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Abstract. Hybrid parts consisting of continuous fiber reinforced thermoplastic (CFRT) and steel 
components offer promising potential in lightweight construction. In this approach, the joining 
operation poses the major challenge due to different physical and chemical properties of both 
materials. This paper studies a joining method in which conical pin structures, protruding from the 
surface of the metal component, are inserted into the locally heated CFRT component to create a 
form fitting joint. The aim is to identify and quantify the influence of the parameters pin height 
and pin head diameter on the mechanical performance in single lab shear and cross head normal 
experiments. Based on the results it can be shown, that both an increased pin height and head 
diameter are beneficial under shear load in means of increased maximum load capacity while under 
normal load only an increased head diameter has clear benefits. Those effects are led back to the 
geometrical properties and the resulting stress distributions in the joining area. 
Introduction 
Lightweight construction is a widely applied approach in the transportation sector to achieve 
reductions in fuel consumption and consequent CO2 emissions. Thereby, a substitution of classic 
engineering materials, such as steel and aluminum alloys, with materials with superior weight 
related properties, such as fiber-reinforced polymers, is a common strategy to achieve substantial 
weight savings [1]. Thereby especially continuous fiber reinforced thermoplastics (CFRT) 
combine favorable weight related properties [2] with good processability and uncomplicated 
handling with unlimited shelf-live [3] and allow for functional integration through polymer 
welding and injection molding processes [4]. 

Despite these obvious advantages, CFRTs reach limitations under elevated temperatures in 
which the matrix begins to soften or melt and thus reduces the mechanical stability of the 
composite. Furthermore, under certain conditions like high abrasive wear [5] or under the influence 
of solvents and aggressive media CFRTs can be unsuitable. An approach to address these 
limitations is the use of intelligent hybrid structures where the lightweight CFRT component is 
combined with a metal component where the application exceeds the capabilities of the CFRT 
material. Thereby, the main challenge lies in a durable and cost-efficient joining technology [6]. 
Due to chemical incompatibilities, established joining methods like welding or brazing are not 
applicable [7] and while adhesive bonding is theoretically suitable and also leads to a fiber friendly 
force application into the composite, it oftentimes requires long curing cycles and specific surface 
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pre-treatments [8]. Especially unpolar polymers with low surface energy, like polypropylene (PP) 
require elaborate surface modifications via e.g. plasma treatment to be adhesively joinable [9].  

In the current industrial state of the art, typically mechanical joining via bolts or rivets is 
applied. Consequently, these joining methods are very well described in the literature and can be 
used to create durable joints [10]. However, these joining methods also come with disadvantages: 
first, an auxiliary element is needed which increases weight and costs of the structure. Second, a 
hole forming operation is required, which typically increases the process time and when realized 
via subtractive manufacturing, leads do destruction of load bearing fibers resulting in locally 
increased concentration of forces and weakens the composite. Consequently, a demand for a cost 
efficient, versatile and durable technology for joining CFRTs with metals is required. 

A relatively new joining approach is the use of pin structures, that can be embedded into the 
locally heated CFRT composite as it is shown in [11] with cold formed pin structures while the 
fiber rearrange around the pin structures and thus avoids fiber breakage [12]. Other manufacturing 
technologies for pin structures are powder bed fusion [13], metal injection moulding [14], [15], 
and cold metal transfer welding (CMT) [16], [17]. Fig. 1 shows an example of a pin joint. 

 
Fig. 1 Example of pin joint with pins embedded in composite component 

The influence of the pin geometry on the joint characteristics has been investigated in several 
studies: In [12] the influence of different pin diameters and pin tip shapes on the fiber displacement 
and in [18] on the mechanical performance under shear load has been investigated, while the pins, 
due to a lack of an undercut failed through pin extraction. In [19] it could be shown that a joining 
with undercutting, conical pins is possible leading to good joint strengths under shear and 
especially normal load when compared to cylindrical reference pins. Thereby, the pins have been 
manufactured via a subtractive manufacturing process. That a manufacturing of undercutting, 
conical pin shapes is also possible via a cold forming processes could be shown in [20] which 
makes the conic pin shape a promising pin shape that combines good mechanical properties with 
easy manufacturing via cold forming.  

Despite the above-described findings, a systematic and statistical investigation of different 
parameters of a conic pin shape and its influence on the joint characteristics has not yet been 
presented. Consequently, this study aims at creating an understanding of the influence of the 
parameters pin height and pin head diameter of conic shaped steep pins on the mechanical 
performance under shear and normal load of a CFRT-metal hybrid joint. 
Material and Methods 
Materials. The used CFRT material is a custom fabricated biaxial composite with an E-glass fiber 
reinforcement and a PP matrix. The matrix type is a BJ100HP from Borealis AG (Vienna, Austria) 
which is a special low-viscosity compound specifically for glass fiber reinforced applications. As 
glass fiber component a biaxial non crimp fabric from Saertex GmbH (Saerbeck, Germany) with 
an areal weight of 307 g/m2 in 0° and 90° respectively and an aramide sewing thread with an aerial 
weight of 9 g/m2 resulting in a total areal weight of 623 g/m2. Thereby, the titer of both the 0° and 
90° rovings is relatively low with 300 tex. The resulting thickness of the composite is 2 mm +/- 
0.05 mm with a calculated fiber volume content of approximately 45 %. As a sheet metal a 
HCT590X steel type has been used. In order to be able to investigate a large variation of geometries 
the pins have been manufactured on a CNC lathe from a 42CrMo4 steel round. Subsequent of the 
turning process the pin structures have been joined with the steel component via welding. In future 
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serial manufacturing, it is planned to manufacture the pins via cold forming as it is described in 
[20]. 

Definition of pin and sample geometry. In the scope of this study, two geometry parameters of 
the conical pin have been varied. First, the pin height h is varied between 1.7, 1.8 and 1.9 mm. 
Second the pin head diameter D is varied between 1.4, 1.5 and 1.6 mm. These parameters have 
been fully factorially combined for a total of nine combinations. Furthermore, pins with head 
diameter of 1.7 and 1.8 mm and a height of 1.8 have been manufactured, to determine, if a 
limitation of the head diameter is given above which adverse effects on the fiber reorientation 
occur that negatively impact the mechanical performance of the joint. The pin foot diameter d is 
constant at 1.25 mm as in previous studies, it’s effect on the shear strength of the sample has 
already been investigated [21]. In total, eleven different pin geometries with a sample size of three 
have been investigated (compare Fig. 2 A and Table 1).  

 
Table 1 Summary of investigated geometries 

Name D [mm] h [mm] d [mm] 
D14_h17_d125 1.4 1.7 1.25 
D14_h18_d125 1.4 1.8 1.25 
D14_h19_d125 1.4 1.9 1.25 
D15_h17_d125 1.5 1.7 1.25 
D15_h18_d125 1.5 1.8 1.25 
D15_h19_d125 1.5 1.9 1.25 
D16_h17_d125 1.6 1.7 1.25 
D16_h18_d125 1.6 1.8 1.25 
D16_h19_d125 1.6 1.9 1.25 
D17_h18_d125 1.7 1.8 1.25 
D18_h18_d125 1.8 1.8 1.25 

As samples single lap shear and cross head samples have been manufactured in order to 
investigate load capacity under both shear and normal loads. The samples are according to the 
technical bulletin DVS EFB 3480-1 and the sample dimension can be seen in Fig. 2 section B&C. 
The lap shear specimens have a length of 105 mm and the joining point is located 8 mm from the 
short edge of the sample, resulting in an overlap of 16 mm (compare Fig. 2 B). The width of the 
samples is 45 mm and the resulting length of the joined sample is 194 mm. The cross head 
specimens have a length of 150 mm and a width of 50 mm with clamping holes with a diameter of 
20 mm placed symmetrically with a spacing of 100 mm (compare Fig. 2 C). 

 
Fig. 2 Pin geometry and sample dimensions 

Joining process. The samples have been joined on a custom multi-functional polymer welding 
machine manufactured by KLN Ultraschall AG (Heppenheim, Germany) using short wave 
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infrared radiation emitted from an infrared spot from Optron GmbH (Garbsen, Germany). In order 
to define the irradiated area, a mask with a cylindrical opening with a diameter of 8 mm has been 
used. The heating parameters have been identified in pre trials to a power setting of 67.5 Watts 
and a heating time of 210 s. Thereby, special attention has been paid on avoiding overheating of 
the sample surface while ensuring a complete melting of the matrix through the thickness of the 
sample. After preheating the samples were joined with the pin being pressed into the CFRT 
concentrically with the radiated zone. The joining force is 3,000 N after which a consolidation and 
cooling phase of 30 s follows with applied pressure. Finally, the sample Is removed from the tool. 

Mechnical characterization. The samples are tested on a universal testing machine type Z 1465 
from Zwick&Roell AG (Ulm Germany) according to DVS EFB 3480-1 with a testing speed of 1 
mm/min. Prior to testing, the samples are stored in normalized climate according to DIN EN ISO 
139 of 23 °C and humidity 50 rel. %. For the lap shear test, the extension was measured via tactile 
extensometer with an initial measurement length of 50 mm. For the cross head test, the extension 
was measured via the machine traverse.  
Results 
When investigating the results from the single lap shear tests, it can be seen, that the maximum 
load capacity ranges between 325 ± 28.2 N and 448.7 ± 36.8  while the load capacity under normal 
load is lies significantly lower between 36.6 ± 3.9 N and 80.6 ± 8.0 N (compare Fig. 2 and Table 2). 
It is noticeable, that the standard deviation, especially for normal load results is comparably high 
and frequently exceeds 35 % of the base value. The highest individual measurements are 489 N 
(shear load) and 121 N (normal load) and can be interpreted as maximum achievable load 
capacities with single pin joints. Both measurements used a pin with a head diameter of 1.6 mm 
while the height is 1.8 mm (shear load) and 1.7 mm (normal load). Table 2 and Fig. 3 give an 
overview over the results. The failure mode for single lap shear specimens generally initially is a 
bearing failure of the CFRT component which is accompanied with a slight bending of the pin. 
One exception is a pin with D=1.7 mm and h=1.8 mm failed due to pin breakage at a force of 
412N. A pin extraction like with non-undercutting structures [18] could not be observed. Under 
normal load, the samples failed due to elastic and plastic deformation of the CFRT component and 
subsequent pin extraction without pin deformation. It must be noted that of pins with a head 
diameter of 1.5 mm and height of 1.9 mm, only two lap shear and cross head samples could be 
tested because the pin structures were damage during the pin welding process. 

 
Table 2 Summary of single lap shear and normal tests; * indicates sample size of only 2 

Name F max, shear [N] F max, normal [N] 
D14_h17_d125 346.7 ± 40.8 45.9 ± 12.4 
D14_h18_d125 325.0 ± 28.2 36.6 ± 3.9 
D14_h19_d125 394.3 ± 63.3 41.8 ± 8.2 
D15_h17_d125 339.7 ± 58.7 61.2 ± 8.2 
D15_h18_d125 416.7 ± 22.4 47.6 ± 18.5 
D15_h19_d125 416.5 ± 38.5* 49.9 ± 7.9* 
D16_h17_d125 350.7 ± 55.7  73.3 ± 33.9 
D16_h18_d125 448.7 ± 36.8 72.0 ± 29.2  
D16_h19_d125 422.0 ± 32.1 63.5 ± 22.6 
D17_h18_d125 404.3 ± 61.2 53.9 ± 16.6 
D18_h18_d125 410.3 ± 31.8 80.6 ± 8.0 
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Fig. 3 Maximum shear (left) and normal (right) loads for different pin height and head diameter  

Two different approaches can be used to explain the high standard deviation under normal load: 
first, the CFRT component on a macro scale is inhomogeneous with compact fiber rovings and 
matrix pockets (compare Fig. 4). Depending on the relative position, in which the pin is pressed 
into the composite, different joint morphologies can occur which are expected to influence the 
mechanical properties of the joint. Second, the manufacturing of the pin structures is complex and 
the repeatability is limited. A number of pins show residues of the welding process which partially 
fill the undercut of the pin structures presumably negatively influencing the joint properties. Fig. 
3, right shows an example with very large welding residues. Typically, when residues could be 
observed, the phenomenon was less pronounced than it is shown in this image. In future Studies, 
it is planned to replace the combined turning and welding process with a two-step pin forming and 
caulking process, similar as it is shown in [22], which is expected to solve the repeatability issues. 

 
Fig. 4 Microsection of undisturbed CFRT laminate (left) and photography of welded pin 

structure with large welding residues (right) 
When comparing the results with a study, in which cold extruded pins are used [20], the 

standard deviation with cold formed pins is significantly lower which in part is led back to the high 
repeatability of the cold forming process. In [21] undercutting pin geometries where joined with 
unidirectionally reinforced CFRT components. When comparing the results of pins with a head 
diameter of 1.25 mm and a hight of 1.8 mm, the results in [21] are lower with 347 ± 57.4 N in 
comparison to 416.7 ± 22.4 N under shear and load and higher with 85.2 ± 5.6 N in comparison to 
47.6 ± 18.5 N und normal load. In [21] the shear samples failed due brittle breakage of the pin 
which explains the comparable high standard deviation and the reduced load capacity while the 
normal load samples have a comparably low standard deviation. Since in this study, no welding 
residues could be detected, this is seen as the reason for higher repeatability. The increased load 
capacity in [21] however, can be caused by the different CFRT material which potentially is more 
suitable under normal loads. 

Statistical analysis using Pearson’s correlation coefficients. For the statistical analysis of the 
results, the calculation of Pearson’s correlation coefficients (r) provide the opportunity to 
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investigate the linear relationships between input and target variables and thus gain a deeper 
understanding of the joining process. Furthermore, the results offer an evaluation of which 
parameter variations indicate to have a significant effect on individual quality-relevant joint 
properties and which are less important. In this context, an r-value of -1 implies a strongly negative 
correlation at which the increase of one parameter results in the decrease of another parameter. In 
contrast, an r-value of +1 means a strong positive correlation and can be interpreted that the change 
in one parameter leads to a change of the other parameter in the identical direction. An r-value of 
0 indicates that there is no relationship between the input and target variables. [30] As an overview, 
Fig. 5 shows the calculated Pearson’s correlation coefficients. 

 

 
Fig. 5 Overview of the calculated Pearson's correlation coefficients 

Focusing on the maximum shear load capacity, one can see that both input parameters show a 
positive correlation (𝑟𝑟 = 0.505 and 𝑟𝑟 = 0.636) where the pin height tends to have a slightly stronger 
impact on the target variable. In this context, the increase of the pin height and to a lesser degree 
also of the pin head diameter result in an increase of the projection area of the pin structure. The 
increased projection area consequently leads to a decrease of the contact pressure between pin and 
CFRT laminate at a given load leading to a higher load capacity of the joint. In contrast, the 
Pearson’s correlation coefficients of the maximum normal load capacity indicate a very strong 
positive linear relationship (𝑟𝑟 = +0.919) between the pin head diameter and the output variable. 
This bases on the increased necessary deformation in the CFRT component during the pin 
extraction with a larger pin head diameter in comparison to a smaller head diameter. This increased 
deformation leads to larger contact pressure between CFRT and pin flanks which due to the incline 
of the pin flank results in a counter force which is consequently measured as the load capacity. 
Compared to this effect, changes in the pin height result only in a weak modification of the 
resulting maximum normal load capacity showing a negative correlation value of -0.274. In 
summary, if the increase of both target variables is targeted, the selection of generally higher values 
of the pin head diameter is recommended. 
Summary 
In the present study, it could be shown that conical pins are suitable to create joints with biaxial 
CFRT sheets that can be loaded under both shear and normal load. Maximum load capacities for 
single pins were 489 N under shear and 121 N under normal load while maximum average values 
were 448.7 N (shear) and 80.6 N (normal) for series of 3 samples. 

The high standard deviations in the measurments are explained with the morphology of the 
CFRT sample as well as the manufacturing process of the pin sample. It is expected, that with cold 
formed pins, the joining process will be more repeatable. The calculation of Pearson’s correlation 
coefficients indicated a high impact of the selected pin head diameter on both the maximum 
achievable shear and normal load. An increase of this parameter leads to a larger contact zone with 
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reduced contact pressure and thus to an increased load capacity. In contrast to this, the correlation 
indices of the pin height showed a positive effect on the shear load while simultaneously leading 
to slightly decreased maximum normal loads. Based on this, it is recommended to choose rather 
higher pin head diameters instead of a changed pin height. However, the parameter selections have 
to be in accordance with the permissible pin manufacturing and joining process limits. 

In future studies, it is planned to investigate cold formed, undercutting pin structures where an 
increase in the load capacity under shear load is expected due to work hardening effects as well as 
an decrease of the standard deviation, due to the more repeatable forming process, is expected 
especially under normal loads. Furthermore, multi-pin arrays have to be investigated, both to 
increase the overall joint strength as well as to average effects of the inhomogeneous CFRT 
component which presumably leads to further increased repeatability. Finally, the findings of this 
study should also be verified for other material systems such as quasi-isotropic and unidirectional 
reinforcements as well as other reinforcement fibers, such as carbon or aramid fibers and for other 
mechanical tests, such as peel tests, to increase the overall understanding on this particular joining 
technique. 
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