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Abstract

The increasing application of hybrid structures in component design and fabrication allows to constantly enhance the realization
of lightweight potentials. Laser-based joining of metals to polymers can obtain a local bonding with high load bearing capability.
During the process, the polymer gets molten by the energy input of the laser beam and penetrates into the structure of the metal
surface by means of a defined joining pressure. Macroscopic structures on the metal surface, produced by cutting or laser
processing, are possible surface treatments for achieving the polymer-metal joints. The optimal geometry and other key
parameters for the macroscopic surface structures are only partially known at present, e.g. a rising structure density causes a
higher load capacity. Based on grooves and drilled holes, as reference geometries, the depth (0.1-0.9 mm), width (0.3-1.1 mm),
alignment angle, diameter (1.0 mm- 1.5 mm), structure density and penetration depth of the molten polymer were correlated to
the separation force. The results allow an essential insight into the main effects of macroscopic structures on the mechanical joint
properties and the material performance of the polymer during the process.

© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH

Keywords: laser joining; polymer-metal hybrid joints; lightweight design; surface conditions; surface structures

1. Introduction and State of the Art

Increasing requirements regarding lightweight design and applications are setting new standards for
conventionally used fabrication processes, especially when joining hybrid structures. On the one hand, conventional
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materials, e. g. steel or aluminum, are characterized by high strength and processability and associated with
economic advantages. On the other hand, new materials like carbon fiber reinforced plastics (CFRP), enable new
technical designs, concerning load direction, high stiffness and low density, but are also accompanied by high costs
and challenges within the process management.

Joining of polymers to metals is possible by using a connecting element (e. g. screw, rivet), an adhesive (e. g.
epoxy resin) or a thermal process (e. g. laser welding). Connecting elements have a negative impact to local stress
peaks caused by the punctual connection. Adhesives show disadvantages concerning joint preparation and aging.
Thus, a thermal process enables a local joint with a high load capacity without using any additional material.
Especially laser joining has certain advantages over competitive processes because it can be applied locally,
independent from the component geometry and with a defined energy input.

In the process, the polymer is molten at the boundary layer to the metal by the energy input of the laser beam,
penetrates the surface structure with a defined joining pressure and thus wets the metal surface. After solidification, a
joint between the polymer and the metal is formed. Two process arrangements, depending on the laser-transparency
of the polymer joining partner, can be outlined. One option is to position the workpieces in a way, that the laser
beam passes through the polymer and heats the metallic joining partner at the interface. A minimum transparency in
the laser wavelength of 15 % [12] is required, whereby CFRP cannot be processed and the process leads to a higher
thermal load of the polymer, because the absorption takes place at the contact area between polymer and metal.
Another possibility is to target the laser beam at the opposite metal surface. Consequently, the resulting heat is
conducted throughout the metal plate, which leads to a temperature increase in the joining zone.

Based on these process variations, investigations within several fields of research were analyzed: Heat sources
(e. g. laser beam, ultrasonic welding, conductive heating) [4-6], materials science [2, 6], bonding mechanisms [16-
18], long term stability [3, 14, 15], coatings (e. g. zinc [13]) and surface morphology [3, 10-11, 20-21]. Regarding
the surface treatment, structuring by laser [3, 10, 20], pickling [22] and corundum-blasting is shown [1, 4]. On the
one hand, the structure density was identified as a key parameter for various structures [10, 11, 20], but
investigations on geometric variations only exist based on the respective process [4, 20]. On the other hand, a
detailed description for the different surface treatments does not exist and the common parameters, e. g. arithmetical
mean deviation or mean roughness, do not provide sufficient information for a generally valid description [1].

In this paper, the influence of geometric parameters for macroscopic structures on load capacity is examined and
possibilities for a generally valid classification and description of an ideal surface structure are given.

2. Experimental Setup

The joining process was carried out using the experimental setup shown in figure 1. A fiber-coupled diode laser
by Laserline (LDM 1000; A = 980 nm; Pp. = 1 kW; O 4, = 5 mm) was used on a 3-axis processing table. As base
materials, aluminum EN AW 6082 (t = 1.5 mm; width = 100 mm; length = 75 mm) and Polyamid 6.6 (PA66; t =
2 mm; width = 100 mm; length = 75 mm) were used for the heat-conduction joining (lap joint, overlap = 20 mm).
The clamping device ensures a constant surface pressure of 0.5 N/mm? within the joining zone. The laser was
positioned in the middle of the overlap.
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Fig. 1. Experimental setup and metal specimen (schematic design).

The metal specimen was designed as shown in figure 1. The seam start and seam end were not considered in the
results because of process uncertainties caused by heat accumulation and the start-up phase. For this reason, the
tensile samples and microsections (two per specimen) were taken out of middle of the joining zone. For mechanical
testing, a modified tensile shear strength test was used in order to avoid a failure within the non-reinforced base
material (figure 2). In this setup, the load was applied to the joining zone in terms of shear forces (test speed 10
mm/min).

A milling process was used for manufacturing the structures, because this process allows the preparation of
defined geometries in various shapes without spill-over effects, e. g. deliberated undercuts. Thereby structure
density (number of structures per area), depth (0.1-0.9 mm), width (0.3-1.1 mm) and alignment (0°, +45°, -45°)
were examined for grooves. For evaluation, the polymer penetration behavior into the structures and the shear
strength were examined (evaluation details are shown in figure 2, average penetration [mm?] from microsections). A
statistical design of experiment (DoE, according to [19]) was set up. The DoE was designed by performing pretrials
to determine the influence of the alignment (table 1, factor D), from which a 23 experimental design was derived
(table 1, factor A-C). According to the results, a second DoE was necessary in order to complete the investigations
and was set up within the area of the highest shear strength (table 2, maximum of factors A-C). Both DoEs were
verified by examinations on drilled holes (alignment 0 °; diameter 1.0...1.5 mm) regarding generally valid key
figures for describing an ideal surface. All experiments were realized with identical parameters and referenced by
examinations on corundum-blasted surface structures (grain size F60, see also [1]).

Table 1. Experimental Design — Stage 1.

factor Name entity factor levels
- 0 +
e A groove width [mm] 0.3 0,5 0.7
Pert e B number of grooves [1 1 3 5
E C groove depth [mm] 0,1 0,3 0,5
D alignment [°] -45 0 +45  } pretrials
Table 2. Experimental Design — Stage 2.
factor Name entity factor levels
Dok 2 TF - 0 +

— E groove width [mm] 0,7 0,9 1,1

£
DoEl| .TB F number of grooves [1] 5 7 9
o
C

- G groove depth [mm] 0,5 0,7 0,9
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Fig. 2. Evaluation variables of polymer behavior (left) and shear strength test (right).

The investigations provide insights on generally valid key parameters characterizing the metal surface by the
shear strength and the detailed consideration of the polymer behavior and relevant geometrical parameters. Thereby,
the parameters in figure 3 are correlated to the load capacity to derive coherences between surface design and shear
strength. The total structure surface (a), the stress bearing cross-section (b) and the projected area in load direction

(c) were examined. The aspect ratio (structure depth / width) and the wetted surface were examined in abstracted
investigations.

a) metal b) metal c) Imetal

— viewed parameter
metal

B polymer
Fig. 3. Geometrical parameters.
3. Results and Discussion

3.1. Preliminary Investigations

Based on preliminary investigations, the energy per unit length was varied in order to determine the optimal
parameters compared to a corundum-blasted surface and transfer this knowledge on macroscopic structures. For the
following experiments, the speed was set to 1.0 mm/s; in spite of the fact, that 0.5 mm/s achieves higher separation
forces (figure 4) but at the same time causes severe thermal degradation. Considering the surface treatment for
macroscopic structures, a pretrial with the alignment in loading direction was examined (comparable to factor level
0). Thereby, an alignment angle of -45 © against loading direction achieved the highest load capacity. Furthermore,
the effect of undercuts could be evaluated.
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Fig. 4. Preliminary investigations on load capacity and groove alignment angle.
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The penetration characteristics of the polymer into the metal surface across the lap joint is shown in figure 5 for a
number of 9 grooves (maximum structure density) and varied geometric dimensions. For both graphs, the
penetration depth increases towards the middle of the overlap up to a complete filling of the structure, but the edge
is only filled partially because of less molten polymer in this area. This behavior is caused by the temperature
distribution over the joint zone, whereas the temperature maximum occurs in the area of the absorbed laser beam
(@Laser = 5 mm). It is necessary to describe and regard the penetration characteristics dependent on the structure
geometry, because the joint is only loadable in this area. Therefore, all experiments were realized with identical
parameters to avoid an influence of viscosity or varying the amount of molten polymer in the joining zone.
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Fig. 5. Penetration characteristics of the polymer.

3.2. Investigations on Geometrical Parameters and Polymer Penetration Characteristics for Grooves

Based on the preliminary investigations, the interaction between the geometrical parameters and the shear
strength as target figure was examined. The results were normally distributed; the level of significance is determined
by the degree of freedom, the t-test, the effect size and the confidence interval and according to [19]. Thereby, the
results of the first DoE (table 1) show, that depth, structure density and the interaction between depth and structure
density are significant parameters (figure 6, stage 1). The interaction between width and depth can be reduced to the
high significant influence of the depth. Furthermore, the insignificant impact of the width can be noticed. This is a
first indicator, that the theoretical loadable area does not have an essential influence. The highest load capacity was
achieved at the maximum factor levels (shear force F =4.144 N), which led to the second DoE to be set up for
further investigation (table 2).

The second DoE shows, that depth and number of grooves are significant parameters, whereas the interactions
between number of grooves and depth and between width and depth, respectively, have no significant impact (figure
6, stage 2). The different t-value (2.145 to 2.13) is caused by an eliminated outlier in order to get normally
distributed results. The highest shear strength (F = 6.120 N) occurs at the maximum factor levels (width = 1.1 mm;
depth = 0.9 mm; number of grooves = 9). The width shows a low impact, e. g. the difference between a width of
0.7 mm and 1.1 mm by a maximum of depth and number of grooves is about 100 N and is within the experimental
scatter. However, it should be noted, that the second DoE is set up to the point of the highest shear strength,



Klaus Schricker et al. / Physics Procedia 56 (2014) 782 — 790 787

whereby interactions between the parameters can be less distinctive, which in turn explains their decrease of
significance.
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Fig. 6. Results of DoE: stage 1 (left) and stage 2 (right)

In summary, both DoEs show a significance of width and depth, the best results occur at the maximum factor
levels. As expected, the structure density has a high impact. Nevertheless, the width shows an insignificant influence
which is notable due to the stress bearing section. Furthermore, drilled holes (alignment angle 0 °) were examined to
verify the results. These structures show a similar behavior; thereby a higher structure density causes higher shear
forces. However, the diameter (comparable to the groove width) does not show any significant influence. Based on
these results, an influence of the aspect ratio (depth / width) cannot be proven.

Assessing the polymer penetration characteristics, the penetration volume increases (average penetration [mm?]
related to length 50 mm) with the volume of the grooves (width x depth related to length 50 mm) (figure 7, left). It
was expected, that the penetration reaches a constant level because of the limited size of the melting layer, but
sufficient molten polymer was provided due to time-temperature-regime. The difference between measured
penetration and theoretical volume of the groove (Apenetration) increases almost linear as well. Thus, the structures
are not filled completely by molten polymer, but the load capacity reaches a constant level of 6.000 N indicated by

overlapping standard deviations (figure 7, right). This assumed correlation between volume and load capacity cannot
be transferred directly to drilled holes.

Furthermore, a consideration of a generally valid surface characterization of grooves and holes based on these
results is necessary. Therefore, the geometrical parameters in figure 3 (Experimental Setup) were examined.
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. ‘ L] # penetration volume 10 ‘i
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Fig. 7. Penetration volume dependent on groove volume (whole overlap, left) and correlation to shear force (right).



788

Klaus Schricker et al. / Physics Procedia 56 (2014) 782 — 790
3.3. Key Parameters regarding Surface Characterization

In the following plots, all examined structures were arranged together by using geometrical parameters, e. g.
volume or surface of the grooves and holes. The combination of various structures to the same parameter
occasionally causes high standard deviations, which need to be taken into consideration. First, a correlation between
the surface of the grooves and holes and shear force is shown in the plot in figure 8. Hence it can be stated, that an
increasing surface of grooves and holes causes higher shear forces. Both geometries show a tendency to similar
behavior. For high shear forces, the overlapping standard deviations indicate the approach of a maximum value.
This leads to the conclusion, that the total structure surface can be assumed as a possible indicator for the load
capacity of a polymer-metal joint.

7000

metal

V2 244 % ,,,,, }

6000
polymer
5000 e

4000 { - *
3000 %{;

Force [N]

2000 { L
1000
*
‘{ #grooves m holes
0 lee * . L . .
0 200 400 600 800 1000 1200 1400

surface of the grooves and holes [mm?]

Fig. 8. Correlation between total structure surface and shear force.

In addition to these results, investigations show the influence of the joining section in loading direction,
abstracted to the stress bearing cross section and the associated projected area. Both parameters are related to a
specimen length of 50 mm. Finding a correlation was expected because of the test configuration (experimental
setup, figure 2), the results are shown in figure 9. A correlation between the stress bearing cross section and shear
force cannot be assumed, holes partially achieve much higher shear forces, although the grooves do not show a
suitable behavior. A comparable view is obtained for the projected area in loading direction, but the holes do not fit
into the excepted curve shape. In each case, the drilled holes achieve higher shear forces by increasing structure
density and the diameter shows a minor influence as expected after the statistical design of experiments.

7000 T - - - - - - - 7000
1 /metal metal
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b polymer } polymer %
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stress bearing cross section [mm?] projected area in loading direction [mm?]

Fig. 9. Correlation between stress bearing cross section and shear force (left) and projected area in loading direction (right).
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4. Summary and Outlook

Preliminary investigations provided results on ideal parameters for joining EN AW 6082 (corundum-blasted
surface treatment) to PA66. These results were transferred to macroscopic structures and enable the assessment of
an optimum alignment angle. On this basis, a statistical design of experiments determines the structure depth and
structure density as significant parameters, whereby shear forces up to 6.1 kN can be reached by non-reinforced
PA66. These results were validated on drilled holes.

Furthermore, key parameters regarding general surface characterization were examined. Thereby, the total
surface of the grooves and holes, the stress bearing cross-section and the projected area in loading direction were
linked to the obtained shear forces. The shear force could be correlated to the surface of the grooves and drilled
holes, independent from geometry or alignment angle (grooves: -45 ©; drilled holes: 0 ©). The stress bearing cross
section and projected area in loading direction do not allow a sufficient prediction for the load capacity.

Further investigations are necessary in order to transfer these results on microscopic structures, e. g. surface
treatment by laser or corundum-blasting. Additionally, the assumed coherence between polymer penetration
characteristics and shear strength for grooves has to be investigated further.
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