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Abstract

The laser-based thermomechanical joining process was adopted to produce hybrid components made of AISI 304 stain-
less steel and semi-transparent thermoplastic materials, i.e. polypropylene and polyamide. The process parameters, i.e.
laser power, laser-polymer interaction time, and metal surface texture, were optimized using the full factorial experimental
approach, and the joints’ quality and performance were examined to determine the best operational parameters’ combina-
tion. Shear tests were carried out to evaluate the resistance of the joints, while morphological and fracture surface analyses
were performed to have a better understanding of the phenomena that emerged during the joining process. The findings
demonstrated that the shear force and the joint area were significantly influenced primarily by the texture, followed by the
laser power, and finally the interaction time. The optimal combination allowed the realization of joints whose maximum
shear force reached around 750 N for polypropylene and around 2200 N for polyamide, achieving respectively 60% and 53%

of the tensile force of the polymer base materials.

Keywords Laser joining - Diode laser - Stainless steel - Thermoplastic - Surface texturing - Interlocking mechanism

1 Introduction

Thermomechanical joining of thermoplastic materials with
technical metals is emerged as a modern solution to produce
hybrid components without joining elements or adhesives to
simplify the manufacturing process steps and thus reduce
production time and costs [1]. In fact, mechanical fasten-
ing generally involves external elements, which require
relatively extensive pre-treatments (e.g. making holes) and
increase the weight and the cost of the structure [2]. More-
over, there is a stress concentration where the element is
fastened [3]. While employing adhesives results in a better
distribution of stresses, there are drawbacks such as time-
consuming curing processes, environmental vulnerability,
long-term instability, and high sensitivity to loading direc-
tion [4]. As a consequence, joints are the most common
source of premature in-service failure for hybrid structures
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[5]. In this light, regardless of the adopted solution, joints
represent one of the greatest challenges in the design of
hybrid structures for those sectors that simultaneously
seek for structural integrity, reduction of weight, and sim-
plification of the joining process for low-cost and efficient
production, e.g. infrastructure, transportation, automotive,
aeronautics, and aerospace [6].

Unlike the traditional methods, thermomechanical joining
processes involve local heating using different sources, from
lasers [7, 8], to friction [9, 10], ultrasound [11, 12], injec-
tion moulding [13, 14], etc., while applying a compression,
to join polymer and metal parts in a lap-joint configuration
[3]. More recently, new concepts of these processes have
addressed the possibility of joining the polymer on a sur-
face-structured metal [14, 15]. This allows for an improved
interlocking through the thickness of the metal substrate,
enhancing the joint’s out-of-plane strength [6], therefore
overcoming the poor chemical affinity between these mate-
rials which prevent the chemical bonding. Among these
solutions, the laser-based thermal process shows advan-
tages due to several reasons, among which the most notable
ones are the possibility to focus the energy input to a limited
region, allowing for the processing of small and/or complex-
shaped parts [16, 17], and that laser systems can be adopted
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to perform different operations, i.e. measurements [18] and
treatments [19], ensuring flexibility and suitability for auto-
mation [20].

The procedure to join the thermoplastic and the metal
substrate can be carried out as heat conduction or transmis-
sion joining. When combining materials using transmission
joining, the laser beam passes through the polymer before
reaching the metal surface, where it is partially absorbed.
Through heat transmission at the interface, the polymer
melts and creates a joint, while in heat conduction joining,
the laser beam is directed towards the surface of the metal
substrate and the heat is transferred into the connecting zone
and boundary layer through the metal itself. Laser transmis-
sion joining is used with materials that transmit near infrared
radiation, notably polymers [21], and nowadays is one of
the most promising solutions for joining hybrid structures
made of transparent or semi-transparent polymers and other
materials [22]. Among lasers, those operating in the wave-
length range of 0.8 to 1.1 pm are often employed for joining
processes of natural polymers since these have a low absorp-
tion in such spectral area up to several millimetres of thick-
ness [23]. Typical systems adopt diode, fibre, or Nd:YAG
lasers, in favour of the first ones given their low purchase
costs, high energy efficiency (around 40%), and flat energy
distribution [24]. This last characteristic represents a notable
advantage in joining operations involving polymer materi-
als, as high focusing is not required, while the polymer must
reach the molten state remaining below the decomposition
temperature [22, 25].

Previous studies have highlighted that many factors can
influence the joining process and therefore the resulting joint
strength of metal-polymer hybrid structures, i.e. laser power,
laser-polymer interaction time (or welding speed), number
of scans, laser beam diameter, clamp pressure, laser wave-
length, and defocus distance. Among these, the first two are
considered the main controlling parameters as they control
the heat input and heat diffusion during the laser joining
process [21, 26]. In addition, the nature of the polymer, the
chemical composition of the metal substrate, and the mor-
phology of the metal surface also affect the resulting joint
strength [3]. Wang et al. [27] investigated the effect of laser
power and welding speed on the joint strength between 304
stainless steel and PET, highlighting a threshold value of
15 mm/s, with a maximum resistance at around 2 kN, i.e.
79% of the strength of the base material, beyond which the
performance deteriorates. Elahi and Plapper [28] verified the
effect of different surface textures obtained on 304 stainless
steel substrates to be joined with PA, showing that all the
solutions provided a higher shear load of the hybrid com-
ponents compared to the untreated ones, up to around 2.1
kN, against the initial 1.3 kN. Wu et al. [29] successfully
joined 316L stainless steel and PLA for varying values of
laser power, pulse duty ratio, and welding speed, obtaining
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a maximum shear force of around 1.7 kN, i.e. around 77% of
the tensile force of the base material. Adarsh and Natarajan
[30] studied the laser joining process of AA5754 aluminium
alloy and PA by controlling the laser power, the welding
speed, and the defocus distance, finding that the optimal
condition, i.e. 1.6 kW, 2.4 mm/s, and 9 mm, respectively,
allowed for a shear force of around 1 kN, which increased at
around 1.6 kN by modifying the surface texture of the metal
substrate. However, the maximum tensile lap shear load was
around 40% of that of the polymer base material shear fail-
ure load. Temesi and Czigany [31] determined the effect of
the surface morphology of AA6082 aluminium alloy sub-
strate to be joined with PP, highlighting that the higher the
number of grooves of the texture, the greater the shear force,
up to around 1.25 kN, which is 72.5% of the strength of the
base material used.

From the literature analysis, it is clear that there is a very
large number of polymer-metal combinations and process
parameters currently being studied to find the optimal con-
dition to successfully obtain a performing and repeatable
hybrid joint through laser-based thermomechanical joining
processes. In order to achieve optimal joint quality in a cost-
effective manner and to gain a greater understanding of pro-
cess mechanics and parametric effects, the optimization of
such processes is thus a priority topic, leading to additional
research on these aspects [25]. In this context, the present
study deals with the optimization of the laser-based thermo-
mechanical joining of semi-transparent thermoplastics, i.e.
polypropylene (PP) and polyamide (PA66), with technical
steel, i.e. AISI 304 stainless steel, whose surface has been
appropriately textured by adopting the same laser system
for the joining process. Shear force, shear strength, joint
surface, joint morphology, and failure modes were classified
to provide a feasible method for joining through the control
of laser power, laser-polymer interaction time, and surface
texture of the metal substrate.

2 Experimental procedure

In this research work, two semi-transparent commercial
polymer materials, i.e. polypropylene (PP) and nylon grade
66 (PA66), were joint through laser irradiation with a metal
substrate, i.e. AISI 304 stainless steel (SS304), to define the
optimal process windows to obtain durable polymer/metal
hybrid joints. The investigation concerned three main activi-
ties, as shown in Fig. 1. The following is a short summary:

i. The first activity covered the preliminary characteri-
zation of the polymers by evaluating their mechani-
cal and thermal properties; the former concerned the
execution of static tensile tests, while the latter the
study of the degradation properties of the materials
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Fig. 1 Flowchart of the activities carried out for the realization of laser-assisted metal/polymer joints

il.

ii.

through differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) to properly tune
the laser processing parameters for irradiation.

The second step was aimed at investigating the inter-
action mechanisms between the laser and the materi-
als; for polymers, the Lambert-Beer equation and the
energy partition, in terms of reflected (R), transmitted
(T), and absorbed (A) energy, were evaluated. Moreo-
ver, DSC and static tensile tests were conducted to
identify any modification induced by the laser treat-
ment on both thermal and mechanical properties.
While for the SS304, this activity concerned the esti-
mation of the optimal laser irradiation time and laser
power to avoid the polymers’ degradation and the
realization of three different surface textures with the
aim to improve the mechanical bonding between the
materials during joining.

After the realization of the experimental setup to
join the materials, based on the results of the previ-
ous steps, according to an ad hoc experimental plan
developed on the basis of Design of Experiments, the
samples were prepared and adopted in single-lap shear
tests to study the strength of the joints. The result-
ing fracture surfaces were inspected through opti-

cal microscopy observing both the parallel and the
transverse surfaces. Finally, the results were analyzed
through the analysis of variance (ANOVA) statistical
method.

2.1 Materials

The polymer materials adopted are commercial extruded
polypropylene and nylon (grade 66) sheets 3 mm and 6 mm
thick, respectively, supplied by RS Components, code 682-
551 for PP and 704-8144 for PA66. The main characteris-
tics are summarized in Table 1. It is worth noting that the
experimental campaign concerned the estimation of these
properties to have a proper comparison before and after the
laser treatment due to the range variation, as detailed in the

Table 1 Mechanical properties of materials as declared by the suppli-
ers

Material Polypropylene Nylon 66 AISI 304
Ultimate tensile strength, MPa 27-30 60-80 535
Young’s modulus, GPa 1.6-2.0 3.4 197
Elongation at break, % 10-50 150 65
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following sections. These polymers were then bonded to
rolled AISI 304 stainless steel sheets 1 mm thick, whose
characteristics are listed in Table 1.

2.2 Sample preparation

The samples adopted during this research work were
obtained from the available slabs using the STEPCRAFT
D840 numerical control machine equipped with a @2 mm
828 burr supplied by MJ CNC Automation. The cutting
parameters were properly chosen to guarantee the best qual-
ity of the lateral surface together with the maximum produc-
tion rate: the cutting speed was set at 17000 rpm, the depth
of cut at 3 mm (1 pass for PP and 2 passes for PA66), while
the feed rate at 1200 mm/min and 1000 mm/min for PP and
PAG66, respectively. Please refer to Section 2.4 for the geom-
etry of the samples.

2.3 Thermal characterization

The thermal characterization concerned two main steps: (i)
the identification of the main thermal properties through dif-
ferential scanning calorimetry and (ii) the evaluation of the
degradation of the polymers with the temperature through
the thermogravimetric analysis. The definition of the melting
temperature, through DSC, together with the measurement
of the degradation temperature, through TGA, represents the
two main factors to correctly set the laser parameters to be
used during the joining process, as to guarantee better fluid-
ity of the polymer within the asperities of the metal substrate
and to avoid its degradation.

The DSC allows the estimation of the main thermal prop-
erties of the polymers, i.e. melting temperature (7,,, °C),
crystallization temperature (7, °C), glass transition tempera-
ture (7,, °C), and degree of crystallinity (X,, %). The tests
were conducted using the DSC Q2000 by TA Instruments
by setting a heating/cooling speed of 10 °C/min, a nitrogen
flow of 20 mL/min, and a temperature interval dependent on
the specific material, as reported in Table 2. The choice of
these intervals was made on the basis of the literature data.
The cycle was repeated twice. It is worth noting that the
degree of crystallinity was calculated according to Eq. (1),
where AH,, is the melting enthalpy of the material meas-
ured at the melting temperature, as the area subtended by
the characteristic melting peak of the DSC diagram, and

Table 2 DSC parameters for the thermal characterization

Material Temperature ~ Reference Melting Reference
interval, °C enthalpy, J/g

PP 20-200 [32, 33] 207 [34]

PA66 20-300 [35, 36] 226
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AH,, is the melting enthalpy of the 100% crystalline material
at the equilibrium melting temperature [37], whose values
are listed in Table 2. The samples consisted of 5 to 10 mg
of material placed in an aluminium crucible. The tests were
carried out before and after the laser treatment to evaluate
any modification induced by the laser irradiation.

AH
Xc= 2100
= 3m, (1)

The degradation mechanisms of the polymers were stud-
ied by thermogravimetric analysis during the preliminary
characterization. This technique measures the mass variation
of the polymer as a function of temperature or time, appro-
priately controlled, through the use of a thermobalance. The
system adopted for this study is the Perkin Elmer Pyris Dia-
mond TGA. The samples were heated from a temperature
of 25 °C up to 800 °C in nitrogen flow of 100 mL/min at a
rate of 10 °C/min. The samples consisted of 8 to 10 mg of
material placed in a ceramic crucible. This analysis allows
to determine the degradation state of the polymer through
the evaluation of three main characteristics, as schematized
in Fig. 2: (i) the peak temperature of the first derivative of
the TGA curve (T, °C), indicated as DTG, represented
with a black dotted line and quantified in pg/min. It indicates
the point of greatest rate of change on the weight loss, cor-
responding to the inflexion point of the TGA curve; (ii) the
extrapolated onset temperature (7, 5, °C), evaluated accord-
ing to the ISO 11358-1 standard as the intersection point of
the initial mass baseline and the tangent to the TGA curve
at the point of maximum slope. It is considered the maxi-
mum temperature above which the degradation phenomenon
definitively compromises the sample [38]; (iii) the percent-
age of material residue after the test (R, %).

2.4 Mechanical characterization

The characterization of the mechanical properties of the
polymer materials was carried out before and after the laser
irradiation to identify any change induced by the thermal
treatment. Such investigations were performed through
static tensile tests. Moreover, after the joining process, the
obtained specimens were characterized by means of single-
lap shear tests.

The static tensile tests were carried out under quasi-
static conditions according to the standard ASTM D638
both for the definition of the geometry of the samples
(Type I in this case) and the specifications for the test in
terms of crosshead speed, set at 50 mm/min. Please refer to
Fig. 3 and Table 3 for the details. The tests were performed
using the 100 kN MTS Insight electromechanical universal
testing machine at room temperature. For each material,
at least 5 repetitions were carried out. The mechanical
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properties here investigated were the Young’s modulus
(E, GPa), the ultimate tensile strength (UTS, MPa), the
strength at break (o, MPa), the yield strength (o4, MPa),
and the elongation at break (eg, %). These values were
estimated by using the MATLAB® software.

After the laser irradiation, the percentage variation
of the tensile properties (A%) compared to the untreated
polymers were calculated according to Eq. (2), where x;
is the property after the treatment, while x;; is the property
of the original material:

Ar — Xy

A% = ——100
o @)

Then, after joining the polymers with the metal sub-
strate, the strength of the hybrid joints was evaluated
through single-lap shear tests through the use of the MTS
Insight 322 electromechanical universal testing machine,
equipped with a 50 kN load cell. The tests were carried
out under quasi-static conditions with a constant cross-
head speed of 1.27 mm/min at room temperature. These

s m———y
1\ L—‘5—4|Tilo|]h

Fig.3 Type I sample geometry according to the standard ASTM
D638 for static tensile test

test specifications, as well as the sample geometry (shown
in Fig. 4), were defined according to the standard ASTM
D3163.

The test allowed the evaluation of the shear strength (z,
MPa), defined as the ratio between the ultimate shear force
(USF, N) and the section of the joined area (A, mm?). It
is worth noting that A varies for each sample and it was
estimated through the analysis of the fracture surfaces by
using the software ImageJ. The images were captured with
the high-resolution digital camera Canon D60 equipped
with the 100F28 macro lens. Figure 5 shows an example
on the methodology here adopted: the area of interest is
identified through the polygonal selection operation and
then measured on both sides of the joints, if applicable.
This is necessary because, if the polymer flows into the

Table 3 Geometric parameters and specifications for tensile tests
according to standard ASTM D638

Parameter Value Unit
Thickness (T) <17 mm
Length (L) 57 mm
Width (W) 13 mm
Overall length (LO) 165 mm
Overall width (WO) 19 mm
Gage length (G) 50 mm
Clamps distance (D) 115 mm
Fillet radius (R) 76 mm
Crosshead speed 5 50 500 mm/min

The more rigid the material, the lower the crosshead speed. In this
study, a crosshead speed of 50 mm/min was adopted

iThe choice is based on the rigidity of the material
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Fig.4 Sample geometry accord-
ing to the standard ASTM
D3163 for single-lap shear test

25 mm

Fig.5 Polygon selection of the
joint area after the shear testing:
polymer side (a) and metal side

(b)

texture of the metal substrate during the laser irradiation,
it can lead to a smaller residual joint area. The polygonal
selection therefore takes place by excluding any residual
polymer solidified on the metal substrate outside the
maximum area analyzed. Moreover, the morphology of
the obtained joints after testing were analyzed through
the inspection of the transverse cross section by using the
digital microscope KH-8700 by Hirox. The samples were
cut near the central section by means of an abrasive cut-
ting blade and prepared according to the relevant standard
procedures for the preparation of metallographic samples.

2.5 Laser treatment

Laser treatments on the materials here adopted, both poly-
meric and metallic, as well as for the joining process, were
carried out by adopting the same system with two different
laser sources, i.e. a near infrared diode laser IPG DRL 200
by IPG Photonics with a top-hat intensity distribution for
the polymers treatment and the joining process, while an
infrared fibre laser YLPRA30-1-50-20-20 by IPG Photonics
with a gaussian intensity distribution for metal treatment,

@ Springer

Tab for alignment

Metal substrate

_—

25 mm
Polymer material

,-_- _‘ .
TR 5 4
S & - s

~
e

! ,
}
?
{
!

s
'\

CRmA

o
WAL AGUIMLS

o

~

T L S P
- . o

(b)

whose main characteristics are listed in Table 4. It is worth
to highlight here that the diode laser was equipped with a
beam expander 5x allowing a laser spot of about 30 mm.

2.5.1 Laser-polymer interaction

To properly set the process parameters to be adopted during
the joining process, the study of the laser-polymer inter-
action concerned the definition of the transmitted power
through the estimation of the Lambert-Beer law on as-
received plates with a smooth surface.

In general, depending on the laser beam energy, mate-
rial thickness, and material crystalline structure, a different

Table 4 Main characteristics of the laser sources

Characteristic Value
IPG DRL 200 YLPRA30-1-50-20-20
Wavelength, nm 975 1064
Nominal power, W 200 30 (average)
Spot diameter, mm 6 0.09
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absorption is expected [39]. Therefore, to define the distri-
bution of heat inside the polymer materials, the Lambert-
Beer absorption law was considered. This is of particular
interest as it allows determining the transmitted rate, which
is a crucial factor during the joining operation. So, the laser
treatment of polymer materials concerned the estimation of
the transmitted laser energy by measuring the laser power
detected with and without the polymer according to the setup
schematized in Fig. 6. For each test, the irradiation time was
set at 10 s, while the power was varied between 10 and 50%
of the nominal value 200 W with steps of 10%. During the
tests, the surface temperature of the polymer samples was
acquired using the infrared thermal camera A665sc by FLIR,
while the transmitted power with the OPHIRF150A-SH sen-
sor connected to the Nova Display Assy power metre by
OPHIR. During each irradiation test, 3 measurements of the
transmitted power were acquired, calculating then the mean
value. The samples consisted of plates 25 mm in width and
70 mm in length.

The Lambert-Beer law is a relationship that correlates the
quantity of radiation absorbed by a material to the thickness
of the material itself and hypothesizes exponential absorp-
tion of radiation as the thickness (x) varies: when a beam
of light (monochromatic) passes through a medium with an
initial intensity I, part is absorbed by the medium and part
is transmitted with residual intensity 7, which are related by
the attenuation coefficient k according to Eq. (3):

[=1Ie™ 3

This law allows to determine the transmitted laser power
as the thickness of the polymer varies. However, the so-
defined transmission coefficients are valid only for the thick-
ness tested during the experiments. In general, in fact, if
the thickness varies, the transmission coefficient varies as
well, since the length of the path that the radiation must go
through changes. Therefore, to experimentally determine the
absorption law through regression analysis, it is essential
to use samples of different thickness. In this case, since the

Fig.6 Experimental setup for
the evaluation of the Lambert-
Beer law

starting slabs have a single thickness for each type of poly-
mer, the proposed solution is to use multi-layered samples
by coupling two or more of them together. These, if well-
cleaned and well-matched by the application of a coupling
force between the layers, to avoid or limit any internal radia-
tion reflection, will behave, with good approximation, as a
single sample with double thickness or more [40]. Figure 7
shows the schematization of the experimental setup with a
single layer compared to the multi-layered ones consisting
of one up to a maximum of four layers. For each test, the
irradiation time was set at 10 s, while the power was varied
between 50 and 100 W.

When the laser beam hits the polymer plate, the radiation
can be reflected, absorbed, and/or transmitted. In general, for
the conservation of energy, the hitting laser power (P;) can
be written as the sum of the three mentioned contributions,
i.e. reflected power (Py), absorbed power (P,), and transmit-
ted power (Py), as described by Eq. (4):

P, =Pr+P,+ Py 4)

The terms P; and P can be experimentally estimated by
adopting the setups schematized in Fig. 7, while P can be
calculated by the Lambert-Beer law considering the thick-
ness x in Eq. (3) equal to zero, i.e. corresponding to an infini-
tesimal penetration of radiation into the material, so that the
residual power inside the first layer of material (P;) equals
the incident one (P;) minus the power lost through reflec-
tion (Pyg):

Pr=P =P 5)
Finally, P, can be calculated according to Eq. (4).

2.5.2 Laser-metal interaction

The study of the interaction between the laser and the metal

substrate is important in order to avoid the establishment

of any degradation phenomena of the polymer during the
joining process. In other words, the surface temperature

IR camera

Collimator

Sample

Power sensor
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IR camera IR camera IR camera
Collimator Collimator Collimator
Laser beam Laser beam Laser beam
‘ Sample — S.ample
(single layer) (multi layer)
Power sensor Power sensor Power sensor

(a) (b) (c)

Fig.7 Setup schematization for the evaluation of the transmitted laser power without any sample (a), with a single layer (b) and with multi-

layered samples (c)

reached on the metal substrate at the interface with the poly-
mer should be higher than the melting point, but lower than
the onset temperature of the polymer itself. To this end, the
IR camera was used to measure the metal surface tempera-
ture during the interaction with the laser at varying set laser
power (i.e., 100 W, 150 W, and 200 W) and processing time
(i.e. up to 210 s). So, to determine the suitable process time-
temperature range, the melting and degradation temperatures
of the polymer materials, as well as the amount of transmit-
ted energy during the laser-polymer interaction, were taken
into consideration.

Moreover, in addition to the set laser power and process-
ing time, a third factor, here considered for the definition
of the experimental plan to be adopted during the joining
process, was the surface texture of the metal substrate. In
fact, since polymers and metals are commonly character-
ized by a poor surface chemical affinity [20], the texture is
aimed at promoting the mechanical bonding between the
two different materials through the interlocking mechanism
[41]. Two types of texture were obtained by using the diode
laser by setting the following process conditions: average

power of 30 W, pulse repetition rate of 30 kHz, scanning
speed of 2000 mm/s, and with 30 repetitions for each path.
It is worth noting that such values were chosen according to
preliminary tests here not reported for sake of briefness. The
textures consisted in consecutive scan lines spaced respec-
tively of 0.5 mm and 1 mm (Fig. 8a). Finally, after cleaning
the textured surfaces by using an ultrasonic bath in water (for
an immersion time of 10 min) to remove any residues, the
textures were observed and characterized by means of the
digital microscope KH-8700 by Hirox equipped with a 2.11
MP CCD sensor. The estimated parameters were the width
of the profile considering the metal burr (w,), the kerf width
(w,), the burr height (), and the kerf height (#,), as shown
in Fig. 8b. Moreover, the arithmetical mean roughness (Ra)
and the mean roughness depth (Rz) were also determined.

2.5.3 Laser-assisted joining
The experimental joining setup was properly designed to

ensure the contact between the materials’ surfaces dur-
ing laser irradiation. Specifically, the gripping system was

Fig.8 Textures schematization 0.5 mm
(a) and their characterization wq
(b). Width of the profile consid- '
ering the metal burr (w,), kerf : T
width (w,), burr height (4,), Texture A Ih o
kerf height (/,) N /.1 “
{ “ h,
Texture B “ “
{‘- ...................... v
1mm
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Section A-A
(b)

> Upper grips

- <+~ Optical lens

«~— Sample

< Piston
Lower grips

(c)

Fig.9 Setup schematization of the gripping system for the joining process: a top view, b section view, and ¢ exploded view

aimed to apply a clamping pressure of approximately 1.0
MPa. Figure 9 shows the schematization of the system and
its exploded view. As can be seen in the latter, it consists of
two grips clamped together, and by means of a piston, the
pressure is applied to the centre of the sample at the over-
lapping through compressed air. Since the polymers here
considered are transparent to the wavelength of the laser
adopted, they were positioned on the top side where the
laser beam comes from. This will pass through the polymer,
heating the metal substrate below, and the joining will take
place through thermal conduction. Figure 10 shows a sche-
matization of the process and the resulting setup adopted for
the laser-assisted joining. The irradiated area of the sample
(highlighted in pink in the latter figure) covers a surface of

Fig. 10 Setup schematization of
the polymer-metal positioning
(a) and final setup (b). The pink
zone represents the irradiated
area with an extent of 550 mm?

Laser

550 mm? over 625 mm? available from the overlapping of
the samples.

The experimental plan was designed using the Design of
Experiment methodology using Minitab 18 software. The
full factorial experimental plan with 3 factors (i.e., set laser
power, interaction time, and texture of the metal substrate)
and 2 levels of control for each of them was considered, as
detailed in Table 5. A total of 8 different combinations was
replicated 3 times for a total of 24 specimens made for each
material combination (i.e. PP/SS304 and PA66/SS304). It
is worth noting that the interaction time and the set laser
power levels to adopt for the experiments were established
on the basis of the results obtained during the study of the
laser-polymer interaction and the findings of the thermal

Polymer

Metal

(a)
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Table 5 Process parameters and their levels for the definition of the
experimental plan. 2 levels of set laser power X 2 levels of interaction
time X 2 levels of metal surface texture X 3 replications = 24 tests for
each material

Parameter Level

Material PP PA66

Set laser power, W 150 200 150 200
Interaction time, s 30 50 80 100
Metal surface texture' A B A B

Texture A is represented by scan lines spaced 0.5 mm each other,
while texture B spaced 1 mm (see Fig. 8a)

characterization tests carried out on the polymers, consider-
ing the relative melting and degradation temperatures, while
the textures A and B on the metal surfaces are obtained with
parallel scan lines spaced, respectively, 0.5 mm and 1 mm.

After the joining process, the samples were tested accord-
ing to the procedure presented in Section 2.4. Finally, the
results were analyzed through the ANOVA statistical method
by using the software Minitab version 18. The analysis was
carried out with a confidence level of 95%, i.e. p-value lower
than 0.05. To further confirm the significance of the influ-
ence of the process parameters on the response variables,
the Fisher value (F-value) was evaluated. If the F-value
is greater than the tabulated one [42], i.e. F-critical, then
the effect can be considered significant. For this study, the
F-critical were 4.67 for PP/SS304 and 4.54 for PA66/SS304
considering, respectively, 14 and 15 observations and 1
degree of freedom for each control factor.

3 Results and discussion

According to the flowchart showed in Fig. 1, this research
study concerned three main activities: (i) the first one was
aimed at defining the fundamental mechanical and thermal
properties of the polymers, i.e. PP and PA66, to properly
tune the laser processing parameters for irradiation; (ii) then,
the interaction mechanisms between the laser and the materi-
als, as well as any modification in the mechanical and ther-
mal properties induced by the treatment, were investigated,;
(iii) finally, after the realization of the experimental setup to
join the materials, and according to the experimental plans
properly developed, the produced hybrid joints were tested
and inspected. The details are in the following sections.

3.1 Polymers’ treatment
The preliminary characterization of polymers was car-

ried out through static tensile tests for the evaluation of
the mechanical properties, and through DSC and TGA to

@ Springer

investigate the degradation properties. Then, to correctly
set the laser process parameters to be adopted during the
joining process, the polymers were treated by using the IR
diode laser while varying the set laser power and the mate-
rial thickness (for increasing layers’ number from O to 4).
The setup presented in Section 2.5.1 allowed to directly
measure the laser power that passes through the polymer
(transmitted power) and simultaneously monitor the surface
temperature of the polymer samples by using the IR camera.
So, the tensile test and the DSC were performed again on
the treated samples to evaluate any change induced by the
laser processing.

3.1.1 Thermal characterization

The DSC tests were carried out by setting the temperature
range between 20 and 200 °C for PP [32, 33] and between
20 and 300 °C for PA66 [35, 36]. The quantity of mate-
rial used was 6.3 mg and 6.4 mg for PP and PA66, respec-
tively. Table 6 collects the properties of main interest, i.e.
melting temperature (T,,, °C), crystallization temperature
(T, °C), glass transition temperature (7,, °C), and degree
of crystallinity (X,, %). For both materials, the table sug-
gests that after the first cycle of heating/cooling, the melting
point is lower. This is due to the structural reorganization of
the polymer molecules that are not able to crystalize in the
same amount as they were originally. This is supported by
the change in the degree of crystallinity, which is reduced
from 41.49 to 38.62% for PP and from 26.45 to 24.44% for
PA66. Moreover, PA66 shows a glass transition around 55
°C, which remains almost unchanged during the second
cycle, while two melting points can be observed, which are
typical of the phase transition from a to y of the crystal-
line structure of nylon [43]. These aspects are of crucial
importance because a change of the crystalline structure
can severely affect the mechanical properties of the polymer
itself. Moreover, the TGA tests allowed the determination of
the degradation properties, i.e. the first derivative tempera-
ture (Tpyg, °C), the extrapolated onset temperature (7, g,

Table 6 Thermal properties and degree of crystallinity of polymers
before laser irradiation

Property PP PA66
Cycle I Cycle I1 Cycle I Cycle 11
T, °C 168.20 167.98 261.75 250.29 258.89
T.,°C 112.04 112.46 226.74 225.02
T, °C - - 55.53 55.49
X, % 41.49 38.62 26.45 24.44
Tpre: °C 458 438
T, g °C 432 419
R,. % 0.3 29
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Table 7 Operational parameters
for the laser treatment of the
polymeric samples

Parameter PP PA66

Set laser power, W 200 200
Interaction time, s 300 110

Maximum surface 135 195
temperature, °C

°C), and the percentage of material residue (R,,, %). Despite
a higher melting temperature for the PA66 is found during
the DSC tests, around 260 °C against 168 °C for PP, the
nylon is characterized by a lower onset temperature, around
419 °C against 432 °C for PP. This means that the interval
within which perform the laser treatment is narrow, so that
to require a more careful tuning of the laser parameters.

To evaluate the properties of the polymers after laser irra-
diation, the samples were treated by varying the laser power
and the duration of the interaction time in order to bring the
temperature of the sample close to the melting one (around
75-80%), according to the preliminary investigation (see
Table 6). During the treatment, the surface temperature was
monitored through the IR camera. Table 7 lists the opera-
tional parameters and the maximum surface temperature for
both polymers, while Table 8 collects the thermal proper-
ties after laser irradiation. As can be seen, there is a slight
change of the melting and crystallization temperatures, i.e.
lower than 1%, while the degree of crystallinity decreases for
both materials, with a more marked effect for PA66, which is
around 17% during the first heating cycle, and around 12%
during the second one, against a decrease of about 2% for
PP. This reduction, for both polymers, could be explained
by the formation of radicals during the laser treatment as
result of the partial depolymerization they undergo. As a
consequence, the fine order of the polymer chains is lost, and
the degree of crystallinity decreases [44, 45].

3.1.2 Mechanical characterization

The static tensile tests were carried on five samples for
each polymer material, i.e. PP and PA66, whose geom-
etry is shown in Fig. 3, by adopting a crosshead speed of
50 mm/min. Table 9 reports the results obtained through
the analysis of the stress-strain curves in terms of mean

Table 8 Thermal properties and degree of crystallinity variation of
the treated samples

Property PP PA66
Cycle 1 Cycle Il  Cycle 1 Cycle 11
T, °C +0.10% -0.42% +1.00% +0.89% +0.44%
T.,°C +0.16% -0.11% —0.51% -0.36%
X., % -1.16% -233% -16.82% —11.99%

ol

Table 9 Static tensile test results before (as mean value + standard
deviation) and after the laser treatment (as percentage variation)

Property Before laser treatment After laser treat-
ment
PP PA66 PP PA66

E, GPa 1.79 + 0.06 1.55 +0.03 +21.8% —8.9%
UTS,MPa  32.29 + 0.31 5370 +1.00 +1.5% +1.1%
og, MPa 22.00 £0.334 4048 £2.44  +5.0% —4.6%
oy, MPa 1542 + 1.75 1259+139 —-14.0% -17.1%
&g, %o 88.85 +9.77 5494 +224 —-663%  —28.6%

values + standard deviation before and after the laser irra-
diation, while Fig. 11 shows the samples after the tensile
test. As can be seen, for both polymers, there is a vari-
ation of the mechanical properties induced by the treat-
ment. The most influenced parameter is the elongation
at break, with a decrease of 66.3% for PP and 28.6% for
PAG66. In fact, as shown in Fig. 11, during the tensile test,
the narrowing forms in two different zones, i.e. above and
below the irradiated area, and the breakage of the speci-
mens occurs preferentially at one of them, therefore out-
side the treated area. Based on this, it can be deduced
that the material has not experienced a degradation of the
mechanical properties at the irradiated area. However, due
to the laser treatment, the samples undergo to an anneal-
ing treatment which may vary the crystal structure [46],

. Pe3 \{

7] g
tu 0 5
J }'hk 2
e

®w2 R Par

(a) (b)

Fig. 11 Irradiated tensile specimens after testing: PP (a) and PA66
(b). The red arrows indicate the irradiated area during the laser treat-
ment
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Table 10 Transmitted power measurements for one layer of smooth
material. The incident power refers to the measured value of laser
power without any material along the path

Set power, W Measured power, W Maximum
surface tempera-
ture, °C

Incident PP PA66 PP PAG6

20 13.2 6.3 3.1 32.8 39.1

40 39.9 18.9 9.4 81.7 52.4

60 65.2 30.0 16.3 64.9 75.8

80 90.5 39.6 23.1 97.5 81.0

100 114.5 48.0 29.7 138.3 160.0

and the degree of crystallinity is reduced. Therefore, the
volume of the amorphous phase is increased, while there
is a confinement of the crystallites around the amorphous
chains which affects chain mobility through a decreasing
in the entanglements and therefore resulting in a reduced
elongation [47].

Fig. 12 Transmitted power

3.1.3 Energy partition

During the laser joining process, the phenomenon of absorp-
tion and transmission of light radiation through the thickness
of the polymer to the metal surface is of crucial importance
since they control the propagation and transfer of energy as
heat [39, 48], which can eventually lead to material melting
or vaporization necessary for the realization of the joint [49].
Moreover, rough surfaces could lead to a decrease in the
amount of both absorbed and transmitted power contribu-
tions, which can be detrimental for the success of the joining
process itself [50, 51], while the laser energy absorption and
transmission can be maximized by irradiating a smoother
surface, which is supposed to offer an improved strength
when joined with metals [52]. In this context, Table 10
and Fig. 12a show the preliminary results for one layer,
while Fig. 12b and Table 11 for increasing layers, for the
as-available smooth polymers. Figure 12a suggests a good
linearity between the transmitted and the incident power val-
ues, meaning that the irradiated materials do not undergo
damage during the treatment. This is also supported by the
maximum values of the surface temperature, collected in
Table 10, that remain lower than the degradation conditions

140
measurements for one layer (a) y = 3.9182x
and increasing number of layers 120 + R2=0.9994 .
(b) of smooth polymers. The 3
thickness of the single layers is -~ 100 y = 2.2969x
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Table 11 Resultir.lg partitions of Material P, W Py, % Pg, % Layers Thickness, mm Pr, % Py, %
power for increasing layers of

as-received smooth material PP 50 80.77 19.23 1 3.04 46.50 3427

2 6.08 21.00 59.77

3 9.12 11.86 68.91

4 12.16 6.96 73.81

100 83.87 16.13 1 3.04 47.69 36.18

2 6.08 21.48 62.39

3 9.12 11.80 72.07

4 12.16 6.94 76.92

PA66 50 62.45 37.55 1 5.76 24.01 38.44

2 11.52 8.05 54.40

3 17.28 2.66 59.79

4 23.04 1.19 61.26

100 65.32 34.68 1 5.76 26.76 38.56

2 11.52 7.39 57.93

3 17.28 2.95 62.37

4 23.04 1.24 64.08

identified through TGA, i.e. 138.3 °C against 432 °C for
PP and 160.0 °C against 419 °C for PA66. However, it is
worth noting that these findings are valid for the specific
materials, under the experimental conditions here adopted,
i.e. irradiation time of 10 s and laser wavelength of 975
nm, and only for the thickness tested, i.e. 3.04 mm for one
layer of PP and 5.76 mm for one layer of PA66. A greater
thickness implies a longer path that the radiation must pass
through to move from the upper face to the lower one, and
therefore, a greater absorption is expected. This is factually
confirmed by the laser treatments carried out for varying
layer numbers, as shown in Fig. 12b. It is worth noting from
the latter figure that the equations, obtained with the expo-
nential regression of the experimental data, represent with
a very good approximation the Lambert-Beer law described
by Eq. (3), i.e. R2 ~ 1. Moreover, the difference between the
attenuation coefficients k for the two measurements at 50 W

Fig. 13 Laser-metal treatment
for varying laser power and
duration time. The optimal
range is highlighted by the red
dashed lines (from 25 to 100 s)

Temperature, °C

and 100 W of hitting laser power (P;) for both materials is
negligible, i.e. lower than 2% for PP and lower than 0.6% for
PAG66. Finally, Eqs. (4) and (5) were applied according to the
procedure described in Section 2.5.1 to evaluate the parti-
tions of power among transmission (P;), absorption (P,),
and reflection (Py), as detailed in Table 11.

3.2 Metal treatment

The suitable process time-temperature range within which
carry out the joining process was evaluated by irradiating
the metal substrates while recording the surface temperature
and duration time. Figure 13 shows the curves obtained for
increasing values of set laser power, i.e. 100 W, 150 W, and
200 W. As can be seen, the optimal range, highlighted by
the red dashed lines, is between 25 and 100 s. Within this
interval, the maximum temperatures reached on the surface

100 W 150 W

m— 200 W

50 100
Time, s

150 200 250
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(c)

Fig. 14 Irradiated SS304 surfaces for pattern type A (a, ¢) and B (b, d)

of the metal substrate vary between the melting and the onset
temperatures of the PP, i.e. 168 °C and 432 °C. It is worth
noting that for the experimental plan to be adopted for the
joining process, only two values of laser power were chosen,
i.e. 150 W and 200 W, since at 100 W, the time required to
reach the melting temperature is long for both polymers. The
interaction time was therefore set at 30 s and 50 s for PP and
at 80 s and 100 s for PA66. In addition to these two param-
eters, two types of texture were obtained by using the diode
laser setting the average power at 30 W, the pulse repetition
rate at 30 kHz, the laser scanning speed at 2000 mm/s, and
with 30 repetitions for each path. Figure 14 and Table 12
show the optical images of the textures and the estimated
topographical parameters.

3.3 Laser-assisted joining

The joining process has been carried out with the experi-
mental setup described in Section 2.5.3 following the full

Texture B

factorial experimental plan obtained varying 3 factors, i.e.
set laser power, interaction time, and texture of the metal
substrate, between 2 levels of control for each of them, as
detailed in Table 5, for a total of 8 different experimental
conditions. Each of this was replicated 3 times for a total
of 24 specimens. Figure 15 shows 8 random samples for
each combination for both materials. As can be seen, the
metal substrate has been numbered to trace the parameter
combination. Moreover, it appears clear that for some of
the conditions, the application of the pressure through the
clamping system, due to the melting of the polymeric mate-
rial, let it flow outside the overlapping surface with the
SS304 substrate.

Figure 16 shows the results of the single-lap shear tests of
the hybrid joints in terms of load-displacement curves. As
can be seen, the shear test graphs allow to sort the control
factors, i.e. set laser power, interaction time, and texture of
metal substrate, based on their effect on the resulting shear
properties: the texture is the most influencing parameter,

Table 12 Texturing parameters

Parameter wy, pm W, pm hy, pm hy, pm Ra, pm Rz, pm
Texture A 220.96 157.61 33.94 9.59 9.33 25.98
Texture B 257.24 200.92 32.19 7.04 12.07 34.05
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Fig. 15 Joined samples SS304/ ; ——

-
=

PP (a) and SS304/PA66 (b)

followed by the laser power, and finally the interaction time.
In fact, the texture A, characterized by a smaller distance
between two consecutive scan lines (i.e. 0.5 mm against 1
mm of texture B), allows the fused polymer to penetrate in a
greater number of grooves, therefore increasing the number
of interlocking sites, which contribute to a greater resist-
ance. This can be seen in Fig. 17, which shows the joining
areas after the test. Moreover, for increasing laser power,
both polymers tend to cover the entire textured surface, also
overflowing outside the side due to the applied pressure to
guarantee the contact between the surfaces. These effects are
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(b)

further increased by adopting a longer time of interaction.
The only exception is the treatment at 200 W and 80 s for
the SS304/PA66 joint, where the larger area of texture B can
be explained by a smaller penetration effect of the molten
polymer inside the metal grooves, which is responsible for
the widening of the observed joint surface.

From the inspection of Fig. 17, it is possible to calcu-
late the actual fracture surfaces areas by using the software
Imagel. These values were then used to calculate the shear
strength as the ratio between the ultimate shear force and the
joining surface area. Figure 18 collects the obtained results
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Fig. 16 Load-displacements curves for SS304/PP (a, b) and SS304/PA66 (c, d) hybrid joints
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Fig. 17 Joining areas after the
shear tests for SS304/PP (a) and
SS304/PA66 (b)

Interaction time
30s

50s

Interaction time

100s

in terms of ultimate shear force and shear strength. As shown
in the latter, according to Fig. 16, the most influencing factor
is the surface texture of the metal substrate, with improved
USF and 7 for both polymers by using the texture A. More-
over, a proportional improvement of the shear properties
can be observed as the interaction time and the laser power
increase. Specifically, USF reaches a maximum value of
approximately 750 N for PP (i.e. around 60% of UTS) and
2200 N for PA66 (i.e. around 53% of UTS), while the aver-
age shear strength reaches ~1.2 MPa for PP and ~3.5 MPa
for PA66. This finding can be addressed to the enhancement
of the softening of the polymer which is able to better flow
inside the grooves and therefore improve the interlocking,
considered here the main mechanism responsible for the
resistance of the joint [7].

To better understand the influence of process conditions
on the shear force of the joints, the fracture surface of the
joints on the side of the polymer was further analyzed, since
the mechanisms involved during the failure can vary depend-
ing on the morphology [10, 53]. Figure 19 shows the fracture
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Texture A Texture B

200w 200w

(b)

surfaces of the hybrid joints. For SS304/PP (Fig. 19a), the
morphology of the textured area indicates that no removal
of polymeric material occurred, while for SS304/PA66
(Fig. 19b), the molten polymer mass has moved to a dif-
ferent position compared to the original one, so, especially
in the worst joining conditions, i.e. 200 W and 100 s, the
structure of the imprinted texture is not clearly visible. In
addition to the fracture surface inspection, also the cross
sections of the joints were observed, shown in Fig. 20. At
the metal-polymer interface, the cavities of textures A and B
are visible along the entire sampling length, while the latter
figure shows the magnification of some of them to give a bet-
ter insight of the connections. As previously described, for
both combinations of materials, as the laser power and the
interaction time increase, the shear force and shear strength
increase. In fact, as can be seen in Fig. 20, the mechanism
of impregnation of the metal teeth by the polymers was
obtained for all the experimental conditions examined. The
softening temperatures of both polymers were therefore
properly reached, without leading to typical degradation
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Fig. 18 Single-lap shear test results for SS304/PP (a, b) and SS304/PA66 (¢, d) hybrid joints

phenomena as bubbles or lack of adhesion, except for the
most severe treatment for the SS304/PA66 joint at 200 W
and 100 s. In this case, the presence of bubbles within the
polymer determined the presence of residues of degraded
material on large areas of the metal substrate, as shown in
Fig. 19b. As a consequence, the fracture surface under these
conditions can be considered as a combination of both cohe-
sive and adhesive rupture. However, the resistance of the
joints is enhanced. This finding can be attributed to two main
coexisting phenomena, i.e. (i) the improved softening of the
material which spreads over a larger surface of the metal
substrate [25] and (ii) the formation of a greater number
of bubbles which can trigger the mechanism of the micro-
anchoring through the generated pressure which pushes the
molten material within the asperities and therefore improv-
ing the joint strength [29, 54]. However, it is worth to note
that the voids left by the formation of bubbles at the metal-
polymer interface represent vulnerable points where failure
can start, thus promoting a premature rupture of the joint.
Finally, the statistical analysis allowed to define any
significative influence of the process parameters on the
response variables by means of ANOVA tests. The results

consist of a table containing the degrees of freedom (DoF),
the adjusted sum of squares (Adj.SS), the adjusted mean of
squares (Adj.MS), the F-value, the p-value, and the contri-
bution percentage (I7) of each parameter or parameter com-
bination. Specifically, Adj.SS provides the variation of each
parameter with respect to the response variables, whose con-
tribution is defined through /7 as the ratio between Adj.SS
of the analyzed parameter and the total value. The F-value
is used to determine whether a term is associated with the
response, comparing the obtained value with the correspond-
ing tabulated one (i.e. the greater the F-value the greater the
influence). In this case, it is defined as the ratio between
the Adj.MS of the response variable and the Adj.MS of the
error. Modelling data using ANOVA methodology requires
that four assumptions are verified [55]: (i) the individual
observations are mutually independent; (ii) the data fit a
statistical model including systematic and random errors;
(ii1) random errors are normally distributed; and (iv) the
variance of random errors is homogeneous. This can be done
by means of residual analysis, which is not reported here
for sake of briefness, but satisfying the requested require-
ments. Table 13 and Table 14 show the ANOVA results, in
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Fig. 19 Magnifications of the Texture A Texture B
fracture surfaces after shear test 150w 200W 150w 200W
for SS304/PP (a) and SS304/ BR 1 - O k= S B TR g ¥
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Fig.20 Cross sections after the shear test for SS304/PP (a) and SS304/PA66 (b) samples
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Table 13 ANOVA results

T Source USF A T

for the joint SS304/PP. The

F-critical is 4.67 F-value p-value [I1,%  F-value p-value II,%  F-value p-value II,%
Set laser power (P) - - 15.68 0.001 16.71 - - -
Interaction time (f) - - 32.82 0.000 3499 - - -
Texture 24.97 0.000 4512 - - - 22.08 0.000 57.36
Pxt - - 15.68 0.001 16.71 - - -

Tab!e ‘1 4 ANOVA results for Source USF A .

the joint SS304/PA66. The

F-critical is 4.54 F-value p-value [I,%  F-value p-value [I,%  F-value p-value II,%
Set laser power (P) 11.67 0.004 11.10 9.05 0.009 24.80 - - -
Interaction time (f) 6.66 0.021 6.34 - - - - - -
Texture 64.57 0.000 6143 - - - 19.69 0.001 47.83

which only the F-value, the p-value, and the /7 term of each
significant effect (i.e. F-value > F-critical, p-value < 0.05,
and IT > 5%) are reported for brevity.

From the statistical analysis it is evident that the texture
is the most decisive factor for both hybrid joints, with a con-
tribution percentage greater than 45% and 61% for the ulti-
mate shear force and greater than 57% and 47% for the shear
strength for SS304/PP and SS304/PA66 respectively. While
the joining surface area is mostly influenced by the laser
power and the interaction time. This finding can be attributed
to the fact that increasing both power and treatment dura-
tion enhance the energy absorption, resulting therefore in a
higher temperature. This leads to an improved melting of the
polymers, which distribute over a larger surface area of the
substrate, contributing to the overall resistance. It is worth
noting that for PP, the increase of the joining area, shown
in Fig. 17a, results in a slight decrease of the shear strength
while the shear force is slightly improved (see Fig. 18a,b).
This suggests that the interlocking mechanism, responsible
for the resistance, is established on a bigger surface area, but
not in a proportional way with the shear force, thus resulting
in a reduced shear strength. However, the major effect for
these variables is given by the texture, which allow a greater
amount of molten material to flow inside the grooves when
these are more numerous, i.e., for texture A.

4 Conclusions

The research work wants to propose an innovative solution
through the use of laser technology for joining of hybrid
structures made of semi-transparent polymers and metals
without the need of external fasteners or adhesives, thus pro-
viding a push towards to the automation and sustainability
of production.

The definition of the optimal laser interaction conditions
for the formation of the joints and the identification of the
technological process windows depending on the materials
to be joined have laid the foundations for the creation of
resistant joints as valid alternatives to traditional solutions.
In fact, the experimental activity has demonstrated the fea-
sibility of laser joining processes of metal-polymer compo-
nents using a medium-power diode laser. Polypropylene (PP)
and Nylon 6,6 (PA66) were successfully joined with AISI
304 stainless steel (SS304). The control parameters were the
laser power, i.e. 150 W and 200 W, and the interaction time,
i.e. 30 s and 50 s for PP, 80 s and 100 s for PA66. Moreover,
the creation of a texture on the surface of the metal substrate
served as pre-treatment with the aim of generating a stronger
mechanical interlocking mechanism between the metal and
the polymer. Two different types of textures were created
varying the distance between two consecutive scan lines, i.e.
0.5 mm for texture A and 1 mm for texture B.

The strength of this type of joints depends on several fac-
tors, such as the depth of penetration, the extension of the
joint area, the degradation of the polymer. After evaluating
the thermal and mechanical properties of the polymer mate-
rials before and after the laser treatment, aimed to define
the processability window, i.e. melting but not degradation,
single-lap shear tests were carried out to evaluate the joints’
strength for varying experimental conditions to define the
optimal one.

From the shear tests, it is evident how the failure fre-
quently occurs at the metal-polymer interface. A propor-
tional improvement of the shear properties is obtained as the
interaction time and the laser power increase. Specifically,
the shear force reaches a maximum value of approximately
750 N for PP and 2200 N for PA66, which correspond to
~60% and ~53% of the ultimate tensile strength of the poly-
mer as is, while the average shear strength reaches ~1.2 MPa
for PP and ~3.5 MPa for PA66. Moreover, although a too
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high laser power and a too long interaction time can lead
to the formation of bubbles concentrated preferentially at
the interface, the shear strength is improved since a greater
amount of energy is absorbed, thus improving the softening
of the polymer which is able to better flow inside the grooves
ensuring the establishment of a stronger interlocking mecha-
nism on a bigger surface.

The main advantage of the solution is the flexibility,
which allows for both texturing the metal surface and the
subsequent joining with the polymer with the same system.
Moreover, the whole process can be easily controlled by
directly acting on the operational parameters, thus poten-
tially automatable. The obtained values of shear force com-
pared to the tensile strength needs to be improved to meet
the stringent requirements of the modern aerospace and
automotive industries. To this end, further investigations
are required to define new textures, e.g. net and dimples,
and/or materials combinations, e.g. titanium or aluminium
as metals and technopolymers, for improved joints.
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