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Abstract
In times of increasing global warming, the awareness of the necessity for significant  CO2 reduction is growing. Especially 
in the transport and aerospace sector, lightweight construction has potential to achieve emission reduction goals by reducing 
the overall vehicle weight. Thereby, adding lightweight fibre-reinforced composites to materials such as steel and aluminium 
is used to achieve weight savings. Furthermore, continuous-fibre-reinforced thermoplastics (CFRTs) begin to replace more 
traditional thermoset thermoplastics due to their easier bulk production and uncomplicated storage. Hybrid parts often consist 
of a CFRT and a higher strength metal component. Here, the joining process poses the main challenge, due to different chemi-
cal and physical properties of the components. In the current state of the art, riveted and bolted joints are commonly used, 
leading to increased weight due to auxiliary elements and requiring precise bolt holes often destroying load-bearing fibres. 
Joining with cold formed pin structures is an innovative and versatile joining process, which avoids the need for auxiliary 
elements. These pins are subsequently inserted in warm formed holes in the CFRT component and then caulked to create a 
form-fitting hybrid joint. To obtain a fundamental understanding of this joining process, hole-forming and pin-caulking, are 
investigated in this study. First, the hole-forming with IR-radiation is investigated with regard to suitable process parameters 
and resulting fibre morphology. The formed holes are consequently mechanically characterized. Second, the caulking-process 
is investigated by iteratively upsetting a pin and subsequently measuring the geometry. Based on these findings two different 
suitable caulking degrees are defined and samples for mechanical as well as microscopic investigations are manufactured. 
The created joints are first investigated via micro-sections and reflected light microscopy to identify possible damage in the 
CFRT component, which can result from the pin caulking process. Second, a mechanical characterisation under shear load 
as well as pin extraction loads normal to the sample surface is conducted and the normal load tests are compared with the 
bearing strength of CFRT samples.

Keywords Hybrid joints · Pin joining · Multi-material-systems · Pin extrusion · Organo sheet · Continuous fibre reinforced 
thermoplastics

1 Introduction

In times of climate change and the increasing urge to reduce 
carbon dioxide emissions, lightweight materials offer a great 
potential for a sustainable future, especially in the transport 
sector. Continuous fibre reinforced thermoplastics (CFRTs) 
often referred to as organo-sheets offer a high potential in 

lightweight applications due to their favourable strength- 
and stiffness to weight ratio and their processability in large 
volume manufacturing [1]. While high stiffness values 
can already be achieved with short fibre lengths [2], end-
less fibres show superior properties in ultimate strength [3] 
as well as impact properties [4]. Compared to thermoset 
composites, which are typical competitors in high perfor-
mance lightweight applications, CFRTs have a number of 
advantages. The solidification process is induced by physical 
processes (cooling) instead of chemical reactions (curing) 
which allows significantly reduced cycle times in produc-
tion. Furthermore, the shelf life of thermoplastics is virtually 
unlimited and cooling is not required while storing [5].
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However, despite these advantages, under certain oper-
ational conditions, such as elevated temperatures above 
the melting- (semi crystalline matrix) or glass transition 
temperature (amorphous matrix) or applications with 
high abrasive wear, parts manufactured from CFRTs can 
reach their limits. One promising technology to address 
these limitations of CFRTs is the development of multi-
material parts, which combine a CFRT component with 
a metal component such as higher strength steel. Due to 
dissimilar physical properties (e.g. thermal expansion 
coefficient) and chemical incompatibilities, the joining 
process is the major challenge of this approach.

In state of the art composite to metal joining, bolted 
and riveted joints that create a form- and/or force fit-
ting connection are commonly used. Despite their widely 
spread application, these technologies have the disadvan-
tage of added weight [6] to the created structure due to 
the required rivet or bolt which contradicts the idea of 
lightweight construction. Furthermore, the required hole 
for the joining process is oftentimes created via cutting 
technologies, such as drilling [7], which destroy load 
bearing fibres and consequently weaken the composite. In 
[8, 9] the warm hole-forming of relatively large holes in 
CFRT components is described which avoids the destruc-
tion of load bearing fibres. A promising approach to join 
CFRT-steel hybrid parts is the use of metallic pins, which 
are pushed through the locally heated CFRT component 
and are consequently caulked to create an undercutting 
joint as shown on the example of additively manufac-
tured pins in [10] and cold formed pins in [11]. Despite a 
wide insight in this joining technology given in the cited 
studies, no systematic investigation of the resulting fibre 
orientations and the caulking process and its influence on 
the joint strength can be found in the current state of the 
art. Behind this background, the hole forming process of 
small holes will first be investigated in the present work 
using glass fibre reinforced thermoplastics with a unidi-
rectional fabric as a pre-stage to joining by caulking. In 
particular, the fibre rearrangement during the hole form-
ing process and the melting zone will be investigated in 
more detail. Furthermore, the evolution of the pin geom-
etry during continuous upsetting is analysed by incremen-
tal upsetting and an iterative geometric measurement of 
a pin structure formed by cold extrusion. In this way, two 
suitable upsetting degrees are identified for joining the 
steel/CFRT samples. These are used in the subsequent 
step to investigate their influence on the mechanical prop-
erties during caulking by testing the joints using the cross 
tension test and tensile shear test. Furthermore, the joints 
are analysed with regard to possible damage to the matrix 
and fibres during the joining process using micrographs.

2  Material and methods

2.1  Glass fibre‑polypropylene (PF‑PP) samples

In order to be able to control the material properties, the 
material used in this study has been manufactured at the 
NMF GmbH, Fürth, Germany, via the interval hot pressing 
process. As matrix material a polypropylene type BJ100HP 
from Borealis AG, Vienna, Austria is used, which is a 
special low-viscosity polypropylene (PP) compound 
developed specifically for applications with glass fibre 
reinforcements. As a fibre material a customized quasi uni-
directional non-crimp glass fibre fabric manufactured by 
Saertex GmbH & Co. KG, Saerbek, Germany is utilized. 
The non-crimp fabric is manufactured with an areal weight 
of 283 g/m2 of E-glass fibre rovings with a grammage of 
300 tex in fill direction and 1 g/m2 of E-glass rovings with 
a grammage of 68 tex in warp direction. A polyester sew-
ing thread with a grammage of 76 dtex is used with an 
areal weight of 12 g/m2 to secure the fabric. The total 
areal weight of the non-crimp fabric is specified to 296 g/
m2. In total 4 layers of the described non-crimp fabric are 
stacked together and impregnated with the matrix mate-
rial resulting in a thickness of approximately one milli-
metre and a fibre volume content of approximately 45%. 
Preliminary Differential scanning calorimetry (DSC) tests 
of the resulting material with a heating rate of 10 K/min 
show a melt peak temperature of 164.7 ± 0.76 °C and a 
crystallisation peak of 121.9 ± 1.12 °C as an average of 
nine measurements. The measured density of the material 
is 1.61 ± 0.02 g/cm3 as an average of three measurements 
and the filler share is measured via ashing at a maximum 
temperature of 625 °C to 65.9 ± 0.84 wt.%. Preliminary 
measurements of the thermal diffusivity in all three direc-
tions with a Nano Flash LFA 447 (NETZSCH Gerätebau 
GmbH, Selb, Germany) give the following results as an 
average of seven measurements. In fibre direction (y): 
0.297 ± 0.009  mm2/s. Perpendicular to the fibre direction 
(x): 0.255 ± 0.005  mm2/s. In Thickness direction of the 
sample (z): 0.205 ± 0.007  mm2/s.

The material used for the extrusion of the pin structures 
is a HCT590X + Z dual phase steel (DP600) with a sheet 
thickness of t0 = 1.5 mm from Salzgitter Flachstahl GmbH, 
Salzgitter. The chemical composition of the material is 
listed in Table 1. The cold-rolled and galvanised DP600 
is frequently used in the automotive industry for structural 
components in car body construction due to its good form-
ability combined with high strength, which results from 
the martensitic grain structure embedded in the ferritic 
matrix.
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2.2  Hole‑forming process

The hole-forming process is realised in a two stage pro-
cess. The setup of the hole-forming process and the tools 
used are shown schematically in Fig. 1. In the first step, 
the sample is heated above the melting temperature via 
an infrared (IR) spot (Type 600.5010.1), manufactured by 
Optron GmbH, Garbsen, Germany whilst avoiding over-
heating above the degradation temperature of the polymer. 
The nominal focal spot diameter at the focus distance is 
specified to 10 mm. The CFRT sample is placed in the 
positioning tool. Changeable masks allow to define the 
size irradiated area and consequently the molten area in 
which fibre rearrangement can take place. The main com-
ponent of this tool is manufactured from tool steel and has 
a cavity in the shape of the CFRT sample. Into the cavity 
a polyetheretherketon (PEEK) insert is placed, which fea-
tures a hole in the diameter of the forming spike to allow 
the accommodation of the spike during the hole-forming 
process. The insert is used to reduce conductive heat loss 
on the non-irradiated surface of the CFRT sample. After 
the CFRT sample is sufficiently heated, it is manually posi-
tioned under a pneumatic piston, with a piston diameter 
of 80 mm resulting in a maximum piston force of about 
3.000 N at an operation pressure of 0.6 MPa. The pneu-
matic piston is equipped with an adaptor, which allows 
it to fit changeable spike tools featuring a cylindrical 
reconsolidation zone with a diameter of 20 mm allowing 

to apply uniform pressure to the CFRT sample during the 
cooling stage after hole-forming.

After the spike tool penetrates the CFRT sample, it is 
cooled to room temperature under constant pressure in order 
to crystallize the matrix and to reconsolidate the composite. 
Once the sample is cooled, the spike tool is extracted leaving 
a formed hole. A pronounced ridge which accommodates the 
displaced material as described in [18] could not be detected 
in pre trials. This can be explained by the comparably low 
displaced volume as well as a certain amount of air pockets 
in the CFRT material which lead to a degree of “compress-
ibility” which can accommodate displaced material.

In order to guarantee a sufficient warming above the 
melting of the matrix and to avoid premature crystallisa-
tion whilst preventing overheating, preliminary tests are 
conducted with the same procedure as described in [13], 
but with material with reduced thickness. This procedure is 
carried out for all investigated mask diameters, which leads 
to unique sets of parameters with regard to IR-power setting 
and heating time.

2.3  Calculation of fibre displacement and required 
molten zone

The hole-forming process creates a fibre displacement 
around the formed hole as the spike tool pierces through 
the laminate which leads to an elongation of the displaced 
fibres. This fibre elongation is dependent of geomet-
ric criteria, mostly the hole diameter and the size of the 

Table 1  Chemical composition of the HCT590X + Z (DP600) used for the extrusion of the pin structures in weight percent [12]

Material C Si Mn P S Altotal Cr + Mo Nb + Ti

HCT590X + Z Max 0.15 Max 0.75 Max 2.5 Max 0.04 Max 0.015 0.015–1.5 Max 1.4 Max 0.15

Fig. 1  Schematic illustration of the heating and hole-forming device
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molten zone in which fibres can be displaced. The result-
ing fibre elongation increases with larger pin diameter and 
decreases with a larger molten zone. It is crucial that the 
elongation caused by the hole-forming process is below 
the sum of the fibre elongation at break and the elonga-
tion reserve due to fibre undulation in order to avoid fibre 
breakage, which would weaken the joints. Non-crimp 
fabrics, as used in this study, usually have a low elonga-
tion reserve due to low fibre undulation when compared to 
woven fabrics. Mattner et al. [14] exemplarily measured 
the fibre elongation reserve on a unidirectional reinforced 
CFRT sample of the type KP-PP09 BK (Kingfa SCI. & 
Tech. Europe). It was found that 50% of the fibres have an 
elongation reserve of less than 0.162% and 95% have an 
elongation reserve of less than 0.364%. Since these val-
ues are comparably low and due to statistical distribution, 
some fibres must be expected to be completely aligned in 
the initial state, the elongation reserve is neglected in the 
following calculations and only the elongation at break is 
used to calculate the maximum fibre displacement 14. The 
fibre elongation εF can be calculated with the following 
equation [9]:

With l
0
 being the fibre length in the initial state and c 

being the half fibre length after hole-forming. Under the 
precondition that the diameter of the molten zone D is 
significantly larger than the pin diameter d , the resulting 
fibre elongation can be approximated with the following 
equation (compare Fig. 2) [9]:

(1)�F =

2 ∗ c − l
0

l
0

As the initial fibre length and the diameter of the molten 
zone are identical, it is possible to calculate the required 
diameter of the molten zone Dreq. in dependence of the hole 
diameter d , and the elongation at break �max:

A hole diameter of 1.50 mm is investigated in this study. 
In the literature, values of the elongation at break for E-Glass 
fibres are typically around 4.8% [15]. It has to be noted that 
if the fibres are elongated to their elongation at break, the 
fibres are at their maximum tension and consequently can-
not transmit any further loads when being joined. In order to 
have a safety factor of 25%, the maximum elongation used 
to calculate the required molten zones is 3.6%, which leads 
to the required molten zones shown in Table 2. 

In order to validate these calculations and to study the 
effects of different fibre elongations during hole-forming, 
three masks with different opening diameters are manufac-
tured (2.5 mm, 4.0 mm and 5.5 mm). Previous investiga-
tions with a mask of a diameter of 7 mm showed that the 
resulting molten zone is approximately 40% larger than the 
mask diameter [13] which results in expected dimensions 
of the molten zone and expected fibre elongations as shown 
in Table 3.

2.4  Imaging analysis

In order to measure the actual dimension of the molten zone 
and of the fibre orientation, transmitted microscopic images 
are created of samples after the heating phase and after the 
hole-forming processes using a Discovery V12 (Carl Zeiss 
Microscopy GmbH, Jena, Germany). For each mask diam-
eter, five samples are measured and the average dimension of 

(2)�F =
1

cos

(

arctan

(

d

2∗l
0

)) − 1

(3)
Dreq. =

d
√

�max ∗

(

2 + �max

)

Fig. 2  Fibre displacement of the hole-forming process according to 
[9]

Table 2  Required molten 
zones in dependency of the 
hole diameter with an assumed 
elongation at break of 4.8% and 
3.6%

d 1.50 mm
D

req.
(ε

max
= 4.8%) 4.80 mm

D
req.

(ε
max

= 3.6%) 5.54 mm

Table 3  Used mask diameters and expected dimensions of molten 
zones and resulting expected fibre elongation

D
mask

2.50 mm 4.00 mm 5.50 mm
D

expected
3.50 mm 5.60 mm 7.70 mm

ε
expected

7.7% 3.6% 1.9%
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the molten zone is calculated in 0° and 90° to the main fibre 
direction. Furthermore, micro sections of joined samples 
perpendicular to the fibre orientation are created to assess 
the geometry of the caulked pin and to review if damages in 
the CFRT component can be detected.

For the micro-computer-tomography (μCT) analysis, a 
computer-tomograph of the type sub µ-CT (Fraunhofer Insti-
tute for Integrated Circuits (IIS) e.V., Erlangen, Germany) is 
used. The samples are cut to a dimension of approximately 
20 mm × 20 mm in order to allow a sufficient magnification 
with a water-cooled saw. The scans are sighted in detail, fol-
lowing the path of individual fibres and analysing them for 
the fibre rearrangement as well as potential fibre breakage, 
indicated by sudden shifts in direction, internal open ends 
or sudden voids. One sample of each defined mask diameter 
is investigated.

2.5  Cold extrusion of pin structures

The metallic pin structures are formed by cold extrusion 
from the sheet metal plane. For this purpose, a multi-acting 
tool was used that allows the blank holder and the forming 
punch, which performs the forming work, to be controlled 
independently of each other. The process sequence is shown 
schematically in Fig. 3. The process starts with the applica-
tion of the blank holder pressure σBH of 250 MPa to prevent 
bulging of the sheet and to limit radial material flow that 
occurs during extrusion of the pin structure. After the pres-
sure is applied, the forming punch with a diameter dP of 
3 mm moves axially downwards at a constant speed vP of 
5 mm/min and penetrates the DP600 sheet. This displaces 
the material located directly above the cylindrical die cav-
ity with a diameter dD of 1.5 mm mainly axially downwards 
into the cavity. The material below the punch, which is not 

directly above the cavity, is partly displaced laterally out-
wards into the sheet plane and laterally into the die. Mechan-
ical stops are used to limit the punch penetration depth s and 
thus end the process. The pin height h is controlled by the 
punch penetration depth. To investigate the caulking process 
with the material combination of DP600/CFRT, which is 
explained in more detail below, pin structures with a height 
of 1.90 mm were produced using tensile shear specimens as 
well as cross tension specimens. The used punch penetra-
tion depth s used to achieve these pin heights h are listed in 
Table 4.

2.6  Definition of advantageous pin geometry 
for caulking

In order to define the two suitable levels of upsetting for 
the pin structures with an initial height of 1.90 mm, which 
are to be used in the next step for the joining with the per-
forated CFRT samples, one pin structure was incrementally 
upset in five steps by 0.2 mm displacement for each step. 
The complete pin geometry of the different stages was sub-
sequently measured using an InfiniteFocus G5 optical 3D 
surface measuring device from Alicona Imaging GmbH, 
Raaba, Austria. In this way, the profiles of the individual 
stages could be investigated and suitable stages were identi-
fied for joining steel pin and CFRT specimen via caulking. 
Therefore, the diameters of the upset pins of the individual 
stages were measured at the pin head, pin-base and at a pin 
height of 1 mm, as the CFRT samples have a thickness of 
1 mm. The evolution of the upsetting of the pin structure is 
depicted in Fig. 4. Since the cold extrusion process causes 
a punch indentation on the back of the sheet on which the 
pin structure is located, this cavity is filled with sheet metal 
discs (see Fig. 5), which are laser cut to the diameter of the 

Fig. 3  Schematic illustration of the cold extrusion process of the pin structures

Table 4  Used Pin penetration 
depth s and corresponding pin 
height h during pin extrusion 
depending on the sample type

Material Specimen types Punch penetration 
depth s [mm]

Pin height h [mm] n

DP600 Tensile shear specimen 0.89 ± 0.00 1.90 ± 0.02 14
Cross tension specimen 0.84 ± 0.00 1.90 ± 0.01 10
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punch to fit into the punch indentation and have a height of 
the punch penetration depth. These discs prevent the pin 
structure from bending back into the punch indentation or 
being damaged during the joining process. Subsequently, the 
pin structure is placed between two conventional upsetting 
tools in a universal testing machine. At the beginning of 
the caulking process, the upper upsetting tool moves axially 
downwards until it comes into contact with the pin structure 
and a pre-force of 20 N has been reached. The process then 
continues as the upsetting tool moves downwards at a con-
stant speed of 1 mm/min and compresses the pin structure 
by a set displacement value.

2.7  Caulking process

The joining strategy, which is investigated in more detail in 
this work, in order to join steel and glass fibre-reinforced 
polypropylene with the help of pin structures produced by 
cold forming, is caulking. This joining process is schemati-
cally illustrated in Fig. 5. Here, the cold-extruded pin struc-
ture is first inserted through the CFRT sample in such way, 
that the side of the CFRT component, where the forming 
spike exited the sample, faces the steel specimen. Because of 
this, the funnel shaped fibre morphology caused at the entry 
side by the hole-forming process can better accommodate 
the conical pin head after the caulking process. In the fol-
lowing step, the two joining partners are placed between two 
conventional upsetting tools in a Zwick&Roell Z 10 univer-
sal testing machine. The caulking process of the pin struc-
ture itself was conducted in the same way as the incremen-
tal upsetting process with respect to the process parameters 

and the preparation of the punch indentation. Two different 
upsetting levels were used to investigate the influence on the 
joint strength in both the tensile shear test and cross tension 
test and to analyse possible matrix damage caused by the 
joining process and the increase in pin diameter.

2.8  Mechanical characterisation

In the scope of the mechanical characterisation, three differ-
ent investigation methods are conducted. First, the ultimate 
bearing load and the bearing strength of formed holes in the 
CFRT samples before the joining process is measured with 
a test arrangement based on Hufenbach et al. [8] and a test-
ing speed of 10 mm/min. The results of this test function as 
a baseline of the maximum achievable strength of the joint 
and are supposed to help identifying damages caused by the 
caulking process, which would become visible as reduced 
strength of caulked hybrid CFRT/steel samples in compari-
son to the bearing strength. This test is conducted with a 
universal testing machine type Zwick&Roell Z10.

The mechanical characterisation of the joined specimens 
is based on the technical bulletin DVS 3480-1 [16]. The 
cross tension tests as well as tensile shear tests are performed 
with a testing speed of 10 mm/min. For the tensile shear 
tests, a universal testing machine type Zwick&Roell Z1465 
is used with a sample size of three in 0° and 90° of the fibre 
orientation and for the cross tension tests (mode 1), a univer-
sal testing machine type Zwick&Roell Z10 is utilized with a 
sample size of five. Before the tests, the samples are stored 
in normalized climate at 23 °C and 50% rel. humidity. The 
larger sample size for cross tensile tests can be explained 

Fig. 4  Illustration of the incremental upsetting of the pin structure with its different upsetting stages and the diameter at a height of 1 mm

Fig. 5  Schematic illustration of 
the caulking process
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with a higher scatter shown in pre-trials in this load direc-
tion and a limited number of available CFRT shear speci-
men with formed holes with both fibre orientations. Figure 6 
shows exemplary cross tension and tensile shear samples 
with the same dimensions as used in the present study.

3  Results

3.1  Hole morphology and fibre orientation

It showed that with a mask diameter of 2.5 mm a complete 
heating above the melt temperature was not possible even 
with a power setting of 100%, as not enough radiative energy 
could be transmitted through the mask opening to balance 
the heat loss due to conduction, convection and radiation 
and the temperature stagnated at a level below the melt tem-
perature of the polymer. The chosen parameter settings for 
the mask of 4.0 mm and 5.5 mm are displayed in Table 5.

The investigation of the transmitted light microscopy 
image shows that the measured size of the molten zone is 
larger in the main orientation of the fibres (0°) than perpen-
dicular to the fibre orientation (90°). This can be explained 
with a higher thermal conductivity along the fibre direction. 
In comparison to the expected dimensions of the molten 
zones, the measurements reveal significantly larger dimen-
sions, while the difference between a mask of 4.00 mm and 
5.50 mm in diameter is relatively small. With a mask of 
4.00 mm, a diameter of 10.45 mm ± 0.27 mm in 0° and of 
9.75 mm ± 0.38 mm in 90° is measured. With a 5.50 mm 
mask a diameter of 10.83  mm ± 0.66  mm in 0° and of 
9.55 mm ± 0.46 mm in 90° is measured. This finding does 
not correspond with the assumption that the actual molten 

zone is 40% larger than the irradiated area. It appears that 
below a certain mask diameter, the resulting molten zone 
cannot be further reduced in size due to thermal conduction 
effects influencing the thermal equilibrium. This is a topic 
that requires further investigations in the future. Figure 7 
summarizes the results. As a consequence, a mask diam-
eter of 5.5 mm is chosen for the joining experiments, as the 
dimensions of the molten zones are practically identical but 
the IR-power setting with a larger mask is lower which is 
leading to reduced thermal exposure of the CFRT surface.

When investigating the resulting fibre morphology of 
the formed holes, a similar fibre displacement can be seen, 
which is basically independent of the mask diameter. Fig-
ure 8 shows exemplary images in three different planes of a 
perforated sample, which was heated with a 5.5 mm mask. 
In the x/y plane, it can be seen that the fibre roving is split 
as it is expected in the calculation of the fibre displacement 
(compare Fig. 2). Distinct fibre-free zones can be seen over 

Fig. 6  Exemplary cross tension 
(left) and tensile shear (right) 
samples

Table 5  Defined heating parameters for hole-forming experiments

D
mask

2.5 mm 4.0 mm 5.5 mm
Power n/a 90 W 56 W
HeatingTime n/a 240 s 240 s

Fig. 7  Measured molten Zone in 0° and 90° of the main fibre orienta-
tion
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and below the formed hole. The length of the fibre-free 
zones is measured to 11.10 mm, which corresponds well 
with the measured size of the molten zone of 10.83 mm with 
a 5.5 mm mask.

In the x/z plane, the formed hole is clearly visible, the 
penetration of the sample was performed from the right 
side to the left side. A characteristic funnel-shaped fibre 
morphology can be observed with fibres being dragged in 
the direction of the penetration. A similar behavior can be 
observed for the thermoactivated pinning process, which 
is described in [17]. Consequently, the fibre-free zone on 
the right side, which is 2.0 mm, is larger when compared 
with the left side, which is only measured to 1.25 mm. It 
has to be noted that areas without fibres do not necessar-
ily indicate voids or the exact dimension of the formed 
hole, since the matrix material cannot be seen in the CT 
images. The deviation of the measured value of the hole 
dimension from the CT image of 1.25 mm and the diam-
eter of the forming spike of 1.50 mm can be explained 

with two phenomena: First it is possible that the CT image 
does not precisely display the middle plane of the formed 
hole leading to reduced measured diameter. Second, inter-
nal stresses in the fibres can lead to a shrinkage of the 
formed hole perpendicular to the fibre direction as already 
described in [18]. In the y/z plane, the fibre-free zone can 
be clearly seen. It is noticeable that the measured dimen-
sion of the fibre-free zone is shorter than in the x/y plane. 
An explanation for this phenomena can be that the image 
in the y/z plane is not precisely aligned with the fibre-free 
zone. Due to the steep angle of the fibre-free wedges, a 
small offset can already lead to a significant deviation in 
the measurements.

Based on the measured average dimension of the molten 
zone with a 5.50 mm mask of 10.83 mm, the average fibre 
elongation for joined samples can be calculated to 1.11% 
using Eq. 2. This is significantly lower than planned in 
the experimental setup but is expected to be beneficial to 
the joint strength, as the fibres are exposed to less pre-
elongation caused by the joining process.

Fig. 8  CT images in three planes of one exemplary sample (top, formed holes are illustrated as grey circle and rectangular) and micro section of 
a second sample (bottom). Holes formed with 1.5 mm spike, reconsolidation force: 2.500 N, piston speed: 0.11 mm/s



347Production Engineering (2022) 16:339–352 

1 3

3.2  Incremental pin upsetting

Figure 9 shows the results of the incremental pin upsetting. 
Figure 9a shows the position of the section plane for the 
measurement of the profiles from Fig. 9b as well as the posi-
tion of the measured diameters using stage 0 as an example. 
Figure 9c then summarises the determined values for the 
pin height, the measured diameters and percentage of pin 
upsetting. When investigating the profiles shown in Fig. 9b, 
the constant axial compression of the pin structure can be 
seen, which leads to a continuous broadening of the pin 
head. Thus, the height of the pin structure reduces from an 
initial height of 1.90 mm at stage 0 by 33.77% to a height of 
1.26 mm at stage 5. However, the head diameter increases 
from the initial diameter of 1.49 mm by 32.22% to 1.97 mm, 
which results from the radial material flow due to the axial 
compression. By analysing the shape of the pin structures 
more closely, however, the rather conical shape of the pin 
structure is noticeable. In conventional upsetting, the fric-
tion between the component and the upsetting tool tends 
to cause the component to bulge. In the current case, how-
ever, the pin structure is fixed to the sheet metal at the pin-
base, which limits relative movement in the radial direction. 

Furthermore, the strain hardening of the material during pin 
extrusion provides another explanation for the main broad-
ening of the pin structure at the pin head. Here, in particular, 
the strength increases in the edge area of the pin shell, due to 
the flow of the material over the shoulder into the die cavity, 
and also in the pin-base, due to the increasing compression 
of the material by the axial punch penetration depth. This 
strain hardening, especially in the pin-base, increases fur-
ther with greater punch penetration depth. In contrast, the 
material in the middle of the pin head area, which is mainly 
axially displaced at the beginning of the forming process, 
experiences less plastic deformation and thus work harden-
ing, which is why the start of material flow is at a lower 
stress level here than in the pin-base. For this reason, there 
initially is a greater increase in diameter in the head area 
of the pin structure, as the material begins to flow earlier. 
With further upsetting of the pin structure, the diameter at 
a height of 1 mm from the pin-base converges to the head 
diameter due to the decrease in height (see Fig. 9c). Since 
two different compression stages were investigated in the 
context of the work with regard to their effects on the joint 
characteristics, stage 2 and stage 4 were used for the further 
experimental investigations. In this way, a variation in the 

Fig. 9  a Schematic representation of the position of the profile sec-
tion using the initial pin (stage 0) as an example, b profiles of the 
upsetting stages investigated, c results of the geometric characteristics 

of the pin structure measured using an optical 3D profilometer (Ali-
cona InfiniteFocus G5) at different upsetting stages. *Upsetting of the 
pin structure compared to stage 0 in percent
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pin height as well as the pin geometry is ensured. Further-
more, a filling of the geometry created by the hole-forming 
of the CFRT sample (compare Fig. 8) should be achieved 
with the stronger compression, in order to fill the undercut 
as much as possible with matrix and especially with fibres.

3.3  Caulking process

The graph in Fig. 10 shows the force–displacement curve for 
two pin structures during upsetting using the two different 
upsetting stages. The behaviour is very similar regardless 
of the type of specimen used, which is why the behaviour 
is explained using the example of the results for the ten-
sile shear specimen. The process starts with a small amount 
of play until the sample rests flat due to the slight preten-
sion caused by the pin extrusion and then changes to the 
elastic component of the curve, when the pin structure is 
elastically deformed. As the process progresses, the elas-
tic–plastic deformation follows, in which the pin structure 
is compressed, as described before and the axially displaced 
material flows radially outwards, which initially leads to an 
increase in diameter, particularly at the pin head, and results 

in a conical pin geometry. The force–displacement curves of 
the two upsetting stages differ only in the maximum force 
and maximum displacement and are otherwise, as expected, 
superimposed. Here, a maximum force of 2100 N is required 
for forming in stage 2 at a displacement of 0.4 mm and 
2500 N in stage 4 at a displacement of 0.6 mm.

The optical investigation of the joints with two differ-
ent caulking degrees shows that a distinct form-fit can be 
achieved with this process (see Fig. 11). As expected, the 
form fit is more pronounced with a higher caulking degree. 
Although the pin diameter is partially larger than the diam-
eter of the forming spike, which consequently causes defor-
mations of the CFRT component, no large damages like 
deconsolidation or cracks can be seen in the micrographs 
in Fig. 11, regardless of the caulking degree. Furthermore, 
a significantly increased fibre content close to the pin struc-
ture can be seen in both images. This is caused by the hole-
forming process, where fibres are displaced by the forming 
spike, which leads to locally increased fibre contents. This 
high fibre content is therefore, due to the plastic deformation 
of the pin structure, located in the undercut of the pin struc-
ture. Also, the analysis of the micrographs reveals a stronger 

Fig. 10  Force–displacement 
curves of the two upsetting 
stages used for joining using 
the tensile shear specimen as an 
example

Fig. 11  Comparison of low (stage 2, left) and high caulking degree (stage 4, right). Microscopic image in 90° to main fibre orientation
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undercut at the higher degree of upsetting. It is assumed that 
this phenomenon is beneficial for the joint strength and here 
in particular for the cross tension test, as the resistance to 
axial pull-out of the pin structure should be improved by the 
good filling of the undercut with fibres and furthermore by 
the higher upsetting degree.

3.4  Mechanical characterisation

3.4.1  Ultimate bearing load and bearing strength

When investigating the ultimate bearing load, it can be seen 
that with increasing hole diameter the ultimate transmitted 
force is increasing and that the samples are stronger when 
loaded in 90° to the fibre orientation (compare Fig. 12). The 
highest ultimate load is measured for 1.50 mm holes with 
405.6 ± 13.3 N in 90° and 185 ± 13.0 N in 0°. When testing 
the 1.0 mm holes, only the experiment in 0° degree could be 
tested to 133.6 ± 6.7 N, as in 90° the test pin broke during the 
test. When comparing the ultimate bearing strength, which 
is calculated as the maximum force divided by the projected 
area of the formed hole, it shows, that it is almost constant 

in the range of the standard deviation with a slight tendency 
for higher values towards smaller hole diameters. The slight 
increase in bearing strength could be explained by reduced 
fibre undulation caused with smaller formed holes, which 
can be expected to increase the strength of the CFRT sample.

3.4.2  Tensile shear and cross tension strength of the hybrid 
joints

Investigating the joined samples, it becomes apparent that 
under shear load significantly higher forces can be transmit-
ted than under normal load (see Fig. 13). Under normal load, 
the caulking degree has a relevant influence on the joint 
strength: with a low caulking degree a maximum force of 
48.2 ± 9.4 N is reached, while with a high caulking degree 
a maximum force of 76.2 ± 6.6 N can be transmitted cor-
responding to an increase of 58.1%. As described before, 
this is due to the greater undercut resulting from the higher 
degree of upsetting. This results in more matrix and fibres 
underneath the undercut of the pin structure, which conse-
quently has a higher resistance to the axial force and thus 
leads to a significantly increased cross tensile strength.

Fig. 12  Ultimate bearing load 
and bearing strength of formed 
holes at different diameters and 
load directions

Fig. 13  Shear and head pull 
load results of joined samples
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In contrast, under shear load the caulking degree does 
not have a clear influence on the joint strength: at 0° 
179.7 ± 1.9 N (low) and 180.0 ± 7.0 N (high) and at 90° 
371.3 ± 12.8 N (low) and 341.3 ± 14.5 N (high) are meas-
ured. In fibre direction, the caulking degree has no influence 
beyond the range of the standard deviation while in 90° a 
disadvantage can be seen for a high caulking degree. This 
could be explained with damages in the CFRT component 
due to the caulking process. However, the difference is com-
parably small and the ranges of the standard deviation almost 
overlap and deviations or inconsistencies in the CFRT com-
ponent could also be an explanation. Consequently, a final 
conclusion cannot be drawn at this point and further research 
is needed. When relating the measured values to the pin foot 
area, which also refers to the hole diameter of 1.5 mm, the 
maximum shear strength is 210.1 ± 7.2 MPa under 90° to the 
fibres and with a low caulking degree. The maximum cross 
tension strength is measured to 43.1 ± 3.7 MPa with a high 
caulking degree (see Fig. 13).

When comparing joined samples with the reference of 
bearing strength experiments with a diameter of 1.5 mm, the 
transmitted force of the caulked samples is decreased: In 0° 
the difference is about 5 N for both caulking degrees and in 
90° it is between 34.3 N (low caulking degree) and 64.3 N 
(high caulking degree). Possible explanations could again be 
inhomogeneous CFRT components as well as damages due 
to the caulking process which would correspond with the 
findings with reduced shear strength with a higher caulking 
degree in the previous paragraph.

3.4.3  Force levels under pin extraction load

When evaluating the force–displacement curves of each sin-
gle tested specimen under pin extraction loads, it can be seen 
that for both caulking degrees, two distinct force levels are 
present (compare Fig. 14). One explanation for this phenom-
enon could be found in the meso fibre morphology of the 

CFRT samples, being formed with individual rovings, which 
have locally increased fibre volume content, and relatively 
matrix rich zones between the individual fibre rovings. This 
morphology can lead to higher or lower fibre content near 
the joining zone, while it is expected that a high fibre content 
directly at the joint is beneficial for the joint strength. This 
will have to be investigated closer in future studies. Further-
more, it is expected that with multi-pin arrays the shown 
deviations would be statistically equalized and a reduced 
standard deviation can be observed.

4  Conclusion and outlook

In this work, the hole-forming of glass fibre-reinforced 
polypropylene was first investigated in order to examine the 
influence on the fibre rearrangement and the elongation of 
the fibres in the organo sheet. CFRT-specimens perforated 
by this process were subsequently joined by caulking with 
cold extruded pin structures, investigating two different 
degrees of upsetting, which were previously determined by 
incremental pin upsetting. In this way, the influence of the 
degree of upsetting on the tensile shear strength and cross 
tension strength was analysed. On the basis of the results 
obtained and presented in this paper, the following conclu-
sions can be drawn:

• The hole-forming process is a viable approach for per-
forating CFRT specimens prior to pin joining. By con-
centrating the fibres near the joint hole, a strong joint 
can be created without inducing fibre damage and thus 
weakening the material, as it would be for example the 
case with drilling. This fibre concentration is a particu-
larly important factor for filling the undercut formed dur-
ing the caulking, which makes hole forming particularly 
suitable for this process.

Fig. 14  Force–displacement 
curves of the cross tension tests



351Production Engineering (2022) 16:339–352 

1 3

• Varying the pin structures' levels of upsetting enables 
different cross tension strengths to be achieved with a 
stronger upsetting level leading to a more pronounced 
undercut and consequently higher joint strength. Thus, 
load-adapted joints can be realised.

• Compared to the bearing tests, a reduced strength was 
found for some tensile shear tests. Based on the fact that 
there was no failure of the metallic pin structures, the 
CFRT sample and its properties seem to play a decisive 
role in the strength of the joint, especially with regard to 
local fibre concentration in the area of the joint.

• The results show that by using cold extruded pin struc-
tures and caulking as a joining method for CFRT-spec-
imen, load-bearing joints can be produced for both ten-
sile shear loads and normal loads without adding weight 
through auxiliary elements.

Future research should focus, in particular, on investi-
gating the joining characteristics of multi-pin arrays with 
CFRT specimens. The effect of the pin arrays on the fibre 
distortion of the CFRT specimen and the resulting effects on 
the joint strength and possible damage to the fibres are of 
particular interest. In addition, a more detailed investigation 
of the influence of the size of the molten zone during the 
hole-forming process and the resulting pre-elongation of the 
fibres on the joint strength should be carried out. Further-
more, different fibre architectures and their influence on the 
hole-forming process should also be investigated in this con-
text. Another interesting aspect would be the investigation of 
additional levels of upsetting as well as different initial pin 
heights and their influence on the joint formation, joining 
partner and joint properties.
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