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Abstract: Laser-based plastic-metal joints have high potential to enable cost-efficient lightweight
structures in multi-material design. By an appropriate load-optimized positioning of the microstruc-
ture on the joining zone, cost- and strength-optimized joints can be realized. However, there are
no design methods and models to efficiently develop these tailored microstructures. Currently,
time-consuming experiments are necessary to find the optimum microstructure concepts. These
experiments must be repeated when requirements change, e.g., dimensions of the components. To
provide a simple and efficient design tool, this paper presents an automated numerical method for the
development of cost- and strength-optimized microstructure concepts for laser-based joining zones.
The basis for the approach is a new numerical model which generates concepts for microstructures
automatically based only on the stress tensor in the joining zone. A new finite element cohesive zone
model (CZM) was developed to estimate the joint strength. The CZM parameters were efficiently
derived from a finite element model of a single cavity. To determine the costs, a new model is
presented that calculates the production time and the cost for any given microstructure. The models
were interconnected in a combined optimization procedure and a genetic algorithm was used to
determine cost- and strength-optimized microstructure concepts. The approach was applied to a
demonstration example where the laser costs were reduced by up to 67% compared with benchmarks
with surface-covering parallel linear cavities. The approach shows high potential for the efficient
design of cost- and strength-optimal laser-based hybrid joints since it is fully based on simulation
models and iterative experiments in the design stage are eliminated.

Keywords: design method; optimization; simulation; finite element method (FEM); numerical
analysis; joining process; plastic-metal hybrid; microstructure models

1. Introduction

The application of multi-material design with plastics and metals is increasing, espe-
cially in the transportation sector [1,2]. Plastic-metal hybrids enable requirement-optimized,
cost-effective, resource-saving, and weight-optimized structures by using the right material
in the right place [3,4]. Particularly the joining technology of plastics and metals is a
challenge due to the different physical properties [5,6]. A promising new joining process
for plastics and metal is the so-called laser-based joining. The most important benefits of
laser-based joining are that it does not require any additional elements, such as screws or
rivets, or a complex process chain, as is the case with adhesive bonding [7-10]. In addition,
the technology has low cycle times and is therefore ideally suited for large-scale production.
Laser manufacturing is also suitable for manufacturing processes other than joining and is
especially used where conventional manufacturing processes encounter limitations. LPBF
(laser powder bed fusion), for example, is widely used [11,12]. Due to the flexibility of
the laser beam, a high degree of geometrical freedom can be achieved. This enables the
production of components that cannot be manufactured using conventional production
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methods (e.g., with milling). Laser manufacturing is also highly suitable for the realization
of lightweight-, load-optimized, and multi-material components [13,14].

Laser-based joining of plastics and metals is carried out in a two-step process:

In the first step, the metal surface is processed with a highly focused single-mode fiber
laser beam. The laser beam is deflected at high speed (~10 m/s) over the metal surface
using a galvoscanning system (see Figure 1a) and creates linear cavities. When the laser
passes over the same area several times, small undercuts are created on the metal surface.
A part of the material evaporates and a part is pushed upwards in the cavity by the melt
pressure and partially solidifies at the edges. Depending on the metal, approx. four runs
are required to form clear undercuts. The laser system can be configured to generate a
variety of patterns for microstructures on the metal surface, such as linear parallel line
structures, crossed structures, structures under an angle, or pointwise structures. This work
focused on linear parallel structures because these are the easiest to apply in terms of laser
process technology and the most robust in terms of process control.
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Figure 1. Laser-based joining process of plastics and metals.

After processing the metal, both plastic and metal are joined in a second step under
pressure and temperature (see Figure 1b). Various joining methods, such as injection
molding, can be used for this process step. During the joining process, the liquefied plastic
flows into the cavities and solidifies after cooling. The plastic and metal are connected by
mechanical interlocking and, depending on the plastic, also by specific adhesion. The filling
of the cavity with the plastic depends on the temperature and solidification behavior of the
plastic. The cavities can be usually completely filled if a sufficiently high metal temperature
can be ensured to prevent early solidification of the plastic.

The properties of the joining zone, such as strength, production time, and costs
significantly depend on the microstructure. Currently, only the same microstructure with
the same pattern is applied on the whole metal surface. Local variations (e.g., stress peaks
or low-stress areas) on the joining zone are not addressed with tailored microstructures.

The microstructure, i.e., the shape of the cavities and the pattern on the joining zone,
can be easily adjusted via the laser software [15]. As a result, there is the potential to
develop cost and strength-optimized microstructure concepts [16]. However, this potential
has not yet been exploited. In the design, it is not considered where on the joining zone
which microstructure would be optimal in terms of cost and strength. The effort to adapt
and experimentally test tailored microstructures for each component with different strength
and cost requirements is too high [17,18].
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Today’s research activities with regard to the optimized design of laser-based hybrid
joints are focused on experimentally adjusting the production properties. The main focus is
on the analysis of thermal properties during laser-based joining [19,20]. The first approaches
to model the mechanical properties of laser-based joining with FE simulations exist [21-23].
However, these approaches do not consider the specific influences of the microstructure on
the mechanical properties.

Experimentally determining the influence of the microstructure on the joining prop-
erties is challenging for laser-based joining. Due to the complex mechanical behavior of
the microstructure and the interactions, the experimental effort to generate data-driven
models for each specific application (geometry, load case, microstructure) would be
too high. Therefore, reliable higher-fidelity numerical models are required to describe
the characteristics.

Using higher-fidelity numerical models in optimization algorithms is a widely used
approach to solve engineering problems. For example, a variety of approaches exist for
the multi-objective optimization of the fiber orientation and layup of fiber-reinforced
plastics [24-27]. Furthermore, optimization approaches are increasingly used in the opti-
mization of structural components, e.g., topology optimization or generative design, with
respect to multiple domains [28,29].

The first investigations using a fully simulation-based optimization approach for laser-
based hybrids demonstrate the potential for cost- and strength-optimized joining zones
by optimally positioning the cavities on the joining zone. In ref. [16], a reduction in laser
costs of 82% was achieved by optimally positioning the microstructure on the joining zone
using a model-based optimization approach. However, these studies and their models
were limited to the 2D case and therefore the cavities always covered the entire length of
the surface and only the distance between the cavities could be considered as a design
variable. The extension of the approach by adding a further degree of freedom in the 3D
case allows exploiting the full potential for tailored microstructures and further enabling
the industrial application of the technology.

However, systematic design methods and efficient models for developing tailored
microstructure concepts as well as determining costs and predicting the joint strength are
currently missing for the 3D case.

A major obstacle is that laser manufacturing constraints need to be considered in
an automated way. Furthermore, strength models do exist for other joining technolo-
gies (e.g., adhesives). However, these are mostly reverse-engineered and calibrated from
experimental data and are not adapted and tested for the laser-based hybrid joint.

Therefore, the research questions that were addressed in this study are as follows:

e How can tailored microstructure concepts for laser joining zones be automatically
generated while considering the laser manufacturing constraints?

e  How can the laser costs and joint strength be efficiently determined for the tailored
microstructure concepts?

e  How can the methods and models be used to develop cost- and strength-optimized
microstructure concepts?

The main novelty of the presented approach is that tailored (strength, costs) microstruc-
tures can be fully generated based on simulation models. Iterative experiments throughout
the design process are not required.

The approach to answer these questions within this paper is structured as follows: In
Section 2.1, a new model for automated efficient development of microstructure concepts
while considering the laser manufacturing constraints is presented. For these concepts, a
new model for the efficient strength estimation (cohesive zone model) of laser-based joints
is presented in Section 2.2 and a model for the cost calculation is presented in Section 2.3. In
Section 3, a combined optimization approach is presented that links all models to develop
tailored requirements-optimized concepts regarding cost and strength. The approach and
the models are validated using a demonstration example in Section 3. Finally, a conclusion
and outlook are given in Section 4.
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2. Method and Models

The approach is shown schematically in Figure 2. The detailed information on the
individual steps is given in the following sections. The basis for the procedure is an FE
model of the joining parts with an interlayer with a small thickness between the plastic
and metal part. In dependence on the external forces applied to the joint, the values
and orientations of the local stress tensors in the interlayer were determined. Based only
on these stress tensors, load-optimized concepts for laser structuring were automatically
developed with a numerical model (Section 2.1).

Section 2.1 Section 2.2 Section 2.3
1. Get stress tensor 2. Generate microstructure concepts 3. Determine strength with CZM 4. Calculate laser costs

Concepts with variable

The stress tensor is extracted from a . Cohesive zone model (CZM) is The laser costs are calculated using
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Figure 2. Approach for the automated design of laser-based plastic-metal joints.

The approach works by first eliminating low-stressed regions using a stress limit value.
All the remaining regions were then grouped by a cluster algorithm while considering
the specific manufacturing constraints of the joining technology. To each of these areas,
different microstructures could then be assigned according to the specific stress states.

For strength calculation, cohesive zone models (CZM) were set up, which locally con-
sider the mechanical characteristics of the chosen microstructure for each area (Section 2.2).
The required material parameters for the CZM were derived from FE representative-
volume-element (RVE) models; so, in this case, it was a single cavity. Then, production
costs were determined for the microstructure concepts by calculating a machine hour rate
and laser production time (Section 2.3) based on the number, length, and distance of the
cavities. Finally, the design, strength, and cost models were coupled in an optimization
workflow to identify values for the design variables (e.g., stress limit, microstructure) that
satisfy the cost and strength requirements.

2.1. Automated Generation of Microstructure Concepts

The automated generation of microstructure concepts while considering the manu-
facturing constraints is an important factor to enable the efficient design of laser-based
joints. Otherwise, the designer would have to manually define the microstructure for each
new component with new requirements and materials and, in the end, perform iterative
experiments to ensure that the strength and cost requirements are satisfied. Therefore, a
method is needed that can be automated without requiring special domain knowledge of
the laser manufacturing constraints.

The state of the art provides numerous design methods for classical joints, such
as riveting or bolting, which are well documented in standards such as the VDI 2230
for the systematic design and calculation for bolted joints [30]. Typically, step-by-step
analytical tests are carried out for highly simplified geometries and load cases while for
more complex cases the use of numerical models is required. Existing methodological
approaches are only valid for the manufacturing constraints of the corresponding joining
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technologies. Since the manufacturing constraints of the laser technology are different,
the existing approaches cannot be applied. The key challenge for laser-based joints is
that manufacturing constraints, the local stress, the characteristic anisotropy, and the
manufacturing costs must be considered simultaneously and automatically in order to
design joining zones for this technology holistically.

The manufacturing constraints are discussed as follows. Based on the current state of
technology, the primary manufacturing constraint is that the structures must be continuous
lines with a constant distance between them. Curves are not possible due to the complex
process control of the laser system at high speeds. Furthermore, the application is currently
limited to two-dimensional surfaces. It is also important to note that the laser process
always introduces thermal energy into the metal, which can result in deformation of the
metal. The deformation might then lead to fluctuations in the mechanical properties,
although this effect on the joint strength currently cannot be precisely quantified.

The mechanical behavior of the cavities is anisotropic. This means that it depends on
the load direction.

The strength as a function of the load-direction (out-of-plane angle theta) for different
distances (300 pm, 600 pm, and 900 um) is shown in Figure 3. The results shown were
generated by FE simulation (Polymer: PP-GF40; Metal: 1.4301) of a single cavity. The load
angle (out-of-plane angle theta) was varied in 1 degree increments from 0 to 90 degrees
and the fracture strength was determined.
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Figure 3. Mechanical characteristics of laser-based plastic-metal joints based on a FE-Model of a
single cavity (RVE).

In the tensile direction (out-of-plane angle theta = 90°), the strength is substantially
lower than in the shear direction (out-of-plane angle theta = 0°). In addition, the strength
depends on the geometry of the cavities. Especially in the tensile direction cavities with a
distinct undercut show a higher strength [22]. However, for undercuts multiple laser runs
are required, which increases the production time (see Section 2.3). Another important
factor is the distance between the cavities. Specifically, the greater the distance, the lower
the joint strength is, and vice versa. However, with larger distances, the number of cavities
also decreases and thus so do the production time and costs (see also Section 2.3).

With the presented approach in step 1, a FE model of the component was created.

For this FE model, boundary conditions, materials, and the load case need to be
defined and included (see Figure 2 step 1). Between the plastic and the metal where the
components shall be joined, a thin interlayer (tinterlayer/ tplastic << 1) was implemented
and tied to both components. The microstructure was defined in later steps and thus
generic material properties were used. Therefore, isotropic properties with a low Youngs
modulus were applied. Using an isotropic material behavior for the interlayer is important
to ensure that the directions of the stress vectors are not pre-affected by anisotropic material
behavior [31]. Preliminary investigations showed good results for a Young’s modulus
of 100 MPa.
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Polymer

Interlayer

This interlayer obtained the real mechanical properties of the microstructure in later
steps, after the microstructure is defined.

After the application of the load case in the FE-model, the stress tensor was extracted
from the mesh elements of the interlayer. From the stress tensor, the magnitude of the
stress (von Mises) and the orientation of the stress vector could be calculated for each
individual mesh element. Typically, the stress varies across the surface of the components.
Some areas are highly stressed and some are low stressed or even not stressed at all [32].
For cost reasons, very low-stressed areas can be excluded from further analysis in order
to save production costs and reduce thermal effects during laser production. Thus, the
elements were filtered based on von Mises stresses using the parameter stressThreshold.
Elements with a stress Ogjement < stressThreshold-omax were filtered and are not further
considered. The idea of using a stressThreshold to filter low-stressed areas was successfully
demonstrated in ref. [32]. Figure 4 shows the application of the stressThreshold for values
of 0, 0.5, and 0.75. Figure 4 shows a generic stress distribution. The stress was the highest at
the corners and decreases towards the center. It is apparent that the high stresses covered
only a small fraction of the area. The application of the stress limit value of 0.5 (elements
with stress above 50% of the maximum stress) resulted in filtering out a large area (gray
areas). Using a stress threshold of 0.75 resulted in even more elements being filtered out.
The specific stressThreshold value cannot be predicted upfront and needs to be iteratively
determined. How to optimally select the stressThreshold value is determined later in the
optimization approach (see Section 3).

stressThreshold =0

7
L
&
stressThreshold = 0.5
% A
L
&
A stressThreshold = 0.75
a
L
&

Figure 4. The stress threshold is used to reduce the microstructured area by filtering low-stressed elements.

The stress vector is decomposed into an in-plane angle (phi) and an out-of-plane angle
(theta) since these are the relevant directions of anisotropy (see Figure 5). Besides the von
Mises stress, the theta and phi angles also vary across the joining zone. Each element would
have to be structured individually to realize the best cost- and load-optimized concepts.
However, as mentioned above, the cavities must always be continuous lines and punctual
structuring is not possible nor economically feasible. Thus, the main challenge is to identify
connected regions that have similar properties in terms of von Mises stress and phi and
theta angles.
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Figure 5. Decomposition of the stress vector S into an in-plane angle (phi) and out-of-plane
angle (theta).

To solve this task, a cluster algorithm was used which groups the elements into a finite
number of contiguous areas with similar properties (von Mises, phi, and theta). For each
of these areas an appropriate microstructure can be assigned. The actual assignment of
the optimal microstructure for given cost and strength requirements was solved using an
optimization algorithm (see Section 3). As input for the cluster algorithm, the element-wise
von Mises stresses and theta and phi angles as well as the corresponding coordinates are
needed, which are normalized beforehand to the range of 0 < X < 1. Without normalizing,
the different value ranges would result in overweighting one factor and thus to a strong
distortion and scattered clusters.

There are numerous options for cluster algorithms which differ in their functionality,
computation time, and results. An overview can be found in ref. [33]. Various clustering
algorithms such as k-means, agglomerative clustering, and DBSCAN were tested in terms of
computational time, robustness, and ability to generate laser manufacturable microstructure
concepts. The k-means algorithm showed the best and most robust results since large
contiguous areas which can be well manufactured are usually identified. For k-means the
number of clusters must be specified manually. The optimum number of clusters depends
on the size of the joining zone, the possible microstructures, and the laser production
parameters and is difficult to predict in advance. Preliminary investigations show that
a cluster number of 2-5 delivers useful results for small components (~200-500 mm?).
For each cluster mean values of theta, phi, and von Mises were calculated. To each
cluster, a microstructure (distance, number of runs, etc.) was then assigned. The optimum
choice, however, was realized via the optimization algorithm (see Section 3.2). Finally, the
microstructures were drawn as lines in the clusters, with each line representing a cavity.
The cavities were aligned perpendicular to the mean phi angle of each cluster and the areas
were filled with line structures at the specified distance.

The final result of the design method is comprehensive information about each element
(phi, theta, and von Mises, coordinates), each cluster (mean values, microstructure), and
the positioning of microstructures over the joining zone (position and length of lines on the
joining zone). The cohesive zone model for the strength estimation was developed based
on the cluster information. Based on the cavity lines, the production time and costs can be
determined (see subsequent sections).

2.2. Cohesive Zone Model for Strength Calculation

The strength of the joint is a crucial criterion for the decision for or against a joining
technology and therefore needs to be considered in the product development of laser-based
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joints. Current research mainly focuses on the experimental determination of the joint
strength, which investigates different material combinations, microstructures (e.g., patterns,
number of runs), and laser production settings [20,22,34-37].

Few approaches exist for the estimation of the joint strength using simulation
models [16,18,21,23].

However, only approach [16] is capable of considering the direct influence of the
microstructure parameters on the strength. As mentioned above, both cost and strength
can be adjusted via the microstructure parameters, which is why these parameters must
be taken into account in the design process. In the approach, the cavities are modeled in a
2D shell finite-element model with full geometric detail with all its curves to represent the
drop-shaped geometry (see Figure 6a). The artificial thickness (length of the cavity) of the
shell elements was chosen to cover the whole metal surface width.

(@) (b)
Polymer | ..
_— N .
. .".,. ¢l
Effectl_ve s o@‘
mechanical Interlayer
properties
<

Figure 6. (a) RVE model and (b) cohesive zone model approach for laser-based hybrid joints.

The plastic had a plastic material behavior with fracture criterion. A hard contact con-
dition was implemented between the plastic and the metal and friction was implemented as
a tangential behavior. Thereby, the separation and the crack propagation could be modeled
for one or multiple cavities. Using this approach, the strength could be predicted with an
accuracy of <5%. So far, this approach could only be demonstrated for the two-dimensional
case since the calculation time is high. This model was not able to determine the strength
of the three-dimensional concepts generated with the method from Section 2.1.

Therefore, this paper presents a new approach that enables the efficient estimation
of the strength for the 3D-case by so-called cohesive zone models (CZM). The idea of the
CZM approach is the homogenization of the effective mechanical properties of the bonding
behavior between plastic and metal as shown in Figure 6b.

CZM are well-known models to represent the mechanical behavior of boundary layers
in joining zones. CZM have been successfully applied to many joints, such as adhesive
bonds [38,39]. CZM work as follows: CZM are modeled as bulk material. They do
not represent a direct material, but describe the relation between traction (stress) and
separation (displacement) of the surfaces [40,41]. The relationship between traction and
separation is described by the so-called traction-separation law. In the simplest case, a
bilinear relationship is defined (see Figure 7a). Here omax denotes the point of maximum
stress and damage initiation, respectively. The damage evolution describes the mechanical
behavior after reaching omax, which is just linear in the bilinear case. In order to describe
the anisotropic material behavior of the technology also with CZM, different traction-
separation behaviors can be defined in different directions (see Figure 7b). Mode-I marks
the mechanical behavior for the normal load (theta = 90°) and Mode-II the pure shear load
case (theta = 0°).
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Figure 7. (a) Bilinear traction-separation law; (b) multidimensional traction-separation law with
trapezoidal damage evolution.

Typically, the CZM parameters are identified phenomenologically, which means in
a reverse-engineering approach where numerous experiments are required [40]. For this
new approach, however, the parameters of the CZM interlayer shall be determined in
a direct model-based approach. The relevant parameters for the traction separation law
are therefore derived from a micromodel RVE, which represents exactly one cavity of the
microstructure of interest (see e.g., Figure 6b). Using the RVE approach, the mechanical
behavior of any microstructure can be quickly determined. The approach is demonstrated
in Section 3.

2.3. Cost Model

The total costs of a product are typically made up of various components such as
manufacturing costs, material costs, and overhead, etc. In this paper, only the influence
of the microstructure on the strength was considered. Plastic manufacturing costs do not
change for different microstructures if the dimensions of the joining zone remain the same.
Therefore, only the costs of laser manufacturing were considered, which have a direct effect
on joint strength. Other costs such as overhead costs vary from company to company and
must therefore always be calculated separately for each case. For the calculation of laser
costs, the calculation of a machine hourly rate Cy and the laser production time Ty, are the
most important factors (see Equation (1)). The only approach to calculate laser production
time and costs so far can be found in ref. [16]. In this approach, the laser production time is
calculated using the length 1;, distance d;, and number of runs for each cavity together with
the scanning speed vs. of the laser head (see Equation (2) and Figure 8).

R

— cavities

/

Figure 8. Arbitrarily shaped surface with dimensions of the individual cavities.
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The structures themselves are processed at the desired scanning speed. However, the
high speed of ~10 m/s results in substantial influences due to the mass inertia of the galvo
scanner system [42]. In order to avoid burn-in and to manufacture clean and reproducible
cavities, the laser-head performs a compensation movement (so-called skywriting) between
two structures, which leads to an additional delay. This effect is considered in the factor
Tp and can be estimated as described in ref. [43]. Due to the skywriting effect, many short
cavities take longer for production than few long cavities.

CL=T.-Cum ey
m o, weN;j+d
TL:—E—NVV A )
S
C
£ (14 Cm)+F-C
YRR Tt AL SV ®)

tr

The machine hourly rate Cys was calculated using the capital costs, write-off time, and
relative maintenance costs Cp,. Furthermore, the building costs were considered by the
footprint F and the building rent costs Cr (see Equation (3)). These values were divided
by the maximum running time of the machine t;. In addition, the energy costs Cg were
taken into account. Personnel costs were not included as they cannot be estimated yet for
an individual component. The specific values for the parameters are given in Table 1. Since
laser machines are still usually prototype systems, these values are based on empirical
knowledge. By multiplying the machine hourly rate by the laser production time, the laser
costs could then be calculated for any given microstructure concept (see Equation (1)).

Table 1. Values for the laser cost calculation (reproduced from ref. [16] with kind permission of Trans
Tech Publications).

Parameter Value
Capital costs C¢ 100,000 €
Write-off time ty, 8 years
Relative maintenance costs Cy, 20% p.a.
Footprint F 5 m?2
Building costs Cp 3.5€/m? p.M.
Running hours t; 2000 hp.a.
Energy costs Cg 0.405€/h

3. Demonstration of the Approach

In this section, the application of the previously presented models for concept devel-
opment, strength calculation, and cost calculation to a demonstration example is shown. To
develop cost-optimized microstructure concepts for a given load requirement, the models
were fully automated and interconnected in an optimization procedure. The optimization
approach is demonstrated using the example of a single-lap-joint specimen. The single-lap-
joint is ideally suited as a demonstration example because both tensile and shear forces are
induced and the stress varies across the joining zone. In Section 3.1, general information
about the demonstration example, such as the geometry is presented and the application
of the design method is demonstrated. The optimization setup (design parameter, opti-
mization settings, etc.) is presented in Section 3.2. In Section 3.3 the parameters for the
cohesive zone model are determined for a chosen microstructure. The optimization results
are presented and discussed in Section 3.4.

3.1. Concept Development

The geometry of the single-lap-joint (SL]) specimen is shown in Figure 9. The over-
lapped length (joining zone) is 12.5 x 25.0 mm. The dimensions of the specimen and the
dimensions of the joining zone were not changed during optimization. Only the micro-
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structure on the metal surface was modified. The metal component was fully clamped at
its end. A displacement constraint with U1 = 0.15 mm was applied to the plastic surface.
For the polymer part, glass-fiber-reinforced polypropylene was used, (PP-GF40) and for
the metal part, regular stainless steel was used (1.4301).

Ul=U2=U3=UR1

Plastic =UR2=UR3=0

ww €

U1=0.15
U2=U3=UR1=UR2=UR3=0

Figure 9. Dimensions and boundary conditions of the single-lap-joint specimen.

In Figure 10, the results from applying the design method to the demonstration
example are shown. The von Mises stress (e), in-plane angle phi (b), and out-of-plane
angle theta (a) distributions that are derived from the interlayer between the polymer and
metal are shown. It can be observed that the stress distribution on the joining zone varied
significantly. Low-stressed areas can be excluded for further consideration. The result for
an example of stressThreshold = 0.1 is shown in Figure 10f.

From the stress tensor, the angles theta and phi were calculated. Especially for
theta, highly varying angles between shear (~0°), tensile (~20°), and compressive (~—30°)
load emerged.

The clusters were derived using the von Mises stress and the theta angles.

Pre-tests with phi angles of 0°, 45°, and 90° showed no difference in the strength for
parallel linear cavities. Thus, the orientation of the microstructure within the plane does
not affect the strength. Cross-section images show that the cavities are irregular in the
direction of the grooves due to variations in the manufacturing process. This means that
the cross-sections change in the direction of the grooves, causing additional undercuts.
Thus, the phi angle was not considered for the optimization.

The resulting clusters are shown for two, three, and four clusters for a value of
stressThreshold = 0.1 in Figure 10. For two clusters, a large inner cluster and an outer
cluster were formed, which, however, were not connected. A similar behavior resulted
for three clusters, whereby the third cluster was strongly oriented according to the highly
stressed area on the left edge of the surface. Pre-investigations showed that the cluster
number of three for the given example had a good trade-off between manufacturability
and granularity. For two clusters, the standard deviation of theta and von Mises was high,
while for more than three clusters the areas became small and scattered so that no cavities
could be placed and the concepts could not be manufactured. Thus, the cluster number of
three was set for the following investigations. However, for new components the number
of clusters shall be determined again.
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Figure 10. Resulting concepts for the demonstration example. In (a) and (b) the theta and phi angles
are shown. In (e) the von Mises distribution is shown. (f) shows the application of the stressThreshold
for a value of 0.1. In (c,d,g) the use of two, three and four clusters are shown.

3.2. Optimization Setup

The previously introduced models for concept development, strength calculation, and
cost calculation were combined in an optimization procedure as shown in Figure 11. The
execution of all models is fully automated and the parameters are interconnected. Typically,
there are several possible solutions for a given problem. The task of the optimization
algorithm is to identify one satisfying solution for the design variables which fulfills the
requirements. The strength and costs were defined as objectives. For the strength, the
following requirement was defined: the strength must be at least equal to the benchmark
and the costs shall be simultaneously minimized.

Multiple classical state-of-the-art concepts (linear, parallel cavities) were used with the
distances of 300 pm, 400 pm, 500 um, and 600 um as benchmarks. The strength and cost
values of the benchmarks (production of one component) are shown in Table 2. As expected,
costs and strength decreased as the distance between structures increased. Additionally,
the number of cavities and the mark distance are given. This information is useful for the
evaluation of the laser production effort and the induced thermal stress.

Table 2. Benchmark values for the classical design with linear and parallel structures.

Type Distance (um) Costs (€) Max. Load (N)  Cavities Marl;rz;s)t ance
a (classical) 300 0.00237 2831 40 5904
b (classical) 400 0.00178 2475 30 4428
¢ (classical) 500 0.00148 2363 25 3690
d (classical) 600 0.00119 2021 20 2952
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Figure 11. Optimization approach for the concept design of laser-based plastic-metal joints.

With the given strength constraint, the costs shall then be minimized. The parameters
stressThreshold and the distance for each cluster were used as design variables. Theoret-
ically, the microstructure of each cluster (i.e., the geometry of the cavities) could also be
varied through the number of laser runs. However, only the microstructure with six laser
runs was used to limit the number of design variables and the initial optimization effort.
This microstructure has distinctive undercuts and high strength as shown in ref. [18].

Choosing an appropriate optimization algorithm is a challenge. Typically, a com-
promise must be found between fast convergence and the wide coverage of the solution
space. If convergence is too fast, there is a risk of becoming stuck in local minima too
quickly. With algorithms that are too free, the solution space can be covered widely and the
chances increase to identify a global optimum. However, convergence can sometimes not
be achieved and the optimization process requires numerous iterations.

Various optimization algorithms were tested in pre-investigations (e.g., PSO, NSGA-II,
gradient-based algorithms, etc.). The other algorithms tested required too much time for
convergence, so efficiency of the whole approach was reduced. However, the final results
did not differ from those obtained with NSGA-II. Especially the gradient-based algorithms
converged very quickly. As a result, the outcomes were not satisfactory.

Genetic optimization with NSGA-II was chosen as the best optimization algorithm
for the given problem because it is a commonly applied robust algorithm and can handle
multiple objectives [44,45]. The multi-objective optimization gives multiple Pareto-optimal
solutions as a result. From these different solutions, the engineer can finally choose their
preferred solution. For future extensions of the approach, multi-objective optimization can
also be easily extended with additional criteria.

Furthermore, for the given optimization problem, NSGA-II allows a high variety of
designs, which turns out to be required to obtain good results.

The procedure of genetic algorithms is inspired by nature’s genetic selection process.
First, an initial population with random attributes was generated. For this population, the
objectives were calculated. Then the “fitness” was calculated and the fittest individuals were
selected for the next generation. To maintain diversity and avoid local optima, the operators
crossover and mutation were performed before the next generation. The procedure was
repeated until a termination criterion was reached, e.g., convergence criterion or the
maximum number of generations. For this optimization problem, the maximum number
of generations was set to 20. Table 3 shows the objectives, the design variables with their
value ranges and the parameters used for the NSGA-II algorithm.
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Table 3. Optimization settings for NSGA-II, design variables, and objectives.

Parameter Values
Population Size 12
Number of Generations 20
. . Crossover Probability 0.9
Algorithm settings Crossover Distribution Index 10
Mutation Distribution Index 20
Initialization Mode Random
stressThreshold [0; 35]
Design Variables Distances d1—dn [300 pm; 1000 pm]
Number of clusters 3
Objectives Strength zBe.thr.nark
Costs minimize

3.3. Determination of CZM Parameters

To determine the strength of the microstructure concepts, a cohesive zone model (CZM)
for a specific microstructure was developed as presented in Section 2.2. The microstructure
used is a cavity geometry resulting from six laser runs because these cavities show high
strength and a distinctive undercut. Details regarding the corresponding dimensions of
the cavities (depth, undercut, etc.), laser setup (machine type, etc.), and laser settings (laser
power, etc.) can be found in ref. [18].

The principle for determining the CZM parameters is to determine the force-displacement
curves of a single cavity using an FE model on the micro level (“RVE micromodel”) and
then calculate the CZM parameters from this data. After calibration of the CZM based on
the RVE micromodel, the CZM can then be used in larger assemblies and can be applied to
larger joining zones.

In Table 4 the material parameters for polymer (PP-GF40) metal (1.4301) are shown,
which were used to build the RVE micromodel. It has a width of 300 pm, which is equivalent
to a distance of 300 um between the cavities. The thickness of the RVE model is equal to the
width. The plastic is given a plastic material behavior with fracture criterion. For the metal,
a linear elastic material behavior was chosen since the stress in the metal is relatively low.
A hard contact was used between the plastic and the metal, which completely prevents the
metal and polymer surfaces from intersecting [46].

Table 4. Material properties of the metal and plastic component.

Steel (1.4301) Plastic (PP/GF40)
Modulus (MPa) 200,000 9200
Density (g/ cm?) 7.9 1.2
Poisson ratio 0.3 0.35
Tensile strength (MPa) - 185
Strain at break (%) - 2.3

The micromodel was used to perform a tensile test (theta = 90°) and a shear test
(theta = 0°) and to generate the force—displacement curve. The objective of the CZM is
to represent the mechanical properties of the micromodel. To confirm the validity of the
CZM beforehand on a simple small-scale example, a reference model (Figure 6b) with the
same dimensions and boundary conditions as the micromodel was developed with a CZM
and the force-displacement curves were compared. The maximum strength omax, Young'’s
modulus E in tensile and shear directions, as well as the energy G (see also Figure 7) need
to be defined for creating a CZM in an FE software. To model the trapezoidal CZM curve,
the trapezoidal ratio h of the horizontal lines needs to be specified. The values (Omax, E,
G, and h) were optimized so that the force-displacement curves from micromodel and
CZM matched.
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The comparison of the curves after optimization is shown in Figure 12. In the curves
of tensile and shear, the anisotropy can be clearly recognized. While the plastic in the neck
broke off abruptly in the shear direction, it was pulled out gradually in the tensile direction,
leading to the trapezoidal shape. The stiffness and strength in the shear direction were
higher compared with the tensile direction. These investigations agree with the relevant
literature. The curves of the micromodel and CZM matched well, so the CZM can represent
the mechanical behavior of the micromodel. The CZM does not require complex contact
calculations, plastic material behavior, or friction and thus has a significantly lower cost of
simulation. Furthermore, the implementation of the CZM can be performed easily on any
arbitrary components.

4
Micromodel tensile
3.5 1 CZM tensile
3 Micromodel shear
--------- CZM shear
25 A
2 t
g 2 - Pl Polymer
L
1.5 1 Interlayer
1 .
\YEE
05 - Micromodel CZM
0 T + T T L T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Displacement [mm]

Figure 12. Comparison of force-displacement curves for the micromodel and the cohesive-zone model.

The critical time step for explicit finite element analysis is proportional to the smallest
element mesh size [47]. The CZM does not require extremely small mesh sizes as the
micromodel does, and is therefore significantly faster. The final parameters of the CZM for
tensile and shear directions are shown in Table 5.

Table 5. Parameters for the cohesive-zone model (distance = 300 um).

Parameter Value Unit

Omax,shear 38.55 MPa

Omax,tensile 18.88 MPa
Eghear 9200 MPa
Etensile 1750 MPa
Rshear 0.1 _
Riensile 0.6 _
Gshear 0.6 ]
Gtensile 0.4 ]

To demonstrate the accuracy of the CZM approach for larger joining zones with
multiple cavities, the CZM was applied to the single-lap-joint specimen (see Figure 9). A
microstructure with parallel cavities of 300 pm distance was chosen for comparison and the
force at failure for this configuration was compared to experiments and the micromodel.
For these settings, there were multiple cavities on the joining zone as shown in Figure 13a.
Figure 13b shows the force at failure. The error between the experiment, micromodel, and
CZM was small (~3%) and within the standard deviation of the experiment. The validity
and applicability of the CZM approach for laser-based plastic-metal joints can therefore
be confirmed.
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Figure 13. Comparison of the estimated force at failure for the experiment, micromodel, and CZM
(b) for a single-lap joint with distance = 300 um (a).

The parameters shown in Table 5 were determined for a reference distance of
300 um. However, for the optimization, the distance in each cluster is a continuous design
variable and can take any decimal numbers between 300 pm and 1000 pm. Therefore,
the parameters of the CZM are always calculated for each specific distance by scaling the
values in relation to the parameters for a distance of 300 um. In Figure 14 CZMs are shown,
in the three-dimensional space, as examples for distances of 300 pm, 600 um, and 900 pm.
As expected, the highest strength could be achieved in the shear direction and the lowest
strength in the tensile direction. At the same time, the strength decreased with increas-
ing distance. However, the separations in the tensile direction were lower those in the
shear direction.

40 -

Distance = 300 pm

Stress [Mpa]

Distance = 600 |m

Distance =900 m

Figure 14. 3D illustration of the cohesive-zone models for different distances.

It should be noted that the results in Figure 14 only represent the mechanical behavior
of one single, small CZM element. The mechanical properties of the entire joining zone in
an assembly cannot directly be derived or extrapolated from these CZM properties.
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3.4. Optimization Results

In the following section, the results of the optimization and application models and
methods are presented. Figure 15 shows the results for the selected optimized concepts.
The relative values are given in comparison to the respective benchmarks (see Table 2) with
classical microstructures. A value of 1 indicates the same values as those of the benchmark.
For each benchmark concept, at least one concept was found through the optimization that
demanded less structuring effort and had lower costs for the same strength. The costs can be
significantly reduced by between 38% and 67% compared with the benchmarks. In addition,
fewer cavities were required and the structuring length was reduced. Consequently, less
heat was introduced and less thermal distortion can be expected.
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Figure 15. Results of the optimization approach. The relative values are given in comparison to the
respective benchmarks (see Table 2).

Figure 16 shows the microstructure concepts of the winning scenarios with correspond-
ing distances and stress thresholds. The distances were the smallest at the edges where the
stress was the highest. For all concepts, the middle area showed either the greatest distance
(Figure 16a,c) or even no structuring (Figure 16b,d) resulting from the stressThreshold.
Most of the cavities cover the entire width of the joining zone. All cavities were oriented
perpendicular to the phi angle. In particular, concept (b) showed many short cavities which,
however, had a substantial impact on the laser production time and thus the costs due to
the sky-writing effect.

(b) (©) (d)

Cluster Cluster Cluster
[ Distance = 407 pm

@ Distance = 586 pm

[ Distance = 346pm
[ Distance = 898 pm
[ pistance = 486 pm

[ not applied
— Cavity

[ Distance = 300 pm
[ Distance = 537 pm
[ Distance = 387 pm
B 0<0.1932 0pax

[ Dpistance = 300 pm
B o< 01523 0ypax

— Cavity — Cavity

Figure 16. Winning scenarios of the optimization approach for the benchmarks with a distance of
300 um (a), 400 um (b), 500 um (c) and 600 um (d) (see Table 2).

The optimization history is shown as an example for benchmark (b) in Figure 17 with
the number of individuals on the x-axis. A similar behavior was observed for the other
benchmarks. Initially, the design variables and the objectives fluctuated intensely. After
about 50 individuals, convergence began for all values. From about 180 individuals, there
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were hardly any differences between the individuals. Thus, the number of 20 genera-
tions and 12 individuals per generation can be confirmed as appropriate settings for the
NSGA-II algorithm.
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Figure 17. Optimization history of the benchmark (b).

4. Summary and Outlook

In this paper, a computer-aided approach for the automated development of optimized
microstructure concepts for laser-based hybrid joints was presented. To achieve this, a new
numerical model for the automated positioning of cavities and new models for strength
calculation and cost calculation were presented. The models were linked in an optimization
approach to automatically generate cost- and strength-optimized concepts that optimally
met the requirements. The approach was validated on a demonstration example and
optimized microstructure concepts were identified for various benchmarks with classical
structuring. The outcomes can be summarized as follows:

e  The stress-based numerical cluster approach was able to automatically identify regions
with the same stress and load angles while still ensuring laser manufacturability.
For each region, the cavities could be placed automatically, and thus microstructure
concepts could be efficiently generated.

o  To efficiently determine the quasi-static strength of the laser-based joint, the cohesive-
zone-modeling (CZM) approach is suitable. The comparison of the predicted strength
with an experiment showed an error of ~3%.

e  Supplying the CZM with only the FE-RVE data is possible and leads to sufficient
prediction quality of the joint strength. The effort for simulation and implementation
of the CZM was significantly lower than for the micromodel.

e  The laser cost model is extended to calculate the laser production time and costs for
arbitrary microstructure concepts.

e Linking the models in a genetic optimization procedure enabled the automated identi-
fication of optimized microstructure concepts, which had up to 67% lower costs than
benchmarks with the classical microstructure but the same strength.
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In conclusion, a fully model-based design approach for laser-based hybrids was
developed, which showed high potential for reducing the development time of laser-based
plastic-metal hybrid joints. Furthermore, it is possible to efficiently develop tailored and
load-optimized microstructure concepts without requiring iterative experiments, thus
saving production time and costs as well as experimental effort. Thus, the full potential of
the joining technology can be exploited and the industrial application is enhanced.

The number of clusters was selected manually for the given parts. To improve the
approach in future work, a method to automate this step is still required. Currently, the
cavities of all clusters are independent of each other. The connection of some cavities
over the clusters in post-processing holds further potential to reduce the total number of
cavities and thus the laser production time and laser costs. The applicability and validity
of the CZM approach were demonstrated in this paper for the quasi-static load case on
a small example. Additional experimental validation of the CZM approach on different
components, materials, and microstructures (e.g., crossed, under angle) will be carried
out. Furthermore, the approach will be extended to dynamic load cases and also be able to
consider temperature-dependent material behavior. In future work, further investigations
will be carried out to also consider the influence of possibly uncertain parameters in the
optimization approach.
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