameters are described for a time-controlled process as 

presented in this work. With adequate equipment, F-ICJ can be performed in 

force-control or displacement-control modes. For these other variants, the 

importance and effect of the parameters may vary and require specific 

investigation for their descriptions. 

 

Joint microstructure 
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Figure 7 shows a schematic drawing of the microstructural zones that are 

observed in F-ICJ joints for joining using a pin tool. This tool design generates a 

hollow stake. 

 

 

Figure 7: Microstructural zones of F-ICJ joint with a hollow stake, which is 

produced using a pin tool. 

 

Heat and mechanical deformation modify the microstructure and 

properties of the polymer during the F-ICJ process. A volume of the polymeric 

stud is softened/melted and deformed by the contact with the rotating tool. 

Depending on the temperatures and the strain rates, recrystallization, chain 

reorientation, and thermal degradation can occur in the polymer. Higher 

temperatures also decrease the viscosity of the material, which makes it easier 

for air to be entrapped in this volume; thus, some volumetric flaws such as air 

bubbles can occur. 

Furthermore, a certain amount of this volume fills the metallic cavity. In 

similar friction joining processes, this volume is described as a 

thermomechanically affected zone (TMAZ) because of the combined action of 
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mechanical deformation and temperature. Another intermediary microstructural 

region can appear under the TMAZ, which is affected by heat conducted from 

the TMAZ, but can also have mild deformation effects because of the 

hydrostatic pressure that the tool applies over the softened/melted volume. 

Recovery effects such as microcracking and physical aging can occur in this 

volume. This zone is traditionally described as the heat affected zone (HAZ), 

and the polymer temperature at the HAZ during the joining process is usually 

below glass transition temperature. 

The interface between the TMAZ and the HAZ can be noticed with sharp 

differences in the microstructure such as partial fiber breakage in reinforced 

polymers (Abibe et al., 2011) and changes in refraction index for transparent 

polymers (Stokes, 2001). This is a strong polymer-polymer interface. The 

boundary between the HAZ and the unaffected volume of the base material 

(BM) is notably difficult to visualize or define because most effects only occur in 

the macromolecular scale. Microhardness and thermal analyses can also be 

used to identify changes in the local properties at the stake to define the 

borders between the microstructural zones. At the top of the stake head, a weld 

line between the TMAZ and the HAZ/BM can be formed, namely between the 

squeeze-flowed material over the chamfer and the unaffected stake volume 

(see Figure 7). 

Because the interaction of the tool with the joining partners is limited to 

the polymer, the achieved temperatures during a typical F-ICJ process are not 

high enough to cause significant heat transfer to the metal, which can cause 

microstructural changes. In some cases, the rotating tool lightly touches the 

metallic partner, which causes a partial dynamic recrystallization in a thin layer 
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(up to 100 µm) on the metal surface because of thermomechanical work. 

However, because this phenomenon occurs in a notably thin layer of the metal 

and because the polymeric partner is usually where failure occurs during 

loading, this change is not relevant to the global behavior of F-ICJ joints. 

 

RESULTS AND DISCUSSION 

 

Thermal monitoring of F-ICJ process 

The thermal history throughout the F-ICJ process was recorded using an 

infrared thermo camera that focused at the rotating tool (Figure 8). The tool 

surface temperature was monitored during the friction, forging and holding 

phases (Figure 8a). After the tool retraction, the temperature of the polymer 

stake head was monitored (Figure 8b). The measurement areas are marked in 

Figures 8a and 8b. A typical temperature cycle of the tool (blue-square curve) 

and the polymer stake (red-triangle curve) is shown in Figure 8c with the 

corresponding stages of the process. 
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Figure 8: Thermal monitoring of the F-ICJ process for a typical joint: (a) 

the temperature profile of the tool and the measurement area for the blue-

square curve in (c); (b) the temperature profile of the stake head and 

measurement area for the red-triangle curve in (c); (c) plots of maximum 

temperature of the tool (blue-square curve), which was achieved in the 

measurement region in (a), and the maximum temperature of the polymer 

stake head (red-triangle curve), which was achieved in the measurement 

region in (b).  
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 The monitoring of the tool temperature qualitatively shows the heat 

generated during the friction phase. As the interface tool-stud is heated, the 

surface of the tool warms up and cools down again after the friction phase 

throughout the forging and holding phases (see Figure 8c). Although the tool 

temperature can be monitored, the peak temperature at the interface is notably 

complicated to measure because of the tool movement. A method to estimate 

this temperature is by analytical modeling or using a complex thermometric 

remote system that is installed in the tool, which is not the scope of this work. 

As a more reliable response of the heat input into the process, the peak 

temperature that was measured at the stake head after the tool retraction was 

recorded (the temperature peak is circled in Figure 8c). 

 In the studied parameter range, the average maximum stake head 

temperature ranged from 43 ± 4 °C (for low-heat-input joints such as RS: 8000 

rpm; FT: 2500 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 0.7 MPa; HT: 7.5 s) to 95 

± 9 °C (for high-heat-input joints such as RS: 12000 rpm; FT: 5000 ms; FP: 0.5 

MPa; FoT: 5000 ms; FoP: 1.0 MPa; HT: 7.5 s). The friction phase is most 

significant for the heat input, which is made evident by the effect of high values 

of rotational speed, friction time and friction pressure, which contribute to higher 

stake head temperatures.  

 

 Joint microstructure 

 The microstructures of two F-ICJ joints that were produced using a 75° 

pin tool in two different processing conditions (low and high heat inputs) are 

shown in Figure 9. The stake head temperature measured for the low heat input 
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joint in Figure 9a was 47.4 °C, whereas for the high heat input joint from Figure 

9b it was 74.2 °C. 

 

 

Figure 9: Typical microstructures of F-ICJ joints that were produced using 

a 75° pin tool: (a) cross section of a low-heat-input joint (RS: 8000 rpm; 

FT: 2500 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 0.7 MPa; HT: 7.5 s); (b) weld 

line highlighted in (a); (c) cross section of a high-heat-input joint (RS: 

12000 rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 0.7 MPa; HT: 7.5 

s); (d) volumetric flaws highlighted in (c). The dashed lines in (a) and (c) 

show the radial profile of a transition border between the zones with 

different refraction indices of PEI, which indicate the microstructural 

changes. 
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 The amount of thermal energy that is generated by friction between the 

rotating tool and the polymeric stud affects the shape and size of the 

microstructural zones and may result in different features in the polymeric 

partner. Low values of rotational speed, friction time and friction pressure 

produce low heat input, which affects a smaller volume of polymer. The low 

heat input joint from Figure 9a displays a thin process-affected volume in the 

polymer partner. The highlighted region is magnified in Figure 9b to show a 

weld line. Because of the low heat conductivity of the PEI, low-heat-input 

conditions can only soften thin layers that are closer to the tool; therefore, a 

large volume of the formed stake remains unaffected by the process. The weld 

line is a polymer-polymer interface between these unaffected solid volumes and 

the material that flowed sideways because of squeeze flow and solidified over 

the chamfer. Again, the low heat input does not allow the healing of this 

interface. This feature can act as a notch, which causes crack nucleation in this 

area under mechanical loading. The high-heat-input joint from Figure 9c 

showed a larger process-affected volume in the polymer partner without visible 

presence of weld lines. The higher heat input could soften thicker layers of the 

material, which filled the cavities when the tool moved forward. In high-heat-

input joints, the formation of volumetric flaws (Figure 9d) can occur. These flaws 

can be entrapped air, which originated from the low viscosity of the material at 

notably high temperatures. Other possible causes are the evolution of structural 

water (Stokes, 2001), evolution of volatile products of thermal degradation 

(Katayama and Kawahito, 2008), and/or thermal stresses induced during 

processing (Ahmed et al., 2006). Further investigation is required to understand 

the flaw formation mechanisms. 
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 Another factor that affects the shape and size of the process-affected 

volume is the shape of the tool. Figure 10 shows joints that were produced 

using pin tools with angles of 75° and 30° under the processing condition: RS: 

15000 rpm; FT: 2500 ms; FP: 0.4 MPa; FoT: 2500 ms; FoP: 0.8 MPa; HT: 10 s. 

 

 

Figure 10: Schematic drawings of the pin tools (75° and 30°), the produced 

joints and the stereomicroscopy macrographs of the joint cross-sections, 

which showed the influence of the pin tool angle on the shape and size of 

the microstructural zones and the crack propagation regime: (a) joint 

produced using a 75° pin tool; (b) joint produced using a 30° pin tool. 

 

Geometrically, the 75° pin tool produces a thicker wall for the hollow 

stake; therefore, it has a longer path for crack propagation in the stake than the 

joints that were produced using the 30° pin tool (Figure 10). The length of the 

crack propagation path can affect the global mechanical performance of the 

joint. A detailed description of the fracture mechanisms in F-ICJ is out of the 

scope of this manuscript and will be published in a separate document. 
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The 75° pin tool has a large pin radius and penetrates deeply into the 

polymeric stud. The 30° tool has a smaller pin radius and a shallow profile. 

Because of these differences, the tool geometry defines a unique shear profile 

in the polymeric stud, which can affect a larger or smaller volume of polymer 

depending on the processing conditions.  

The effect of the pin tool geometry on the shear profiles that dictate the 

shape of the microstructural zones can be related to rheology theories using the 

analogies of polymer flow patterns, which are generated by each tool design 

with the drag shear flow profiles in cone-plate rheometers. The generated shear 

rate (γ ) is proportional to the rotational speed (Ω) and inversely proportional to 

the cone angle (Θ0) as described in Equation 1 (Dealy and Wissbrun, 1995). 

For F-ICJ, Ω is the rotational speed of the tool, and Θ0 is the tool angle. 

0ΘΩ=γ  [s-1]            (1) 

Although Equation 1 relies on the assumptions of steady relative 

movement between the cone and the plate and small cone angles (2° < Θ0 < 

10°) (Dealy and Wissbrun, 1995), it can help to elucidate the shear layer 

development in F-ICJ joints. The use of a pin tool induces a profile in which the 

increase in radius (from the center to the edge) is balanced by an increase in 

height of the sheared volume. In cone-plate rheometry, this concept generates 

a uniform shear profile over the volume because of the small cone angles. In F-

ICJ, the shear profile is not uniform as can be noticed in Figure 10 from the size 

and shape of the process-affected volumes. The 75° pin tool (Figure 10a) 

produces a thinner TMAZ around the keyhole than the 30° pin tool (Figure 10b), 

which is consistent with Equation 1: a smaller angle corresponds to a larger 



30 
 

induced shear rate. Thus, in F-ICJ, smaller pin angles create a thicker shear 

layer around the pin. In principle, a thick shear layer profile affects a larger 

volume of material and changes the material properties. Depending on the 

resulting local properties, this change might be undesirable. However, the larger 

shear layer helps pushing the material inside the cavities and achieving better 

mechanical anchoring. Therefore, the tool geometry should be designed 

according to the joint specifications and process optimization for improved 

cavity filling. Further studies are currently under progress to determine the 

influence of tool geometry on cavity filling. 

 

 Local mechanical properties 

 Thermomechanical effects on the polymeric material can locally modify 

its mechanical properties. Figure 11 shows a microhardness distribution map 

(left-hand side) with the micrograph (right-hand side) of an F-ICJ joint that was 

produced using a 75° pin tool under the following processing condition: RS: 

8000 rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 2500 ms; FoP: 0.7 MPa; HT: 7.5 s. 

The stake head temperature measured for this joint was 67.2 °C. 
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Figure 11: Juxtaposition of the microhardness distribution map and 

micrograph for a typical F-ICJ joint that was produced using a 75° pin tool 

(RS: 8000 rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 2500 ms; FoP: 0.7 MPa; 

HT: 7.5 s). The microhardness measurements were performed on the 

displayed half of the cross section. 

 

The microhardness analysis helps to identify the microstructural zones 

created in the process. For the joint in Figure 11, three different zones could be 

defined in the polymer partner, which correspond to the TMAZ, HAZ and BM 

zones. The smallest microhardness values are observed at the 

thermomechanically affected zone (TMAZ, 226 ± 6 MPa), which is the region 

that was most affected by the process. A thin zone adjacent to the TMAZ with 

intermediate microhardness values was identified as the heat affected zone 

(HAZ, 236 ± 5 MPa). Under the HAZ is an unaffected volume with base material 

properties (BM, 245 ± 5 MPa). The decrease in microhardness in the process-

affected volumes compared to the base material may be associated to some 

physical chemical effects such as reorientation of chains and degradation by 

chain scission. These effects occur because of the thermomechanical treatment 
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and different cooling rates that were imposed by the process. This result was 

observed in similar friction-based processes such as FricRiveting (Amancio-

Filho et al., 2008) and ultrasonic welding (Ghosh and Reddy, 2009). Low levels 

of degradation were shown by Amancio (2007) and Oliveira (2012) not to 

deteriorate the global mechanical performance of the joints, but excessive 

degradation can significantly affect the microstructure (Ghorbel et al., 2009) and 

the joint strength (Ghosh and Reddy, 2009). Table 1 shows the decrease in 

microhardness at the process-affected regions of the joint from Figure 11, which 

is compared to the base material properties that were obtained from 

measurements in a PEI stud prior to joining. 

 

Table 1: Example of change in local mechanical properties in an F-ICJ 

joint (75° pin tool; RS: 8000 rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 2500 ms; 

FoP: 0.7 MPa; HT: 7.5 s). 

Measurement region Average 

microhardness [MPa] 

HVzone / HVPEI 

PEI stud (base material) 246 ± 7 – 

Base material at joined 

sample 

245 ± 5 1.00 

HAZ at joined sample 236 ± 5 0.96 

TMAZ at joined sample 226 ± 6 0.92 
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Lower microhardness values in amorphous polymers represent the 

reduced chain packing density because of alterations at the molecular scale 

such as chain rotation/reorientation (Flores et al., 2009) or reduction in 

molecular weight (Rueda et al., 1981) as a result of partial degradation. 

Therefore, the microstructural changes over the stake volume can affect the 

global mechanical behavior; for example, regions with sharper morphology 

change can affect the crack growth path for the joined parts. 

 

 Global mechanical properties 

 F-ICJ joints were subjected to single lap shear strength testing. In the 

studied processing window, the sound F-ICJ joints achieved ultimate lap shear 

load values that ranged from 712 ± 34 N (30° pin tool; RS: 20000 rpm; FT: 2500 

ms; FP: 0.4 MPa; FoT: 2500 ms; FoP: 0.8 MPa; HT: 10 s) to 1250 ± 98 N (75° 

pin tool; RS: 12000 rpm; FT: 2500 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 1.0 

MPa; HT: 7.5 s). A typical load-displacement curve for an F-ICJ joint and its 

strain distribution, which are obtained from the DIC measurements during lap 

shear testing, are shown in Figure 12. 
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Figure 12: Single lap shear testing of a F-ICJ joint: (a) typical load-

displacement curve; (b) image of net tension failure mode; (c) strain 

distribution at the specimen surface through the test (75° pin tool; RS: 

8000 rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 1.0 MPa; HT: 7.5 

s). 

 

The load-displacement curve first shows an elastic behavior (stage I). As 

the displacement increases, the stud rotation due to secondary bending is 

prevented by the stake head, and the strain is concentrated around the stake 

base (stage II). During stage II, a radial crack nucleates and propagates around 

the stake head. The loss of the stake head corresponds to the decrease in load 

in stage III. At this point, the load is no longer sustained by the head but by the 
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bearing of the stake on the internal cavities of the joining partner; the strain, 

which was initially concentrated around the stake base, is now redistributed 

along the width of the polymeric plate (stage IV). The strain and the load 

increase when the crack propagates in the base plate; finally, the plate fails by 

net-tension (stage V), as displayed in Figure 12b. This behavior is currently the 

most commonly observed behavior for sound F-ICJ joints. 

Other less frequent failure modes are stake pull-out and head pull-out, 

both of which can occur depending on the stake head geometry and the 

variation in microstructural properties of the joints (Abibe et al., 2013). Figure 13 

shows a schematic drawings of stake pull-out (Figure 13a) and head pull-out 

(Figure 13b) failure modes, and a macrograph of the longitudinal cross-section 

of the joints with these failure modes. Stake pull-out (sometimes referred to as 

“rivet pull-out”) is characterized by an incomplete crack in the base plate, which 

is notably similar to the net tension typical crack, although it is not catastrophic. 

Head pull-out also exhibits an identical incomplete crack; however, the joint 

failure is because of the loss of the stake head. 
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Figure 13: Schematic drawings and macrograph of failure modes in lap 

shear strength testing: (a) stake pull-out (or “rivet pull-out”) and (b) head 

pull-out. There is no catastrophic failure in the base plate, as highlighted 

in the macrographs. 

 

Cross tensile tests were performed to evaluate the mechanical strength 

of the stake head. After the specimen was fixed, the polymer plate was pulled, 

and the metal plate remained stationary. Over the investigated parameters, the 

cross tensile strength values ranged from 311 ± 20 N (75° pin tool; RS: 12000 

rpm; FT: 5000 ms; FP: 0.3 MPa; FoT: 5000 ms; FoP: 0.7 MPa; HT: 7.5 s) to 585 

± 10 N (75° pin tool; RS: 8000 rpm; FT: 2500 ms; FP: 0.5 MPa; FoT: 5000 ms; 

FoP: 1.0 MPa; HT: 7.5 s). Figure 14a shows a typical load-displacement curve, 

which was obtained from cross-tensile testing for a sound F-ICJ joint.  
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Figure 14: Cross tensile testing and the observed failure mechanism for 

sound F-ICJ joints: (a) typical load-displacement curve and bending 

behavior from a specimen during cross tensile testing (75° pin tool; RS: 

8000 rpm; FT: 2500 ms; FP: 0.5 MPa; FoT: 5000 ms; FoP: 1.0 MPa; HT: 7.5 

s); (b) schematic drawing which shows the crack nucleation around the 

stake base and the crack propagation through the plate thickness; (c) 

surface view of the lower plate bending failure mode. 

 

 A linear behavior is observed in the curve of Figure 14a when the 

polymer plate bends during the test until failure. This result indicates that a 

brittle fracture without yielding occurs (ASTM, 2010a). The bending causes 

nucleation and fast propagation of cracks in the stake base region through the 

plate thickness (Figure 14b), which leads to lower plate bending failure (Figure 

14c). Failure by lower plate bending is the most frequently observed failure 

mode for sound F-ICJ joints in cross tensile testing. 
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Two other failure mechanisms of stake pull-out and head pull-out are 

observed in cross tensile testing although less frequently. These failure modes 

are currently not well understood. Figure 15 shows schematic drawings of these 

failure modes and macrographs of the cross-section of the joints that exhibit 

these mechanisms.  

 

 

Figure 15: Other failure modes that are observed in cross tensile test: (a) 

stake pull-out with crack propagation below the stake base and (b) head 

pull-out. 

 

Stake pull-out is a complete removal of the stake and its base from the 

polymer plate without complete cracking of the plate. The crack appears to 

nucleate around the stake base and propagate radially towards the center of the 

stake base, which detaches it from the base plate without damaging the stake 

head (Figure 15a). Head pull-out is shown in Figure 15b. In this case, the 
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premature failure is most likely because of defective stake heads with excessive 

amount of volumetric flaws or sharp weld lines. 

 

CONCLUDING REMARKS 

 

 This paper presented the primary features of the new Friction-based 

Injection Clinching Joining technique (F-ICJ) and demonstrated its feasibility for 

hybrid joints on material combinations of polyetherimide (PEI) and 6082-T6 

aluminum alloy. The process phases, joining mechanisms, and general 

principles of the F-ICJ technology were explained. The relations of the process 

with the generated microstructure, and its effects on the mechanical 

performance of the joints were discussed. 

 The measured stake temperature after joining ranged from 43 ± 4 °C to 

95 ± 9 °C. The achieved temperatures during a typical F-ICJ process are not 

sufficiently high to cause significant microstructural changes in the metal 

partner; however, three different microstructural zones were identified in the 

polymer partner: a thermomechanically affected zone (TMAZ), a heat affected 

zone (HAZ) and an unaffected volume with base material properties (BM). The 

heat input from the joining process affected the shape and size of the 

microstructural zones and may create weld lines and/or volumetric flaws. 

Moreover, the shape of the tool modifies the joint macrostructure and 

consequently the shape of the microstructural zones by changing the shear 

profile, which was produced during the tool rotation. Smaller pin tool angles 

create thicker shear layers (Figure 10). Therefore, the tool design should 
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consider the cavity profiles and joining partner’s geometry to optimize the cavity 

filling without significantly changing the material properties. Differences in the 

local mechanical properties at the process-affected volumes were identified 

using microhardness testing with 4% decrease in the HAZ and 8% decrease in 

the TMAZ. 

 The global mechanical performance of the joints was evaluated using 

single lap shear tests. In this feasibility study, the maximum lap shear load 

values ranged from 712 ± 34 N to 1250 ± 98 N. The net tension is the most 

common failure mode, but variations can occur depending on premature stake 

head failure and microstructural features. 

 Cross tensile testing was used to measure the strength of the stake 

head. In these experiments, the maximum cross tensile load values ranged 

from 311 ± 20 N to 585 ± 10 N. For most specimens, the failure occurred by 

lower plate bending, which showed the high strength of the stake that was 

formed in F-ICJ. Specimens with defective stake heads may fail by head pull-

out. 

 Failure in both lap shear and cross tensile testing does not appear largely 

influenced by the microstructural changes that are induced in the polymeric 

partner. The effect of the weaker TMAZ and HAZ regions is smaller than the 

notch effect from the weld lines and the increased stresses from secondary 

bending. Further investigation on the failure modes in lap shear and cross 

tensile tests must be performed. 

 Friction-based Injection Clinching Joining technique (F-ICJ) has been 

shown to be a promising joining technology for polymer-metal hybrid structures. 
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Compared to E-ICJ and current staking, F-ICJ has short cycles, high energy 

efficiency, while improving key joint characteristics such as aesthetics and 

mechanical performance. 
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