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Abstract

Reliability aspects are crucial for the success of every technology in industrial application. Regarding interconnect 
devices, several methods are applied to evaluate reliability of conductor paths like accelerated environmental tests.
Especially Moulded Interconnect Devices (MID) which enable versatile applications with 3D circuitry on 3D shaped 
injection moulded thermoplastic parts are often under particular stress, e.g. as component of a housing. In this paper
a new test method for evaluating the flexural fatigue strength of conductor paths produced by the laser based LPKF-
LDS® technology is presented.
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1. Introduction

The ongoing trend towards higher miniaturization 
and integration in various applications (e.g. medical 
technology or automotive) is enabled by the continuous 
improvement of technologies like e.g. MID technology 
[1]. Especially laser based patterning technologies 
combined with selective metallization are well suited for 
miniaturized applications in versatile branches. The
LPKF-LDS® process (see section 2) allows selective 
metallization on free-formed 3D surfaces of injection 
molded thermoplastics.

With an increasing importance and for a wider 
dissemination of the technology reliability aspects 
become crucial. For characterization of conductor 
paths under thermo-mechanical stress accelerated 
environmental tests are state of the art. Regarding 
mechanical reliability under flexural fatigue stress no 
method is available till now. Moreover many influencing 
parameters are not known and understood yet.

This paper presents a new test method for
characterization of flexural fatigue strength of 
conductor paths on substrates suitable for LKPF-LDS®

technology. Furthermore influencing parameters on
flexural fatigue strength of laser direct structured (LDS) 
conductor paths are identified.

2. Laser Direct Structuring of thermoplastics 
(LPKF-LDS® process) 

The standard LPKF-LDS® process (Fig. 1) is an
established process for fully additive selective 
metallization of 3D MID [1]. The substrate is produced
by injection moulding of a polymer modified with a 
special laser activatable additive. After laser activation 
a cleaning process is necessary. For standard 
applications wet chemical cleaning is applied. CO2
snow jet cleaning directly following the laser activation 
is an applicable cleaning method to obtain fine metal 
line pitches or low surface roughness. Typically, the 
substrates are plated with electroless copper (approx.
10 μm thickness), electroless nickel (approx. 5 μm) and

immersion gold (approx. 0.1 μm). Alternative layer 
systems like electroless copper followed by immersion 
silver are also applicable e.g. regarding fine pitch 
applications [2]. The adhesion of the metal layer on the 
substrate is mainly determined by mechanical 
interlocking caused by the laser induced roughness of 
the substrate. So the choice of laser parameters has 
an essential influence on the surface roughness and 
the adhesion of the metal layer [3].

Fig. 1: LPKF-LDS® process.

3. Test bench and test specimen

For the characterization of flexural fatigue strength
of conductor paths on LDS substrates a test bench was 
built up (Fig. 2) [4]. The test bench mainly consists of a 
motor which generates a translative movement of a ball 
bearing fixture via a crank. Therein one side of the test 
specimen (Fig. 3) is fixed by a floating bearing. The 
other side of the test specimen is stationary fixed. In 
operation the test bench provokes a flexural fatigue 
stress on the conductor paths on both sides of the test 
specimen.     
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Fig. 2: Test bench for experiments on flexural fatigue stress. 

 The test bench operates at a frequency of 25 Hz. 
The conductor paths are electrically online monitored 
during the test (measuring cycle: 0.25 s) and fracture is 
detected by an event detector.   
 

 

Fig. 3: Test specimen for experiments on flexural fatigue 
strength: tensile bar injection moulded from LCP Vectra E840i 
LDS (thickness: 1 mm, length: 78 mm) with two LDS conductor 
paths on both sides.  
 
4.   Validation of test method 
 
 To validate the test method different elongations 
were tested. The width of the LDS conductor path is 
500 μm. The results show a significant decrease of the 
number of cycles to failure with increasing elongation 
(Fig. 4). Furthermore the accuracy respectively 
deviation of the measurement results is adequate for 
differentiation of the specific stress levels. Thus the test 
method is sensitive enough to carry out investigations 
on flexural fatigue strength of LDS conductor paths.       
   

 
Fig. 4: Validation of test method by testing various elongations 
of the layer system Cu/Ni/Au on LCP substrates (Woehler 
curve) [5]. 
 
5.  Experiments on influencing factors of flexural 
fatigue strength 
 
 Below, results of investigations on flexural fatigue 
strength regarding different influencing factors are 
presented. Experimental basis of measurements for 
each influencing factor and elongation are 8 LDS 
conductor paths. The width of conductor path is 
150 μm. Experiments show that with increasing width of 
the conductor path the number of cycles to failure also 
increases.  
 Depending on the properties of the test specimen 

respectively the LDS conductor paths and the adjusted 
elongation the test duration ranges from few minutes to 
several days.  
    
5.1 Metal line roughness 
 
 For investigations on the effect of metal line 
roughness on flexural fatigue strength, test specimen 
with different metal line roughness were produced. Low 
metal line roughness was achieved by applying low 
laser power and subsequent CO2 snow jet cleaning. 
High metal line roughness was obtained by higher laser 
power in combination with subsequent wet chemical 
cleaning. The metal line roughness was characterized 
by a surface profiler. 
 Experiments show increasing flexural fatigue 
strength with increasing metal line roughness (Fig. 5).  
 
 

 
Fig. 5: Effect of metal line roughness on flexural fatigue 
strength.  

 
5.2 Metal layer thickness 
 
 With increasing layer thickness the stiffness also 
increases. This results in decreasing flexibility and 
consequently in decreasing flexural fatigue strength 
(Fig. 6). The different layer thicknesses were obtained 
by adaption of plating time. The ratio of copper layer 
thickness to nickel layer thickness was kept constant 
(ca. 1.5) to avoid influence of the results by the 
different mechanical properties of copper and nickel. 
The plating thickness was measured by x ray 
fluorescence. Other influencing factors like metal line 
roughness were also kept constant.    
 

 
Fig. 6: Effect of metal layer thickness on flexural fatigue 
strength. 
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5.3 Metal adhesion 
 
 For reliability aspects also metal adhesion 
represents one of the most crucial parameters. A 
different metal adhesion with nearly the same metal 
line roughness can be achieved by processing two 
different substrate materials LCP Vectra E 840i LDS 
and PPA Vestamid HTplus TGP3586 with suitable laser 
and cleaning parameters. Thus a metal line roughness 
Rz of 19.3 μm (LCP) and 19.1 μm (PPA) was obtained. 
Experiments show that the substrate material has no 
significant effect on the flexural fatigue strength of the 
LDS conductor path.   
  Regarding the effect of metal adhesion on flexural 
fatigue strength no significant influence is detected 
(Fig. 7). The metal adhesion was characterized by pull 
tests using test structures [6].   
 

 
Fig. 7: Behaviour of conductor paths with different metal 
adhesion regarding flexural fatigue strength. 
 
5.4 Phosphorus content of nickel layer 
 

The phosphorous content of the nickel layer has a 
significant effect on flexural fatigue strength (Fig 8). 
The phosphorous content of the nickel layer can be 
varied by processing of special nickel electrolytes like 
MidPhos nickel electrolyte (phosphorous content 
between approx. 7% and 9%) and HighPhos nickel 
electrolyte (phosphorous content between approx. 9% 
and 13%). Furthermore also the process conditions, 
i.e. metal turn over (MTO) [7] affect the phosphorous 
content of the nickel layer. The presented results were 
obtained by processing the test specimens in different 
nickel electrolytes. The same nickel layer thickness of 
about 5 μm was used. Laser patterning and copper 
plating of the test specimens was carried out in one run 
obtaining a copper layer thickness of 8 μm. 
Measurements of the surface roughness show similar 
Rz values of about 45 μm.    
    

 

 

Fig. 8: Effect of phosphorous content of nickel layer on flexural 
fatigue strength.  

 
The higher flexural fatigue strength of nickel layers 

with higher phosphorous content can be explained by 
the correlation of internal stress of the nickel layer and 
the phosphorous content. With increasing phosphorous 
content the internal tensile stress declines and turns 
into compressive stress at a phosphorous content of 
about 10% to 11% [8].      
 
5.5 Metal layer system 
 
 Investigations on different metal layer systems 
comparing Cu/Ni/Au conductor paths with different 
properties and pure copper conductor paths on LDS 
substrates show significantly the advantage of using 
nickel-free layer systems (Fig. 9). The variation of 
parameters like roughness and type of copper 
electrolyte results in differences between the two 
general layer classes Cu/Ni/Au and Cu.     
 

Fig. 9: Number of cycles to failure of copper conductor paths 
(V06-V09) and Cu/Ni/Au conductor paths (V01-V05, V10-V19). 
  
 The results show the obvious potential of nickel-
free layer systems regarding mechanical reliability of 
conductor paths.  
  
5.5.1 Metal layer systems Cu/Ag and Cu/Pd/Au 
 
 For validation of the above experiments on flexural 
fatigue strength the alternative layer systems Cu/Ag 
and Cu/Pd/Au on LDS substrates were investigated. 
Metal line roughness and copper layer thickness of the 
investigated conductor paths are comparable to the 
Cu/Ni/Au plated reference. The experimental results 
clearly are in accordance with previous findings (Fig. 
10).   
 

 
Fig. 10: Effect of nickel-free layer systems Cu/Ag and 
Cu/Pd/Au on flexural fatigue strength compared to Cu/Ni/Au. 
 
 On the basis of this result new nickel-free layer 
systems especially Cu/Ag and Cu/Pd/Au are very 
promising for higher mechanical reliability of conductor 
paths besides the already demonstrated fine pitch 
application [6].   
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6. Discussion 
 
6.1 Influence of metal line roughness on stress 
 
 As an explanation of the experimental results 
regarding the influence of metal line roughness 
(section 5.1) a simple simulation model was set up. 
The simulation model applying a mechanical load on 
the conductor path shows a significant dependency of 
the occurring stress on the metal line roughness (Fig. 
11). A smooth surface shows maximum stress values 
which are about two times higher than the stress in a 
layer with a roughness Rz of 40 μm.     
 

 

Fig. 11: Modelling of the effect of roughness on stress 
(equivalent von-Mises stress in MPa) in metal layer under 
deflection of 2 mm, a) smooth surface, b) roughness Rz = 40 
μm. 

 
6.2 Correlation flexural fatigue strength and ratio 
roughness/copper layer thickness   
 
 Besides the metal layer system itself, the metal 
line roughness as well as the copper layer thickness 
are crucial parameters regarding flexural fatigue 
strength. The interrelation is nearly linear (Fig. 12). The 
marked irregularities can be reduced to obvious 
measurement failures (V05, see also Fig. 6) or 
specialities in laser processing (V15, V16: different 
laser patterning strategy) resp. metal plating (V10: 
relatively high nickel layer thickness with levelling 
effect).   

 
Fig. 12: Correlation of flexural fatigue strength and ratio 
roughness/copper layer thickness (Cu/Ni/Au layers). 
 
6.2 Characterization of crack formation 
 
 Cross-section polishes show that the crack growth 
in Cu/Ni/Au layer systems starts from the nickel layer 
(Fig. 13). Moreover no delamination of conductor paths 
can be observed what underlines the indifference of the 

metal adhesion regarding flexural fatigue strength.    

  
Fig. 13: Cross-section polish of Cu/Ni/Au layer on LCP 
substrate. 
 
7.  Conclusions 
 
The developed test bench and worked out method are 
suitable for characterization of the mechanical reliability 
of LDS conductor paths. Experimental results on 
mechanical reliability of LDS conductor paths can be 
obtained short-term either for development of new 
metal layer systems or for quality control close to 
manufacturing process.  Regarding mechanical 
reliability crucial influencing parameters especially 
metal line roughness, layer thickness and metal layer 
system were identified. The nickel-free layer systems 
Cu/Ag and Cu/Pd/Au show high potential for increased 
flexural fatigue strength.  
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