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Abstract  

This research paper presents a modified double-lap shear (DLS) geometry which is used to 
study the potential of metal-composite joints reinforced with “cold metal transfer”-welded 
metal pins. Results of tensile shear tests are presented for cylinder- and ballhead pins and are 
compared to testing data of DLS v1 in terms of initial stiffness, maximum force and maximum 
force per pin. In addition the potential of newly developed spike pins is presented. 
The new geometry enhances specimen production, allows for good specimen symmetry and 
prevents spurious secondary effects. For the cylinder- and spike pins, the change of the DSL-
geometry results in a decrease of the overall hybrid joint performance. In contrast, specimens 
with ballhead pins have proven to be insensitive to geometric changes. A direct correlation 
between the number of pins and the maximum transferable load has been established. Spike 
pins show the best drapability but the loading performance is similar to cylinder pins. 
 

1 Introduction 
Fibre reinforced plastics (FRP) have proved to be a reasonable and interesting alternative for 
many structural applications in aeronautic, automotive or marine industries. As a 
consequence, the requests for joining these reinforced plastics with standard structural 
materials like steel or aluminium alloys increased and along with this, the need for innovative 
joining solutions aroused.  
 
Standard multi-material joining methods include bolting, riveting and / or adhesive bonding, 
all of them being used since decades in part assembling. The main joining mechanism of the 
first two fixation techniques listed above consists of a form fit and the application of pressure 
in the assembly interface combined with a previous introduction of boreholes in the parent 
parts, mounting of bolts or rivets and the final fixation of the whole assembly with an 
appropriate torque. For the bonding, the joining mechanism is adhesion through adhesive 
agents.  
 
Significant disadvantages arise when drilling of rivet- or bolt-holes is performed on FRPs. 
Continuous fibres get cut and the composite cross-section, responsible for the bypass load 
transfer, gets reduced. Moreover, stress peaks around the holes, bearing stresses in the holes 
and crushing of continuous fibres represent other disadvantages. For the adhesive bonding, 
low bonding strength, essential wide connection areas, ageing, and a difficult quality control 
are the main negative aspects. 



 

14TH  EUROPEAN CONFERENCE ON COMPOSITE MATERIALS 
7-10 June 2010, Budapest, Hungary 
 

Paper ID: 311-ECCM14  
 

2 
 

A new kind of joining technology aims at the combination of both joining mechanisms form-
fit and adhesive bonding within an integrative joint approach. In a first step, arrays of vertical 
elevations (pins), small in comparison to the specimen dimensions, are produced on the 
joining areas using one of the surface modifying processes explained hereafter. In a second 
step, dry or pre-impregnated fibre textiles are laid onto the pin array which then penetrates the 
composite layers. A first loose form-fit is built in a fibre-friendly manner without the need of 
drilling holes. This loose assembly is heated and cured - in the case of dry fibre layers after 
the resin infusion – with the resin leading to the additional adhesive bonding between the 
parent parts. In this way, the combination of geometric interlocking and adhesive bonding is 
provided for an un-detachable integrative hybrid metal-composite joint with a minimum of 
defects in the metal and FRP and a heterogeneous load transfer between both of them. 
 
In Smith et al. [1], aforementioned arrays of vertical reinforcements are built through an 
electron beam process developed by Buxton [2]. This beam melts locally the metal surface 
and displaces the melt pool to vertices. Such an array of metal protrusions and cavities is 
created on the parent metal. In Meyer [3], an additive layer manufacturing process is used to 
build up the metal reinforcements via local laser sintering. In Ucsnik et al. [4, 5], cylinder- 
and ballhead-pins (Figure 3) are described; both pins morphologies are produced through the 
“Cold Metal Transfer” process (CMT) developed and enhanced by Fronius [6]. This process 
welds an additional filler wire onto the surface of the parent metal, which is then torn at a 
certain height after the introduction of a high current. CMT leaves a small heat affected zone 
near the melt pool and an intact parent metal cross-section without any mass dislocation.  
 
In Ucsnik et al. [4], a first double-lap shear specimen geometry (DLS v1) is presented for 
testing the integrative hybrid metal-composite joints under tensile shear loading (Figure 1). 
This geometry consisted of one metal sheet with a pin-modified stepped ending, two outer and 
one middle composite shell. Layup, resin infusion and curing of the composite was carried out 
in a horizontal arrangement which lead to an unbalanced, asymmetric final geometry after 
curing. In order to establish a clamping, which was free of bending moments, the symmetry 
was regulated by using additional glass fibre patches. 
 

 
Figure 1. Double-Lap Shear specimen version 1 with asymmetric composite 

 
This research paper presents a modified DLS-geometry (DLS v2) which alleviates specimen 
production, composite symmetry and which prevents secondary effects originating from 
outside the hybrid joint region. Results of tensile shear tests are presented and compared to 
results from prior testing of DLS v1 in terms of initial stiffness, maximum force and 
maximum force per pin.  
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2 Modified Double-Lap Shear Geometry 
The enhancement of the symmetry and the prevention of side effects are the two main drivers 
for the modification of the DLS v1 geometry. The main reason for the asymmetric geometry 
originates in the process of vacuum application and curing on a horizontal metal plate. The 
applied vacuum produces a higher through thickness compaction of the composite compared 
to the hybrid joint section or the metal part. This leads to the final asymmetry after curing. 
Secondly, constraints installed through the middle composite prevent outer shells from 
experiencing out of plane bending. As a consequence, the DLS geometry and horizontal 
concept of [4] are changed in the following points: 
 
The CMT-modified stainless steel plate (304L) has a constant thickness of 9 mm (Figure 2 – 
left) so to avoid plastic deformations through notch-stresses in a stepped ending. Top and 
bottom FRP shells are made of biaxial non-crimp carbon fabric provided by Saertex 
S32CX00K-00534-01270-264000 infused with resin RTM6 by Hexcel in a flexible tooling 
and with mechanical properties for a single 0°-layer given in Table 1. Each of the shells has a 
quasi-isotropic layup (Table 1) with a fibre volume fraction of 60% and a final thickness of 5 
mm. The middle composite shell is replaced by a stainless steel distance plate with a thickness 
of 9 mm (Figure 2 – right). Its surfaces are pre-treated with a release agent (red) to prevent 
any adhesive bonding to the composite shells. The bond-free distance plate keeps the FRP 
shells apart from each other both in production and also when clamped during tensile shear 
testing. This prevents unwanted retention forces that would falsify the final joint strength. 
Distance and parent metal plates are connected together through bolts (circles in Figure 2) so 
to align both of them at equal height during the production.  
 

E1 [GPa] E2 [GPa] E3 [GPa] G12 [GPa] G23 [GPa] ν12  ν23 
142.2 9.6 9.6 5.05 3.53 0.019 0.352 

Composite Layup of outer FRP shells: [(+45/-45/90/0)2]sym. 

Table 1 Mechanical properties of single 0°-layer and layup-definition for top and bottom composite shells 
 
These geometry changes allow for a double-sided vacuum compaction and for an upright (= 
standing) infiltration and curing position of the specimen plate. The applied vacuum produces 
an equal degree of compaction of the composite shells and the curing fixates the hybrid metal-
composite joint. In a following machining step, the composite shell endings get modified with 
a 45° chamfer so to provide an uniform overlap length of 30 mm and to avoid sharp edges at 
the crossing point from metal to composite (Figure 2 – left).  

 
Figure 2. Schematic concept for specimen plate DLS v2 (Length = 250 mm) 

 
Besides the specimen geometry changes, improvements of the cylinder- and ballhead shapes 
are also introduced. Former pin versions featured little bumps at their bottom; new versions 
show a conical pin-leg which builds a smooth transition between the pin and the metal plate 
(Figure 3). Furthermore, one new type of pins, named spike-pins (Figure 3 – right), has been 
developed which will also be characterized towards their potential use for the integrative 
hybrid joint. 
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A set of 4 hybrid metal-composite joint plates was produced, one of them having no pins 
(bonding reference), and three of them having pins in the transition region. Out of each plate, 
10 specimens were cut with a band saw and finished via milling. One unintentional outcome 
after the final machining was a premature failure of the epoxy bonding specimens. A 
combination of thermal residual stresses in the bonding interface, low bonding strength of the 
epoxy resin, no retention forces between the distance plate and composite shells, and 
vibrations originating from the band-sawing and/or milling process lead to the destruction of 
the specimens. As a consequence, no reference values were available for comparison for DLS 
v2 joined through resin bonding. Plates which have pins inside the joint region passed the 
final machining processes and stayed intact for testing. Due to improper non-destructive 
testing techniques at this stage of research, no prediction can be given whether or not pre-
damages have developed through the final finishing processing in the bonding interface of the 
hybrid joint specimens. 
 

  
Figure 3. Improved shapes of cylinder- and ballhead-pins and new developed spike-pins 

 

Figure 4. Double-Lap Shear specimen version 2 with symmetric top and bottom composite shells 
 
Pin-reinforced specimens have an array of 4 x 4 pins on top and bottom surfaces of the metal 
joint with an equal pitch of 5 mm in length and width direction (see Figure 3). The final 
geometry DLS v2, which is shown in Figure 4, has dimensions of 250 mm by 20 mm (length 
by width) and an overlap length of 30 mm. 
 

3 Testing 
5 specimens of each type of hybrid joint have been loaded under tensile shear. Tests are 
carried out with a universal testing machine of type ZWICK Z100 having a load range up to 
100 kN and a tolerance of < 1%. Specimens are strained in a displacement-controlled manner 
with a crosshead velocity of 1 mm/min. The testing machine records the axial pull-out forces 
and global crosshead translation. An additional macro-extensometer measures the axial 
length-deformation of the joint region, starting with an initial distance of 50 mm.  

 5 mm 
 
 
 5 mm 
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4 Results and discussions  
Results of the three pin-reinforced types of hybrid joints have been compared to each other 
and also with the results obtained from the DLS v1 tests [4] in terms of the initial joint 
stiffness, maximum load and maximum load per pin. 
 
One aspect which could not be captured in terms of numbers or graphs is the degree of 
drapability of dry NCF sheets onto the pin arrays. For the ballhead- & cylinder pins, a draping 
tool is necessary in order to support the pins penetrating through the layers. For the spike pins, 
dry layers could be placed and pressed directly onto the pin arrays and the final compaction 
could be established via the vacuum and composite compaction. 

4.1 Initial joint stiffness 

  
 Hybrid joint specimens with ballhead pins Hybrid joint specimens with cylinder pins 

Figure 5. Comparison of tensile shear results 
 
In Figure 5, pull out forces are plotted against local joint deformations of hybrid specimen 
geometries DLS v1 and DLS v2 reinforced with ballhead pins (left) or cylinder pins (right).  
The initial joint stiffness Kinit is calculated for each type of specimen-set (DLS v1 and DLS v2 
with cylinder pins or ballhead pins) at a joint strain of εinit = 0.1%. As a consequence, a 
straight forward comparison of Kinit-values is not possible since both specimen sets have 
different DLS geometries, unequal pin-numbers and hence unequal force – displacement 
graphs. Under the assumption of a linear relationship between the implemented pins and the 
initial hybrid joint stiffness, the implemented pins ratio RPins is compared with the ratio of the 
measured initial stiffness values RK. Table 2 gives the results for comparison of DLS v1 and 
DLS v2 reinforced with ballhead pins and Table 3 shows the ratio values of DLS v1 and DLS 
v2 reinforced with cylinder pins. 
 
Ballhead-Pins     
Geometry 
Version 

Process of 
machining 

Number of 
Pins [-] 

RPins = 
n1/n2 

KInit at ε=0,1% 
[N/mm²] 

RK = 
KInit_1/KInit_2 

(1-RPins/RK) 
[%] 

1 Water cutting n1=70 KInit_1=13.729
2 Band saw n2=32 

2,18 
KInit_2 =5.833 

2,35 7,2 

Table 2 Comparison of pin ratio with ratio of initial stiffness for metal-composite-joint with ballhead pins 
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Cylinder-Pins     
Geometry 
Version 

Process of 
machining 

Number of 
Pins [-] 

RPins = 
n1/n2 

KInit at ε=0,1% 
[N/mm²] 

RK = 
KInit_1/KInit_2 

(1-RPins/RK) 
[%] 

1 Water cutting n1=70 KInit_1=12.684
2 Band saw n2=32 

2,18 
KInit_2 =3.652 

3,47 37,2 

Table 3 Comparison of pin ratio with ratio of initial stiffness for metal-composite-joint with cylinder pins 

 
In both tables, the implemented pins ratio RPins is 2,18. Under the previously stated 
assumption that a linear correlation exists between the number of pins and the initial stiffness, 
RK = KInit_1/KInit_2 must be similar or equal to RPins, hence RPins/RK ≈ 1 or (1 – RPins/RK) ≈ 0. The 
ratio of the initial stiffness of ballhead pin reinforced specimens equals 2,35 leading to a 
difference between the pin ratio and the initial stiffness ratio (1-RPins/RK) of 7,2%. For the 
cylinder pins, RK is 3,47 and therefore, the ratio of RPins/RK shows a divergence of 37,2%.  
 
Additional comparisons of the DLS v1 results with the output data obtained from specimen 
sets that possess pin arrays with n2=40 or n2=48 show similar tendencies in the calculation of 
(1 – RPins/RK) for both ballhead and cylinder pin reinforcements. The bracket term always 
resulted in values smaller than 10% for joints with ballhead pins and greater than 30% with 
cylinder pins. 
 
Based on the fact that equal parent materials, equal overlap length and scalability in the width 
direction were used, it is assumed that either the geometry DLS v2 or the final machining 
processing (band saw + milling) is responsible for values of the term (1 – RPins/RK) greater 
than 30% for the cylinder-pin hybrid joints.  
This assumption was evaluated through additional tests performed on one DLS v2 specimen 
plate with cylinder pins which was separated using a water cutting process.  
 
Cylinder-Pins     
Geometry 
Version 

Process of 
machining 

Number of 
Pins [-] 

Ratio Pins 
RPins [-] 

KInit at ε=0,1% 
[N/mm²] 

Ratio KInit 
RK [-] 

(1-RPins/RK) 
[%] 

1 Water cutting 70 12.684 
2 Water cutting 44 

1,59 
5.599 

2,26 29,6 

2 Band saw  32 3.652 
2 Water cutting 44 

0,73 
5.599 

0,65 11,5 

Table 4 Influence of DLS geometry and machining processes on ratio of RPins/RK 
 
In Table 4, a final evaluation is given regarding the relation between the DLS-geometry, the 
machining process and the initial joint stiffness for the specimens with cylinder pins. When 
the same machining process (i.e. water cutting) is used for the specimen preparation out of the 
two plate geometries DLS v1 and DLS v2, a difference of 29,6% remains between the ratios 
RPins and RK. When different machining processes are used for cutting plate having the 
geometry DLS v2, the difference results in 11,5%. 
 
As shown in Figure 6, the specimens DLS v2 with the recently developed spike pins show a 
similar force - displacement behaviour as the DLS v2 specimens with cylinder pins. The 
initial stiffness of Kinit = 3.494 N/mm² for the spike pin version deviates from the cylinder pin 
version by 4,3%. After passing the ultimate load values, the slopes for both specimen sets 
follow the same stiffness decline. 
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Figure 6. Comparison of tensile shear results of hybrid DLS v2 specimens (Cylinder pins vs. Spike pins) 

 
As shown in Figure 6, the specimens DLS v2 with the recently developed spike pins show a 
similar force - displacement behaviour as the DLS v2 specimens with cylinder pins. The 
initial stiffness of Kinit = 3.494 N/mm² for the spike pin version deviates from the cylinder pin 
version by 4,3%. After passing the ultimate load values, the slopes for both specimen sets 
follow the same stiffness decline. 

4.2 Maximum load transmission 
According to Figure 5, hybrid specimens with ballhead pins carry a maximum load of 32,8 kN 
±1,4% for the DLS v1 and 14,9 kN ±0,5% for the DLS v2. The comparison of the pin number 
ratio RPins = 2,18 with the ratio of the maximum forces Rmax.Force = 2,19 shows an almost direct 
correlation (D = 0,45%) between the active ballhead pins and the maximum transferable force.  
For the cylinder pins (Figure 6), the specimens DLS v1 with 70 pins withstood a maximum 
load of 23,9 kN ±1,7% and the specimens DLS v2 with 32 pins a load of only 7,0 kN ±2,0%. 
The ratio RPins / Rmax.Force results in a value of 1,55, which gives a divergence of 55% from a 
linear relation between the number of pins and the maximum load transmission. 
Results obtained from the DLS v2 specimens with 32 spike pins are compared with the DLS 
v2 specimens with 32 cylinder pins. Figure 6 shows a mean maximum force of 6,6 kN ±3,8% 
for the specimens with spike pins, a difference of 6% in comparison to the cylinder pin joints.  
 

 
max. Force 

Comparison with 
DLS v2 - 32 cylinder pins 

DLS v2 - 32 cylinder  pins 7.021 N ± 0% 
DLS v2 - 32 ballhead pins 14.993 N + 113% 
DLS v2 - 32 spike pins 6.593 N – 6% 

Table 5 Comparison of maximum load transmission  
 
Previously published results [4] state a difference in the maximum load transfer of +37% 
between the DLS v1 specimens with ballhead pins and cylinder pins. In the present study, no 
retention forces take action outside the joint region, so that movement of the composite shells 
can happen without any constraints. As a consequence, the hybrid ballhead pin joints DLS v2 
show an increase of the mean maximum force by a factor of +113% compared to the cylinder 
pin version, however, the hybrid spike pin joints experience a reduction of – 6 %. 
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4.3 Maximum load transmission per pin 

  
 Specimens with ballhead pins Specimens with cylinder pins 

Figure 7. Tensile shear results normalized towards number of implemented pins 

 
In Figure 7, the force-displacement curves previously shown in Figure 5 are normalized with 
respect to the implemented number of pins in the joints (70 for DLS v1 and 32 for DLS v2). 
The curves for the ballhead pin specimens lie on top of each other and this result leads to the 
conclusion that a) a linear correlation exists between the number of pins and the transferable 
load and b) the geometry change has a minor effect on the overall joint behaviour.  
 
Geometry max. Force / ballhead pin max. Force / cylinder pin max. Force / spike pin 
DLS v1 469,3 N/Pin 341 N/Pin --- 
DLS v2 468,0 N/Pin 219,4 N/Pin 206,0 N/Pin 

Table 6 Comparison of “maximum force per pin” values 
 
However, this is not the case for the cylinder pin hybrid joints. The modification of the test 
geometry has a major impact on the initial stiffness and the overall loading behaviour. The 
maximum transferable load per pin is much smaller for the DLS v2 specimens due to the 
presence of a bonding free distance plate and the missing constraints. As shown by the cruves 
in Figure 6, single normalized spike pins can transfer a comparable maximum load per pin as 
cylinder pins. Table 6 lists the values of the maximum force per pin for each kind of specimen 
set analysed in the present study. 
 

5 Conclusions 
In the present paper, changes of the hybrid DLS geometry, pin types and number of pins  in 
combination with a change from the horizontal to a vertical production routine are presented. 
Through comparison of the test results obtained from DLS v1 and DLS v2, influences of these 
modifications on the specimen geometry, initial joint stiffness Kinit and overall joint 
performance have been assessed.  
 
The DLS v2 production route allowed for an easy and balanced compaction of the composite 
shells and prevents secondary effects originating outside from the joint section. No additional 
glass fibre layers were necessary to level out eccentricities or asymmetries of the composite 
arm of the specimens. Machining processing  of reference specimens bonded through epoxy 
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resin failed due to a low bonding strength between the metal and the composite, and also to 
missing pins in the joint and therefore, prevented bonding between the  distance plate and 
outer composite shells. Water cutting and final milling lead to a premature failure of the 
intended reference samples. 
 
For the cylinder- and spike pins, the DSL geometry change results in a decline of the overall 
hybrid joint performance. When loaded under tensile shear, FRP shells get deflected through 
the bending pins. Missing bonding between the distance plate and outer composites and no 
undercut geometry of these pin types lead to absent constraints against out of plane bending of 
the composites. For the cylinder pins, the ratio of RPins/RK results in differences greater than 
30% (Tables 3 and 4) hence this kind of hybrid joint shows a high sensitivity to changes of 
the test geometry. As a consequence to premature bending, the maximum force per cylinder 
pin is 55% smaller than the  results obtained for the DLS v1. It may be concluded that the 
middle composite layup in DLS v1 constrained significantly the outer composites in the 
overlap region, which lead to an overestimate of the joint strength of the cylinder pins 
supported DLS v1 specimens. For the DSL v2 with spike pins, the overall joint behaviour is 
similar to the cylinder pins both in initial stiffness and maximum load per pin. The maximum 
force per spike pin deviates from the cylinder pins by a value of only 6%. 
 
On the contrary, specimens with ballhead pins have proven to be almost insensitive to 
geometric changes. Pin-normalized force-displacement graphs for both DLS v1 with 70 pins 
and DLS v2 with 32 pins (Figure 7 left) lie upon each other with only a small variance. When 
the specimens are tensile loaded, the undercuts of the ballheads provide a very good form-fit 
and interlocking, resulting in retention forces in the pins against out of plane bending of the 
FRP shells. The composites cannot be deflected from the pins and leads to a tensile-shear 
loading of the pin legs until they get sheared off. A direct correlation between the number of 
pins, the initial joint stiffness and the maximum transferable load could be assessed. In terms 
of the maximum transferable load per pin, ballhead pins have the best performance with a 
difference of +113% compared to the cylinder pins and 127% compared to the spike pins.  
 
The use of spike pins allows for a better drapability of dry NCF sheets onto such pin arrays. In 
contrast to ballhead- & cylinder pins in which a draping tool is necessary, spike pins easily 
penetrate dry layers by sole pressing. The final penetration and compaction is established via 
vacuum. 
Differing machining processes for the specimen production have proven to have minor 
influences on the ratio RPins/RK compared to the geometry. While the change in geometry lead 
to differences greater than 30%, the use of band-sawing and milling instead of water cutting 
leaves RPins/RK within a range smaller than 12%. 
 
6 Outlook 
Comparisons of the present results with results obtained previously from the test series DLS 
v1 have shown that ballhead pins have the biggest potential for a reasonable use in hybrid 
metal-composite joints. In the future, influences of differing pitch distances as well as a 
combined use of different pin types in one hybrid joint will be assessed. As a second point, 
the effect of sloped spike-pins will be tested to get informations whether or not the sloping 
leads to a compression of the composite and as a consequence, to strengthening of the 
adhesive bonding. In a third work package, it is intended to unite advantages of spike pins and 
ballhead pins – good drapability due to spikes and form-fit through undercut of the ballheads 
– in a new pin shape. 
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