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Abstract: Laser Assisted Metal-Polymer Joining Technologies (LAMP) are widely used to
create hybrid structures for different purposes. If the laser beam is transported to the
connected surfaces from the polymer’s side, the polymer has to be adequately transparent
on the wavelength of the applied radiation to avoid degradation and to ensure effective and
efficient adhesion. The transparency can be affected by the components and the structure of
the polymer. The long-term goal of our research is to identify, assess and quantify the
connection between the type and the amount of reinforcing fibers and the quality of metal-
polymer joining. In this paper, we introduce the key findings of the first experiments aimed
at joining steel and poly(methyl-methacrylate) reinforced with different amounts of
cellulose fibers. We identified the optimal values of some laser technology parameters (e.g.
power, velocity) that affect the strength and the visual appearance of joining.
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1 Introduction

An important aim in the vehicle industry, including companies from the
automobile, railway and aerospace industries, is to reduce both the manufacturing
and the operating costs of their vehicles. A possible way to achieve this is to use
lighter materials, for example, polymers and polymer composites and combine
them with metal parts into integrated structures using fast and reliable joining
techniques. These integrated structures must have comparable mechanical
properties to single-material components that are currently used in the vehicles.
With lighter, less dense materials, the weight of the vehicle can be reduced, fuel
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can be saved, and emissions can be lowered. Furthermore, the processing and
forming of polymers and polymer composites can be achieved with less energy
input, compared to metal and glass products [2, 16, 23, 32, 35].

The techniques and methods, with which metal and polymer structures can be
joined have been a hot topic in recent years. Particular attention is paid to
technologies that make it possible to form joints between metal and polymer
materials without the use of an intermediate element (for example adhesive or
standard fasteners), within the framework of mass production (with short cycle
time, in an automated manner). Welding techniques that are widely used to join
plastics (for example friction, ultrasonic, and laser welding) can also be used to
manufacture joints between materials with dissimilar chemical structures [1, 3-5,
10, 12, 14, 20-22, 24, 28, 33, 34].

Laser welding stands out from these techniques, as it is an easily automatable,
non-contact joining method, with which two or more structures can be joined
simultaneously, and the realized joint is solid, watertight, and stress-free.
Furthermore, heat is only generated near the seam, thus the thermal degradation of
the welded structures can be avoided. Laser beam welding can only be used if one
of the materials can absorb the energy of the laser radiation [5, 30, 33, 34].

When a laser beam is used to create a joint between metals and polymers the
technique is usually called Laser-Assisted Metal-Polymer, or LAMP joining
technology. In addition to joining process parameters, the surface preparation of
the metal part and the degree of compatibility between metal and polymer also
have a significant effect on the joint strength [6, 10, 13, 20, 21, 28, 30], since
plastics and metals differ significantly in both physical and chemical structures.
For this reason, the joint is usually based on adhesion. In this case, secondary
chemical bonds are formed between the molten polymer and the surface oxide
layer of the metal during the joining process [5]. The load-bearing capacity of the
joint is further influenced significantly by the structure and conformation of the
polymer chains [11], by the type and amount of monomer residues and additives
in the polymer, and by the surface structure of the metal [6-9]. However, when
optimal joining process parameters are chosen, the adhesion between metal and
polymer can be even stronger than the cohesion of the polymer material [27].

Metals and polymers can be joined using laser radiation in two ways: the first is
the so-called transmission joining method, while the second is the so-called direct
laser joining process (Figure 1). The essence of the transmission joining (indirect
fusion) process is that the polymer component is transparent to laser radiation, i.e.
it transmits most of the energy (without bending or scattering) of the laser beam.
When a metal part is placed under such a transparent polymer structure, the laser
radiation is absorbed in the metal part and is converted into heat. The generated
heat reaches the polymer part through heat conduction in the metal and heat
transfer on the interface between the metal and polymer parts. If enough heat is
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produced, the polymer melts and flows into the surface structures on the surface of
the metal part [5, 33, 34].

(a) laser beam (b)
laser beam
% polymer specimen 5 metal specimen A
V metal specimen f Egggg polymer specimen%
Transmission laser joining Direct laser joining
Figure 1

Schematic of the transmission laser joining (a) and the direct laser joining (b) joining techniques

The so-called direct laser joining process is mainly used to join metal and polymer
materials if the polymer is not transparent enough on the wavelength of the laser
radiation. This may be caused by the use of fillers, additives or reinforcing
materials, or due to the microstructure of the polymer), or if it is prone to thermal
degradation. During direct laser joining, the laser radiation directly heats the metal
part and does not pass through the polymer material [5, 33, 34].

Polymethyl-methacrylate (PMMA) is a polymer material widely used in medicine
(in dentistry, in implants, and other medical devices) as bone cement and in the
vehicle industry, mainly as headlight and dashboard equipment covers [5, 26, 29].
In the latter cases, PMMA covers must be joined to other elements or even to the
structural elements of the vehicle itself. Until recently, this was done using
adhesives most of the time, as the joint must be watertight and solid. In recent
years, however, laser welding gained traction as a joining technique for PMMA.-
metal structures [10, 13, 20, 21, 26, 28].

There are relatively few publications specifically dealing with the joining of
PMMA and steel plates with laser joining. Bauernhuber et al. manufactured
overlapped and pin-to-plate joints between structural steel (1.0038) and PMMA
using the same welding equipment. In the case of overlapped joints, they
investigated the effect of surface preparation (rolled and sandblasted surfaces),
power and duration of pulses emitted by the pulsed-mode laser welding machine,
different joining speeds, and focal spot diameters on the properties of the formed
joints. They confirmed that surface preparation significantly increases the strength
of the formed joints. Increasing the focal spot diameter and the joining speed,
however, reduces the strength of the joints because in these cases, less laser
energy is absorbed and less heat is formed in the metal specimen. Thus, the
polymer also melts less thoroughly. With the applied parameters, no correlation
could be proven between the laser power and the strength of the joints. In pin-to-
plate joints, the effect of irradiation time, as well as the surface roughness of the
steel pin was investigated. They found that increasing the irradiation time
increased joint strength. There was a similar effect when the surface roughness of
the pins was increased, which was explained by the formation of undercuts and
better absorption of laser radiation energy [7-9]. Markovits and Berczeli [25]
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investigated the effect of different laser beam power, feed rate and clamping
pressure values and the effect of sandblasting on the strength of structural steel
(1.0038) - PMMA joints manufactured using a CO, laser and the direct laser
joining method. They found that increasing the clamping pressure and using
sandblasted steel specimens both increased the shear strength of the joints, and
also influenced the size and amount of bubbles that formed near the seam in the
PMMA material. They explained the increase in shear strength with better laser
absorption and better adhesion between steel and PMMA when sandblasted
specimens were used. In their publication, Hussein et al. used the one-factor-at-a-
time method and response surface methodology to search for the optimal joining
process parameters when they joined PMMA and stainless steel (1.4301) using
both the transmission laser joining and the direct laser joining techniques. They
found that by increasing the thermal input, the strength of the joint also increased.
However, there was an optimal thermal input value, over which the polymer
material started to degrade, and the joint strength decreased with both joining
techniques. They also found that joint strength was the highest when the top hat-
type beam shape was used [18]. In a later article, Hussein et al. built a finite
element model based on their results and findings to be able to predict and
calculate the thermal distribution and the thermal history of seams manufactured
between steel-PMMA samples with both laser joining techniques [19]. Huang et
al. used the same 1.4301-type stainless steel and PMMA to manufacture joints,
and they examined the effect of the joining process control parameters and the
flow rate of argon shielding gas on the strength of the joints. They found trends
consistent with the observations published by Bauernhuber et al., and Hussein et
al. [17].

In recent years, reducing the amount of plastic waste became a hot topic and
generated action plans both on a governmental level and in the industry. For
example, Directive 2000/53/EC of the European Council describes the amount of
polymer-based structures to be reused and/or recycled when a road vehicle is
scrapped. Beyond recycling, special attention is given to prolong the life
expectancy of polymer-based parts by modifying their mechanical properties. One
such possible method is to use fiber reinforcement. Several publications showed
results on the joining of fiber-reinforced thermoplastic composites and metal
sheets with laser joining, in which glass or carbon fibers were mixed to varying
degrees into polyamide, a material frequently used in the automotive industry [15,
31]. However, no research so far has been published on the applicability and use
of fibrous reinforcements from renewable resources, specifically cellulose fibers.

The subject of our research is the joining of plastic reinforced with a bio-based
reinforcing agent (PMMA filled with cellulose fibers) and structural steel (1.0038)
with the transmission joining and direct laser joining techniques and the
mechanical and optical examination of the joints. In this publication, we present
the optical properties and weldability of PMMA material reinforced to different
degrees with cellulose fibers and the possibilities and parameters of creating
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hybrid joints between steel and cellulose fiber-reinforced PMMA sheets. We also
present our experimental design, the methods used in the creation and testing of
the joints, the optimal values of the technological parameters, and other results
obtained during the mechanical and optical testing of the joints.

2 Materials and Methods

2.1 Raw Materials

The most important parameters of the raw materials used to manufacture the test
specimens for our investigations are summarized below.

The steel specimens used to create the joints were cut from a 0.8 mm thick
structural steel (S235JR/1.0038) sheet using a high-power laser cutting device.
The specimens were 30 mm long and 10 mm wide.

We used two PMMA raw materials from two different manufacturers: the first
type of PMMA we used is sold as Sitramac HW55, a PMMA-polystyrene
copolymer made by Sitraplas GmbH, Germany. This material had a distinct grey
tone even when no reinforcing agent was added to it. The second type of PMMA
is called Altuglas VS-UVT, which is manufactured by the Arkema group. This
PMMA is highly transparent in the visible and near-infrared spectrum.

For the reinforced composite specimens, we added 1 to 10 weight percent (whole
numbers only) of Arbocel B600 cellulose fibers, a product of J. Rettenmeier &
Séhne GmbH, to the PMMA raw materials.

2.2 Test Specimen Manufacturing

We manufactured the polymer test specimens for our experiments with
compounding and injection molding. For the unreinforced PMMA specimens, we
dried the material at 80° C for 8 hours (as recommended by the manufacturers),
then used a twin-screw extruder (LTE 26-44, Labtech Engineering Company Ltd.,
Thailand) with an ascending temperature profile to manufacture an endless
filament. This was then pelletized for injection molding on an Arburg Allrounder
270S 400-170-type injection molding machine. The compounding procedure was
done so that the thermal history of the unreinforced material is as close to the
reinforced materials as possible.

For the cellulose fiber-reinforced PMMA specimens, we followed the same steps:
besides the PMMA raw material, we also dried the cellulose fibers at 80° C for 8
hours. Then, we made dry mixtures using neat PMMA pellets and different
amounts of cellulose fibers, which we compounded using the same parameters on
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the same LTE 26-44 twin-screw extruder. Filaments containing the cellulose
fibers were again pelletized and injection molded using the same Arburg IM
machine.

For the optical tests, standard, dog bone-shaped specimens were manufactured
from both raw materials, both with and without reinforcement. For the joining
tests, 2 mm thick, flat, rectangular specimens of the size of 80x80 mm were
manufactured from the compounded, reinforced, and unreinforced pellets. 10 mm
wide specimens were cut from them using a VersalLaser VLS 2.30-type CO, laser
for the joining processes.

2.3 Specimen Testing

The wavelength-dependent transparency of the unreinforced and cellulose fiber-
reinforced specimens was determined by using a Perkin-Elmer Lambda 1050
spectrophotometer. It can be stated that even with the incorporation of 1 wt% of
cellulose fibers, the transparency of the specimens significantly decreases (from
about 80% to about 30% in the case of the Sitramac material, and from about 90%
to about 20% in the case of the Altuglas material) (Figure 2). This causes
significant problems during transmission joining: less transparent specimens
absorb more of the energy of the laser radiation, which can cause the degradation
of the polymer material as well as prevent the formation of the joint itself. With
this in mind, we performed the transmission joining experiments by setting lower
laser power values, which also allowed us to determine the minimum laser power
value required to create a durable, solid joint. More than 1 wt% of reinforcement
also prevented joint formation in the case of transmission laser joining. As our aim
was to manufacture and compare joints using the two different joining techniques
(transmission joining and direct laser joining), we only used specimens containing
0 wt% and 1 wt% cellulose fiber.
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Figure 2
Transparency of unreinforced and reinforced (with 1 wt% cellulose fiber) PMMA specimens

2.4 Manufacturing and Testing of Steel-Polymer Joints

Two types of laser joining methods (transmission laser joining and direct laser
joining, Figure 1) and two types of laser welding machines were used to create the
overlapped joints. Before joining, the surfaces of both steel and polymer
specimens were wiped with a cloth soaked in methanol, to degrease their surfaces.

In our experiments, we did not change the surface structure of the metal
specimens.

During transmission laser joining, the polymer specimen was placed on top of the
steel specimen. The transmission joining was performed on a Trumpf TruDiode
151 diode laser, with a laser wavelength range of 930-970 nm. The laser power
was set to 110, 130 & 150 W (Figure 3).

Figure 3
Overlapped specimens manufactured with the transmission laser joining technique using unreinforced
Altuglas PMMA and steel
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During direct laser joining, the steel specimens were placed on top of the polymer
specimens. These joints were made using a Trumpf TruDisk 4001 Yb: YAG solid-
state laser (with a wavelength of 1030 nm) housed in a Trump TruLaser Cell 7020
CNC cell. The laser power was set to 210, 230 & 250 W (Figure 4).

Figure 4
Overlapped specimens manufactured with the direct laser joining techniques using unreinforced
Altuglas PMMA and steel

The joints were formed by linear joining with both techniques: the laser beam
irradiated the specimens three times along the same line. The joining speed for
both methods was set to 1 m-min™ so that the joints were as comparable as
possible. The strength and durability of the joints were evaluated using a Zwick
Z005 universal material testing machine by compressive (shear) tests (Figure 5a).
As the steel-PMMA joints behave in a rather brittle manner based on our
preliminary experiments, the test speed was set to 1 mm-min™. The joints were
loaded to failure. The joint surface of the polymer specimens was investigated,
and the size of the joined surfaces was quantified using a Keyence VHX-5000
optical microscope (an example is shown in Figure 5b).

@

Figure 5
Schematic of the compression test performed on the welded specimens (a), and evaluating the joint
surface on the specimen shown in Figure 4 using the Keyence VVHX-5000 optical microscope (b)
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3 Experimental Design

Based on our preliminary experiments, the mechanical properties of the joints are
influenced by the type of polymer, the fiber content, and the laser power in
addition to the applied joining method (transmission or direct laser joining). We
experimentally determined the technological window and the ideal values (based
on subjective examination of the strength and aesthetics of the created joints) for
these process control parameters. These values are as follows

Equipment: Trumpf TruDiode 151 with a maximum power output of 150
W or Trumpf TruDisk 4001 Yb:YAG disc laser with a maximum power
output of 4 kW,

Laser beam power: 30 W — 250 W;
Laser beam velocity: 1 m/min;

Type of irradiation: direct (from metal part) and transmission (from
polymer part);

Type of joining: projection joining;
Number of cycles: 3.

Based on this technological window, three further experiments were designed
(Table 1).

1.

The purpose of the first experiment (denoted by C1) was to apply as low
power as possible to create joints with transmission laser joining to
minimize the degradation of the polymer. We created a full-factorial (2°)
design with the following parameters:

PMMA: Sitramac and Altuglas;

Reinforcement: 0 wt% and 1 wt% cellulose;

Laser beam power: 30 W, 40 W and 50 W;

Equipment: Trumpf TruDiode 151 with a maximum power output of 150
W,

Laser beam velocity: 1 m/s;

Type of joining: projection joining;

Number of cycles: 3.

Type of irradiation: transmission joining (from polymer part);

Number of specimens: 10 pcs for each combination of factor settings.

The purpose of the second experiment (denoted by C3) was to apply as
high power as possible to maximize the strength of the joints with
transmission laser joining with acceptable degradation of the polymer.
We created another full-factorial (2°) design with the following
parameters:
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PMMA: Sitramac and Altuglas;

Reinforcement: 0 wt% and 1 wt% cellulose;

Laser beam power: 110 W, 130 W, and 150 W;

Equipment: Trumpf TruDiode 151 with a maximum power output of 150
w;

Laser beam velocity: 1 m/s;

Type of joining: projection joining;

Number of cycles: 3.

Type of irradiation: transmission joining (from polymer part);

Number of specimens: 10 pcs for each combination of factor settings.

The purpose of the last experiment (denoted by C2) was to test whether
the polymer part affects the strength of joints when specimens are
irradiated by the laser beam from the metal part. We created a third full-
factorial (2°) design with the following parameters:

PMMA: Sitramac and Altuglas;

e Reinforcement: 0 wt% and 1 wt% cellulose;
e Laser beam power: 210 W, 230 W, and 250 W;

e Equipment: Trumpf TruDisk 4001 Yb:YAG disc laser with a maximum

power output of 4 kW,

e Laser beam velocity: 1 m/s;

e Type of joining: projection joining;

e  Number of cycles: 3.

e Type of irradiation: direct joining (from metal part);

o Number of specimens: 10 pcs for each combination of factor settings.

Table 1
Experiment designs for optimizations of laser beam joining parameters for different purposes

Purpose

power as possible
to create joints with
transmission laser

joining to minimize

the degradation of
the polymer.

strength of the

p
c 2 c1 c3 c2
xperiments
To apply as high
To aoply as low power as possible To test whether the
PRly to maximize the polymer part

affects the strength

joints with
transmission laser
joining with
acceptable
degradation of the
polymer.

of joints when
specimens are
irradiated by the
laser beam from the
metal part.
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PMMA Sitramac and Altuglas

Reinforcement 0 wt% and 1 wt% cellulose

Laser beam 30 W,40Wand50 | 110 W, 130 W and 210 W, 230 W,
power w 150 W and 250 W

Trumpf TruDisk
4001 Yb:YAG disc

Trumpf TruDiode 151 with a maximum

Equipment power output of 150 W Ia_ser with a
maximum power
output of 4 kW
Velocity 1 m/min
Type of o
joining projection joining
No. of cycles 3
Type of S Direct joining
irradiation Transmission joining (from polymer part) (from metal part)
No. of A .
. 10 pcs for each combination of factor settings
specimens

4  Experimental Results

The degradation of the polymer was qualified by the flame intensity in C2. The
strength of joining was tested by compression shear tests in a Zwick Z005
universal testing machine. The effective joining area was measured and calculated
for each tested specimen on a Keyence VHX-5000 optical microscope. The levels
of significance of factors' effects were analysed by Minitab and MS Excel.

The shear strength of the joints was calculated by dividing the maximum force and
the area of joining (1).

T = [MPa] (1)

It was proven on 95% confidence level that the power of the laser beam had a
significant effect on the strength of joints, but only in experiments C2 and C3. In
experiment C2 the matrix material also had a significant effect on the strength of
joints as well (Table 2). The intensity of flame (i.e. the degradation of polymer)
was affected significantly only by the power of laser beam. The amount of fiber
and combinations of factors have no significant effect on any of the dependent
variables.

- 247 -



T. Csiszér et al.

Laser-assisted Joining of Steel and Cellulose Fiber-reinforced PMMA

Table 2

Significant factors for the strength of joining

Factors Experiment C1 Experiment C2 Experiment C3
Laser Beam Power No Yes Yes
Matrix Polymer Yes (?) Yes Yes (?)
Fiber Amount No No No

The values of average compression strength of joints are demonstrated in Figs. 6-
8. In Experiment C1 (Figure 6) shear strength could be calculated only in the case
of Sitramac PMMA. The reason for this is that in the case of the Altuglas PMMA,
the adhesion between metal and polymer was not strong enough to create
measurable joints. Results suggest that the difference between matrix materials
determines shear strength, but this theory could not be proven statistically due to
the missing shear force values. It seems that the optimum value of laser beam
power is 40 W (T = 5.81 MPa), and cellulose fibers weaken the connection in the
case of 30 W and 40 W, but strengthen it in the case of 50 W power. Since the
effects of these factors are not significant, the logical connections between the
difference in shear strength, laser beam power, and amount of reinforcement are
not proven.

Value of Shear Strength as the funcion of factors - Experiment C1

5.81

5.16
4.96
5 4.77
4.25
E 4
= 3.06 LaserPower [W] ~
- 3 m30
2.20
5 w40
50
1
0
0 1 0 1

Altuglas PMMA Sitramac PMMA
Matrix Material and Fibre Amount

Figure 6
Average values of Shear Strength for different factor combinations — Experiment C1

The same logical connection can be seen in Experiment C3 (Figure 7): the higher
the laser beam power is, the stronger the adhesion is. In the case of Sitramac
PMMA, shear strength seems to be greater than that of Altuglas PMMA, but it is
not proven by ANOVA. The amount of reinforcing fibers used does not influence
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adhesion significantly. So, the optimal choice is 150 W and Sitramac PMMA
matrix, resulting in T = 2.34 MPa.

Value of Shear Strength as the funcion of factors - Experiment C3

3 234
197 196
2 176 180 181
158
=2 130
o
= 103 LaserPower (W] ~
T 0.86 "110
u130
1 w150
0.19
0
0 1 0 1
Sitramac PMMA Altuglas PMMA

Matrix Material and Fibre Amount

Figure 7
Average values of Shear Strength for different factor combinations — Experiment C3

In Experiment C2 (Figure 8) the statistically proven optimal choice is 250 W and
Sitramac PMMA (T = 5.61 MPa). Results suggest that fibers weaken adhesion in
the case of 230 W and 250 W, but strengthen in case of 210 W.

Value of Flame Intensity as the funcion of factors - Experiment C2

5.61

5

4.56
4.16
4.06
3.93

a4
. 3.23 3.20
o
o
53 LaserPower [W] ~
= 258 =210

222 2.10 =230

2 1.78 250

1

0

1 0

o 1

Altuglas PMMA Sitramac PMMA

Matrix Material and Fibre Amount

Figure 8
Average values of Shear Strength for different factor combinations — Experiment C2
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Conclusions

It is proven that PMMA — steel joints can be created by NIR laser beam both with
direct and transmission irradiation methods. Maximum values of shear strength of
joining are 5.61 MPa (250 W, Sitramac PMMA) and 5.81 MPa (40 W, Sitramac
PMMA). Adding 1 wt% of reinforcing fiber to the polymer does not influence the
adhesion significantly. Due to relatively small strength, these kinds of PMMA —
steel hybrid joints can be used primarily as non-load-bearing structures and as an
additional joining method to traditional and stronger joining techniques.
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