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Abstract 

Fatigue measurements on Single Lap Shear specimens made of carbon fiber reinforced 

polymer were carried out. The interfaces of the specimens were reinforced with metallic pins 

in the through thickness direction. Besides classical S-N curves, stiffness based analysis 

methods were used to better understand the failure behavior of the joints in the progress of 

their fatigue life. Furthermore full field strain analysis gave information about damage 

initiation and growth in the joint section.  

 

 

1. Introduction and background 

 

Carbon fiber reinforced polymer (CFRP) composites are becoming increasingly important for 

structural applications in the transportation industry and other areas, where lightweight design 

is advantageous for operational costs. Along with this growing interest in designs based on 

CFRP comes the demand for through the thickness reinforcements and for joining 

technologies that account for the anisotropy and laminate structure of this material. Many 

researchers have faced the questions that arise with joining and the reinforcement of laminates 

in the through thickness direction [1–11]. Research groups around Cartié, Partridge, 

Aymerich or Mouritz carried out extensive research on stitched and z-fiber reinforced 

composites [12–15]. Ji, Son, Löbel, Cartié or Graham lead recent studies on the through 

thickness reinforcement with metal rods [4, 5, 7, 10, 11]. Some of these research works 

focused on static testing [1, 3, 6–11], some also dealt with the determination of the fatigue 

properties of these reinforcement technologies [1–5, 16–20]. In the present study a new 

bonding technology is presented. This joining technology aims at combining both joining 

mechanisms, form-fit and adhesive bonding, with an integrative joint approach. Arrays of 

vertical elevations (pins) are disposed on thin metal sheets. The formation of pins and pin 

arrays is realized by a cold metal transfer welding process (CMT) [21, 22]. The pins, see 

Figure 1 (a) are small in comparison to the overall specimen dimensions, they have a height of 

approximately 3 mm and possess a head which provides an undercut face. When dry or pre-

impregnated fiber-textiles are placed onto the arrays of pins, the pins penetrate the single 

layers. They push aside the fibers and form a through the thickness reinforcement without 

damaging the fibers. In previous studies the monotonic failure behavior of metal pin 
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reinforced Single Lap Shear (SLS) CFRP to CFRP joints was investigated [23]. It was shown, 

that the damage tolerance of CFRP to CFRP joints can be increased significantly by using this 

technology.  

 

The present study aims at the investigation of such novel joint SLS CFRP-CFRP specimens 

and the mechanical characterization under fatigue loads.  

 

 

2. Experiments 

 

2.1. Materials and specimens 

 

The joint section of the specimens was reinforced with different versions of metal through the 

thickness reinforcements. The single SLS specimens were cut out of CFRP panels. Each 

CFRP panel consisted of biaxial non-crimp fabrics with a quasi-isotropic stacking sequence 

made of high tenacity, standard modulus fibers and RTM6 epoxy matrix. Detailed 

explanations of specimen shape, specimen reinforcement and manufacture methods are given 

in [23]. The metallic reinforcements used in these investigations consisted of thin metal sheets 

that carried arrays of pins with spiked-spherical endings on both sides (see Figure 1). The pins 

were welded via the CMT welding process given in [23]. The herein tested SLS-specimens 

were reinforced with inserts made of two different metal alloys: stainless steel and titanium. 

The stainless steel reinforcements consisted of 0.6 mm thin steel sheets of type AISI 304 and 

pins of type AISI 316L welded onto both sides of the metal sheet. In case of titanium, the 

metal sheets were a grade 5 Ti6Al4V alloy with a thickness of 0.4 mm and the pins were 

made of Ti6Al4V. In both cases of metal inserts 24 Pins were positioned on each side of the 

metallic sheet with 2 x 6 pins at each end of the joint section of the specimen. 

 

2.2. Test methods 

 

Fatigue tests were carried out on a servo-hydraulic test machine, type MTS 322, with a  

250 kN load range. The frequency of the fatigue tests was fixed to 10 Hz in order to prevent 

hysteretic heating in the CFRP laps. The stress ratio R accounted to 0.1 for all tests. The tests 

were run until failure of the SLS specimens occurred or until a maximum number of cycles, 

N=10
6
, was reached. Digital image correlation was used to get information about local strains 

and displacements on the specimen’s surface. Furthermore, it was used to get information 

about damage initiation and growth in the joint section of the SLS specimens. Local 

hysteresis data was gathered at every n
th

 cycle.  

 

 
Figure 1.  Draping of fibers on top of CMT welded stainless steel pin arrays.  
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For the stress-strain analysis engineering shear stresses,  , were calculated via Equation (1) 

and local shear strains, tan , via Equation (2).  

 

 
A

F
  (1) 

 

 
h

l
tan  (2) 

 

In Equations (1) and (2) F represents the applied axial load, A the interface joint area, l the 

increase in distance between two points in loading direction and h the distance between two 

points in the thickness direction (z-direction) of the specimen. One reference point was placed 

on each CFRP lap in the middle of the joint area.  

 

3. Results and discussion 

 

Figure 2 shows the S-N curves for both the stainless steel pin reinforced (red lines) and the 

titanium pin reinforced SLS specimens (black lines). The S-N curve of the stainless steel pin 

reinforced samples reaches a higher level of stress, e.g. max=4.6 MPa at 10
6
 cycles (        ), 

than the S-N curve of the titanium pin reinforced samples,         =3.4 MPa. Furthermore, 

there is an increase in the amount of scatter, quantified by 1/TN, from stainless steel pin 

reinforced to titanium pin reinforced samples. The range of scatter in number of cycles, TN, 

gives the ratio of 10% probability of survival, P10, to 90% probability of survival, P90. The 

differences in the          and 1/TN values can be primarily ascribed to the lack of a 

pronounced spherical ending in the case of the titanium pins and the resulting weak form-fit 

with the surrounding CFRP.  

 

 
 

Figure 2. S-N curve for SLS specimens reinforced with CMT welded stainless steel (red lines) and titanium pins 

(black lines). P10, P50 and P90 represent curves for 10, 50 and 90 % propability of survival, respectively. k is the 

exponent of the S-N curve and 1/TN represents the scatter of the S-N curves between P10 and P90.  
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The following post-processing and evaluation of hysteresis curves of the joints at different 

numbers of cycles (Figure 3) shows time dependent joining or material behavior. Increasing 

local shear strains at constant joint stiffnesses (slopes of the hysteresis curves), may imply 

visco-elastic material behavior, e.g. creep, which leads to a horizontal shift of the hysteresis 

curves. But this increase in local shear strain may also be due to damage initiation and growth 

of these damages in the joint section of the SLS specimen.  

 

 

Figure 3. Stress-strain curves for a SLS specimen reinforced with CMT welded stainless steel pins. Failure 

occurred after 62747 cycles. 

 

For the clarification of these effects, digital image correlation was used to get information on 

local deformation processes on the lateral surface of the specimen at different test stages. 

Pictures of the joint section at the respective number of cycles are shown in Table 1. The 

strain overlays show, that at the very beginning of the test the interface region is the most 

stressed region. Major strain concentrations occur at the ends of the connecting interface. In a 

progressed stage of the fatigue tests, in this case after about one third of the fatigue life of the 

specimen (N=18500), cracks occur in the interface region and subsequently the adhesive 

bonding fails. Nevertheless, the specimen is still able to carry loads until a maximum of  

~ 63000 cycles, due to the remaining load carrying capability of the reinforcing pins.  
 

 
500 cycles 

 
8000 cycles 

 

 
18500 cycles 
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53000 cycles 

 
59000 cycles 

Table 1. Photographs of the lateral surface of a stainless steel pin reinforced specimen at different stages. The 

strain overlays from digital image correlation show the corresponding distributions of major strains.  
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Figure 4. Stress-strain curves for a SLS specimen reinforced with CMT welded titanium pins. Failure occurred 

after 243319 cycles.  

 

 
500 cycles 

 
40000 cycles 

 

 
105000 cycles 

 
120000 cycles 

 
165000 cycles 

 

Table 2. Photographs of the lateral surface of a titanium pin reinforced specimen at different stages. The strain 

overlays from digital image correlation show the corresponding distributions of major strain. 

 

The comparison of the failure behavior of the stainless steel pin reinforced SLS specimens 

and titanium pin reinforced specimens shows that titanium pin reinforced joints underwent 

significant losses in joint stiffness. This is due to the failure of the adhesive bond line between 

the metal sheet carrying the pins and the CFRP. Thereafter the titanium pins, in contrast to the 

stainless steel pins, were not able to maintain the joint’s stiffness.  

 

One method to account for this loss in stiffness in the S-N curves is to define failure by a 

specific decrease in dynamic stiffness. Thus, in this study an arbitrary value of 10 percent loss 

in dynamic stiffness was chosen as the failure criterion instead of the fatigue strength in 

Figure 2. Figure 5 shows the resulting S-N curves. When considering 90 % of the original 

stiffness as a critical value, the exponents k of the S-N curves for both kinds of reinforcement 

decreased to a value of around 5. Hence both curves are steeper than the fatigue strength 

based S-N curves. It is assumed, that after failure of the bond line, the pins are solely bearing 

the loads and thus postponing final failure. A comparison of the strength based S-N curves to 

the stiffness based S-N curves may hence allow an estimation of the quality of the pin 

reinforcement. Nevertheless the scatter of the curves 1/TN increased by 180 % in the case of 
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the stainless steel pin reinforced samples and 60 % for the titanium pin reinforced samples, 

when applying the stiffness based failure criterion (see values for 1/TN in Figure 2 and Figure 

5). This is due to a limitation in frame numbers for the digital image correlation system, 

which was used for the calculation of the local shear strains. Images were captured every n
th

 

cycle and therefore n limits the resolution of the stiffness based approach.  

 

 

Figure 5. S-N curve for SLS specimens reinforced with CMT welded stainless steel and titanium pins, when 

considering a 10 % loss in stiffness as failure criterion. P10, P50 and P90 represent curves for 10, 50 and 90 % 

propability of survival, respectively. k is the exponent of the S-N curve and 1/TN represents the scatter of the S-N 

curves between P10 and P90. 

 
 

4. Conclusion and outlook 

 

Cold metal transfer welded pins proved to be an effective means for reinforcing adhesive-

bonded or co-cured CFRP-CFRP SLS joints in the through thickness direction. After failure 

of the bond line between the two CFRP laps, pins carried the loads until final failure. 

Measurements of the strain distributions on the surface of the specimens via digital image 

correlation turned out to be a powerful tool for assessing the failure behavior. It gave 

information about damage initiation, interface failure and subsequent damage mechanisms 

related to the pin reinforcement. Stainless steel pin inserts turned out to be more effective for 

reinforcing CFRP laps than titanium pin inserts. This can be partly ascribed to the lack of a 

pronounced ballhead-spike geometry in the case of titanium pins. Welding process 

improvements for titanium may be reached by the use of a laser in the welding process.  

 

Apart from the fatigue strength based S-N approach, a stiffness based S-N approach was used 

to assess the quality of the joint. Together with digital image correlation this approach turned 

out to be an effective means to evaluate the joint’s quality and the reinforcement effect of the 

different metal inserts.  
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