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Abstract
The present work deals with the high-power diode laser joining process of aluminum films coated with a polyester resin 
with polypropylene (PP) films. The first part of the work focused on analyzing the coating process of aluminum films with a 
polyester resin, using an automatic applicator. The second part of the work was focused on the analysis of the laser joining 
process of coated aluminum films with plastic counterparts made of PP. Different thicknesses and colors of the PP parts were 
tested in order to analyze the joining process under a wide range of different conditions. The experimental plan involved 
the study of the influence of the laser joining parameters, in particular the scanning speed and beam power, on the joints. 
The joints between aluminum and PP films were subsequently tested by means of tensile and peel-off tests. All the joints 
between aluminum and PP are obtained through the so-called laser transmission welding (LTW) mechanism. Analysis of 
the mechanical response of the welded joints allowed to identify the optimal processing window, that is, the choice of the 
operational parameters that leads to satisfactory welded joints, stating the high potential of laser systems in the joining pro-
cess of aluminum and PP films for food packaging applications.
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1  Introduction

Laser welding of plastics belong to the class of advanced 
technologies for joining films, sheets, semi-rigid and 
rigid components made of polymeric materials by local-
ized heating with a focused beam of laser radiation [1]. 
Laser transmission welding of plastics can be performed 
by focusing the laser beam on the joint in two different 
ways: (i) the laser beam is irradiated to be tangent to the 
joint interface between the two materials that compose 
the assembly, of which, at least, one is able to capture 
the radiation [2]; (ii) the laser beam is irradiated normal 
to the joint interface across a laser-transparent material, 

provided that the other material of the assembly or the 
material posed at the interface is able to absorb the radia-
tion. Laser transmission welding involves, therefore, light 
absorption, heat generation, heat conduction, melting, 
mixing, and re-solidification [3]. Different joint configu-
rations were investigated in the literature [2]. However, 
when a laser transparent polymer is put on top of a laser 
absorbing material, the most common joint configuration 
is the lap joint [4]. The T-joint is also rather common in 
the literature [4]. Butt joints are seldom used because of 
the limited optical penetration of the laser radiation in the 
transparent polymer [5]. In this case, even the application 
of the correct pressure between the edges of the counter-
parts can be extremely complicated. In fact, T- and butt 
joint configurations are often affected by the meltdown of 
the molten or partially molten polymeric material, espe-
cially under the pressure normally exerted on the joint 
interface [6–8]. The compositions of polymers can obvi-
ously affect the transmission of the laser radiation through 
the assembly, strongly influencing the final results together 
with the wavelength of the laser source [2]. Part thickness 
in the assembly can also play a crucial role, especially 
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when a crystalline or semi-crystalline polymer is inves-
tigated. In contrast, amorphous polymers allow laser 
transmission across long pattern, with minimum loss of 
the transmittance [9]. Most of the thermoplastic poly-
mers, even when reinforced, can be welded using a laser 
beam. Laser welding of polymers that include ABS (acryl 
butadiene styrene), PC (polycarbonate), PMMA (polym-
ethyl methacrylate), PE (polyethylene), PEI (polyethyl-
eneimine), PS (polystyrene), POM (polyoxymethylene), 
PET (polyethylene terephthalate), PEEK (polyether ether 
ketone), and their blends are widely documented in the 
literature. Basically, the resulting joints feature a strength 
that remains comparable to the base material strength. A 
variety of tested polymer combinations and the related 
laser weldability chart is, however, summarized in Acher-
jee [2]. Many of the combinations investigated in Acherjee 
[2] could not be joined by using other conventional meth-
ods of polymer welding.

Laser transmission welding of dissimilar polymers can 
also be carried out if both the polymers are chemically 
compatible, that is, they must feature similar molecular 
structures and analogous viscosities in their typical melting 
interval [10–14]. Nevertheless, in food and pharmaceutical 
packaging, joining of polymers with dissimilar materials, 
like for example metal or cellulose paper is often required. 
Mechanical fastening, adhesive bonding, and thermal weld-
ing are common solutions for joining parts made in dif-
ferent materials [15, 16]. However, the use of mechanical 
fastening or adhesive bonding in medicine and food pack-
aging is often unpractical, because of the complex joining 
strategy required and usage of external attachments that can 
be harmful. Thermal welding is therefore largely preferred 
to weld dissimilar parts, with heating arms or rolls that 
require precise positioning in order to accurately seal the 
counterparts in the assembly, thus slowing down the pro-
cess and making it unsuitable to the large production vol-
umes typical of drug and food industrial sector. In contrast, 
laser technology has recently acquired a prominent position 
in packaging industry [17–21]. Food and drug packaging 
often require joining of coated metal with plastic coun-
terparts. Coatings on metal are often organic resin, which 
are used to avoid direct contact between food and/or drugs 
and metal to prevent erosion/corrosion issues that could 
be harmful to human health [22–24]. The influence of the 
organic coating on the laser heat-sealability of the assem-
bly is still debated. In particular, there are no studies to 
date that evaluate laser joints of assemblies between coated 
aluminum and polymeric films for food and drug packag-
ing, like, for example, in manufacturing of prebiotic and 
probiotic food supplements. This is the context in which, 
therefore, the present work studies the applicability of the 
laser transmission welding to films in PP and aluminum 
coated with a polyester resin.

2 � Experimental

2.1 � Coating process of aluminum films

2.1.1 � Aluminum substrates

The experimentation was performed using an 8006 series 
aluminum alloy as a substrate, widely used in food and phar-
maceutical packaging. The alloy has undergone an H22 heat 
treatment. Three aluminum coils with different thicknesses 
were initially selected: 50, 100, and 150 µm. The aluminum 
substrates were obtained, for each thickness, starting from 
a single aluminum coil, cut in such a way as to obtain a set 
of samples with dimensions equal to those of an A4 sheet 
(210 mm × 297 mm).

2.1.2 � Polyester resin

A solvent borne thermoplastic resin suitable for food contact 
and resistant to moderate temperatures (up to 225° C for 
45 min) was chosen for the coating process of the aluminum 
substrate. It is a transparent co-polyester resin modified with 
the addition of compatibilizer that features functional groups 
of high chemical affinity with the polyolefins. The resin is 
heat sealable. The supplier company is Metlac Group Spa 
(Bosco Marengo (AL), Italy) which has marked the product 
with the reference code 815,611.

2.1.3 � Coating process of the aluminum substrates 
with the polyester resin

The aluminum substrates were subjected to a preliminary 
degreasing operation by immersion in an ultrasonic tank 
inside an acetone-based solution. The coating process of the 
aluminum substrates was carried out using an automatic film 
applicator (model 2105 Automatic Film Applicator S, BYK-
Gardner). The applicator is equipped with a vacuumed work 
surface that allows to ensure the adhesion of the aluminum 
film during the application of the resin. The resin is spread 
by feeding the resin with a graduated injector on the initial 
part of the surface of the aluminum substrate, along a line 
orthogonal to the advancement of the automatic applicator 
blade. The resin is subsequently distributed homogeneously 
on the aluminum surface, by means of a blade that advances 
right along the work surface of the automatic applicator, 
orthogonally to the aforementioned resin feeding direction. 
The coating thickness is modulated by adjusting the distance 
of the automatic applicator blade with respect to the work 
surface. This adjustment is carried out by means of micro-
metric screws, which can allow the fine adjustment of the 
thickness (in steps of about five microns). More precisely, 
the coating process was carried out through subsequent steps, 
progressively reducing the distance between the blade and the 
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work surface of the automatic applicator. The application of 
the resin through subsequent steps allowed to improve the 
overall quality of the lacquer and to obtain a better homo-
geneity of the resin distribution on the aluminum surface. 
Two strategies were used to coat the aluminum substrates 
with the polyester resin. In the first case, two coating passes 
were carried out, adjusting the distance between the blade 
and the work surface at 200 and 150 μm (first test, double 
pass) and at 250 and 180 μm (second test, double pass). In 
the second case, three coating passes were carried out, adjust-
ing the distance between the blade and the work surface of 
the automatic applicator at 200, 180, and 150 μm (first test, 
triple pass) and at 250, 200, and 180 μm (second test, triple 
pass), respectively. In all the coating tests, the amount of 
resin is kept constant and in net excess compared to what is 
theoretically necessary to coat the entire aluminum support. 
Specifically, the amount of resin used was approximately 
6.237 ml for all the tests performed. Basically, the surface of 
the aluminum support is 0.06237 m2 (i.e., 0.21 × 0.297 m2). 
Since the resin density is approximately 1 kg/m3, 6.237 ml of 
resin correspond to a coating weight of approximately 100 g/
m2, or an equivalent thickness of 100 microns. Normally, the 
thicknesses of the lacquers used for food aluminum do not 
exceed 25 microns, so that a well in excess of resin is fed, 
compared to what is strictly necessary. Obviously, the excess 
resin is eventually removed by the advancement of the blade, 
again in relation to the adjustment of its position with respect 
to the work surface. The advancement speed of the automatic 
applicator blade during the coating process has been set at 
a constant value of 50 mm/s for all tests, in order to ensure 
greater uniformity in the coating process. The crosslinking of 
the resin on the aluminum substrates took place in a drying 
oven for polymers (model FD, BINDER). The polymeriza-
tion temperature of the lacquer was set at 160 °C for a resi-
dence time of the films in the oven of about 20 s.

2.1.4 � Measurement of the coating thickness

To measure the thickness of the organic coating on the alu-
minum substrates, a magnetic induction thickness gauge 
(Mega-check 5FN-ST, Assicontrol) was used. The meas-
urements were carried out by building a grid consisting 
of 24 points as shown in Fig. 1, ideally arranged in such a 
way as to intercept the central area of the coating, excluding 
any edge defects due to the coating process. Furthermore, 
a horizontal distance of 30 mm was established between 
each point (6 for each row) and a vertical distance of 25 mm 
(4 for each column). All the measurements acquired were 
processed in order to build a 3D map of the coating surface 
using the SW OriginLab v9.0, allowing to describe the aver-
age trend of the coating thickness.

2.2 � Coated aluminum–polymer joining process 
by means of a high‑power diode laser

2.2.1 � Joining assembly

The process of joining the aluminum substrate with the poly-
mer film was performed through the use of a high-power 
diode laser source described in previous works [18], using 
the so-called configuration with overlapping edges [4]. 
The coated aluminum substrates were welded with PP co-
polymer film, commonly used in the packaging of drugs 
and food. In particular, three types of PP films were chosen. 
The first two films have a thickness of 80 μm and differ 
in color, which in the first case is white and in the second 
case is transparent. The third film selected is always in PP, 
has a transparent color and a thickness of 1100 μm. The 
grade used was in all the case Moplen HP556E (Lyondell-
Basell, Rotterdam, The Netherlands). The coated aluminum 
samples for the welding process were made from the sheet 

Fig. 1   Measurement of the 
thickness of the coatings
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(210 × 297 mm) previously used to carry out the coating 
process. The samples were cut using a die. The size of each 
specimen was set at 30 × 70 mm2. In particular, specimens 
of the same size were obtained both for coated aluminum 
substrates and for the various types of PP films. In particular, 
the cutting of the specimens was operated in accordance 
with the description provided in Fig. 2. A total of twelve 
sets of specimens in lacquered aluminum were prepared 
which differ in the thickness of the aluminum support and 
the thickness of the coating. In this phase, however, it was 
decided to focus the experimentation on two thicknesses of 
the aluminum substrate, namely 50 and 150 µm, as the inter-
mediate thickness (100 μm) provided a behavior similar to 
the previous ones in the coating process. In a similar way, 
the PP counterparts (with the same dimensions as the alu-
minum samples, for which 30 × 70 mm2) were obtained by 
punching a PP co-polymer film with a thickness of 80 μm, 
with white color and transparent and by punching a 1100 μm 
film with transparent color.

2.2.2 � Laser apparatus

The laser source used in the experimentation is a diode 
laser (model DL 105, Rofin Sinar) with a maximum power 
of 1500 W and an elliptical spot (focal spot size 1.2 × 3.8 
mm2). The spot has, in particular, a Gaussian beam distri-
bution, uniform along the major axis of the elliptical spot. 
The fluence is therefore calculated as the ratio of the laser 
power multiplied the interaction time to the area of the 
focal spot. The interaction time is achieved as the ratio of 
the spot length in the advancing direction of the beam (i.e., 
3.8 mm of the long axis of the elliptical spot) divided by 
the scan speed. The system is described in detail in pre-
vious papers [18]. A CNC motorized table is positioned 

below the laser head. It allows the movement of the sam-
ples to be welded along an axis of the welding plane (focal 
distance equal to 63 mm) which is orthogonal to the beam, 
ensuring the relative motion between the samples and the 
beam itself. In particular, the advancement of the laser 
beam along the surface of the joint occurs parallel to the 
major axis of the elliptical spot. In this way, the thick-
ness of the weld bead is reduced, since it will correspond, 
indicatively, to the smaller dimension of the elliptical spot 
of the beam.

2.2.3 � Clamping systems of the assembly

To grasp the samples during the welding process, the use 
of two Perspex masks, a material notoriously transparent 
to laser radiation, was used. The samples were preliminar-
ily positioned inside the masks and the system was then 
clamped with special pliers in order to impart adequate pres-
sure in the welding area and facilitate the welding between 
the two PP and coated aluminum films. At the same time, 
this gripping system prevents the entry of air into the over-
lapping area of the edges of the two samples. The system 
was then positioned on the previously described handling 
table, located below the laser head. Focusing has always 
occurred at the interface surface between the two samples 
to be coupled. In Fig. 3, a schematic of the gripping system 
is shown.

2.2.4 � Experimental plan

The first group of tests regarded the welding process between 
the coated aluminum supports with a thickness of 50 µm and 
white PP films with a thickness of 80 μm, identifying the 

Fig. 2   Schematic of the cutting 
process of the lacquered foils

2294 The International Journal of Advanced Manufacturing Technology (2022) 120:2291–2309



1 3

first reference scenario. The second group of tests concerned 
the welding process between the coated aluminum supports 
with a thickness of 50 µm and transparent PP films with a 
thickness of 80 μm, identifying the second scenario. The 
third group of tests concerned the welding process between 
the coated aluminum supports with a thickness of 150 µm 
and white PP films with a thickness of 1100 μm, identifying 
the third scenario. Tables 1 and 2, respectively, show the set 
of parameters set for the three scenarios studied. The experi-
mental tests were performed based on a combination of the 
scanning speed and laser beam power such as to generate a 
fluence released on the sample surface, slightly decreasing 
(almost constant) with increasing power. This condition is 
necessary in order not to induce thermal degradation, since 
the support in polymeric material is much more sensitive to 
the increase in power of the laser beam (Fig. 4).

2.2.5 � Characterization of the joints: tensile tests

To perform tensile (modified ISO 6892) and peel-off (modi-
fied ISO 4578) tests, a static testing device (model 3367, 
Instron) was chosen. The static testing device was equipped 
with a 500 N load cell. All the tests were managed using the 
Bluehill v8.3 software. The software allows to calibrate the 
equipment, choose the testing parameters and obtain the load- 
displacement curves. As the configurations of the joining 
samples were characterized by the presence of overlapping 
edges, the performed tensile tests can be, more appropriately, 
considered a shear resistance test in agreement with [25]. 
Deformation speeds of 0.5 mm/min were set for the thicker 
coated aluminum samples (150 μm) in the joining process 
with the thicker 1100 μm PP film. Deformation speeds of 
1.5 mm/min were set for the tensile tests that, instead, involve 
the thinner lacquered aluminum films in the joining process 
with the thinner 80 μm white and transparent PP films, respec-
tively. Figure 5a shows the clamping system used during the 
tensile tests.

2.2.6 � Characterization of the joints: peel‑off tests

To test the tear strength of the different welded joints between 
the coated aluminum and the polymeric films, peel-off tests 
were also performed, using the same equipment, that is a static 
testing device (model 3367, Instron). Generally, this test is 
carried out by imposing the stretching of the films at 90° with 
respect to the lying of joining surface between the aluminum 
and polymeric films. This is, in fact, the configuration adopted 
in the present work. For the running of the peel-off tests, it was 
necessary to adapt the clamping system of the samples to the 
static testing device through the design of an appropriate con-
figuration, which is better described in Fig. 5b. Once the edge 
of the coated aluminum sample was fixed, the test consisted in 
clamping the polymeric edge with a grip. While the crossbar 
moved upwards at a constant speed, the static testing machine 
recorded the load necessary to detach the coated aluminum 
and the polymeric counterparts. A different caution was taken 
in the peel-off tests concerning the joint of the Al 150 µm–PP 
1100 μm assembly. Given the higher stiffness of the thicker PP 
edge, the PP edge itself was clamped with the previous clamp-
ing system and the aluminum edge was pulled-out (Fig. 5b). 
For the running of the peel-off tests, a deformation speed of 
2 mm/min has always been set.

3 � Results and discussion

3.1 � Analysis of laquering process

Figure 6 shows the trend of the resin coating thickness 
on the aluminum substrates for all the experimental con-
ditions investigated. It is possible to highlight a higher 
coating thickness for aluminum substrates with lower 
thickness. Conversely, thinner coatings thicknesses were 
measured for the thicker aluminum substrates. As specified 

Fig. 3   Sample geometry

Table 1   Experimental plan used for the first and the second scenario

Scan speed (mm/s) Laser power (W) Fluence (J/mm2)

4 80 1.77
7 120 1.52

Table 2   Experimental plan used for the third scenario

Scan speed (mm/s) Laser power (W) Fluence (J/mm2)

4 190 4.2
5 220 3.89
6 230 3.39
7 240 3.03
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in the previous section, the resin fed for all the experi-
mental conditions is largely in excess. Choosing a thicker 
aluminum support means obtaining a shorter distance 
between the surface of the aluminum sample and the tra-
jectory of the automatic applicator blade during the coat-
ing process. In this regard, the distance that remains set 
during the tests is that between the blade and the surface of 
the applicator work surface. Therefore, the latter being the 
same, having a thicker aluminum substrate means obtain-
ing a smaller effective distance between the surface of the 
sample to be coated and the blade itself. Therefore, since 
the amount of resin used is largely in excess, it is able to 
saturate all the ideal volume between the surface of the 
aluminum support surface and the height defined by the 
blade that advances in the coating process. Consequently, 
the smaller the thickness of the aluminum support, the 
greater the expected thickness of the coating. Vice versa, 
the greater the thickness of the aluminum support, the 

lower the thickness of the resulting coating. The experi-
mental data reported in Fig. 6 support the previous obser-
vations, confirming the inverse proportionality relation-
ship between the thickness of the coating and the thickness 
of the aluminum support, with the former increasing as the 
latter decreases and vice versa. Furthermore, as pointed 
out, the amount of resin initially fed during the coating 
process remained unchanged during all the tests, creating 
reproducible conditions for all the experimental tests per-
formed. The differences in thickness for some samples do 
not generate an uneven contact. The coating surface is, in 
fact, always very smooth (Ra < 0.1 μm, in any case) and the 
difference in thickness reflect in different morphology on 
such a long scale that does not affect the joining process.

From the examination of the contour plots in Fig. 6, 
it can be assumed that the coatings show a fair degree of 
homogeneity, although some surface defects in the flatness 
of the films, mainly due to the necessary handling of the 

Fig. 4   Clamping system used 
during the laser welding process

Fig. 5   Clamping systems for 
tensile and peel-off tests: a 
tensile test; b peel off test
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samples, are still observable on large dimensional scale. 
These defects are reflected in islands on the surface of 
the coating characterized by decidedly higher or, on the 
contrary, lower thicknesses than the surrounding areas. 
The analysis of the homogeneity of the distribution of 

the coating thickness on the surface of the samples under 
study can be carried out by examining Fig. 7. The average 
coating thicknesses are in the range of 33 to 42 μm for the 
aluminum substrate with the smallest thickness (50 μm), 
while they remain in the lower range of 18 to 25 μm for the 

Fig. 6   Trend of resin coating thickness on aluminum substrate (each label refers to the given name of the sample as specified in Sect. 2)

Fig. 7   Box plots of resin coating thickness on aluminum substrates: a 50 μm thick; b 100 μm thick; c 150 μm thick
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aluminum substrate with the highest thickness (150 μm). 
Finally, the average variation in thickness of the polyes-
ter resin coating applied to the aluminum substrates in 
the three thicknesses (50, 100, and 150 μm) is, however, 
very limited, demonstrating the good homogeneity of the 
coating process. These variations amount to approximately 
5 μm for aluminum substrates with a thickness of 50 μm 
and to approximately 10 μm for aluminum substrates with 
a thickness of 100 and 150 μm. In only one case, a thick-
ness variation greater than 10 μm is obtained, with refer-
ence to an aluminum substrate with a thickness of 150 μm 
and two coating passes.

There is also an improvement in the homogeneity of the 
coating, by resorting to three successive coating passes 
compared to the two canonical passes. This result is due to 
the leveling effect of the blade on the surface of the coat-
ing. By resorting to an extra pass, it is possible to obtain a 
better leveling effect of the resin. This result can also be 
attributed to the increase in viscosity of the resin over time, 
during the coating process. When the resin is released onto 
the sample it is very fluid, as it is designed with a very low 
viscosity to spread easily on the aluminum surface, wetting 
it completely. However, when the resin is distributed on the 
aluminum surface, due to the effect of the blade advancing 
in the coating process with an automatic applicator, the sur-
face of the resin exposed to the evaporation effect increases 

significantly. Evaporation concerns the volatile part of the 
resin formulation (the part of solvents that serves to regu-
late its viscosity, reducing it strongly). When this fraction of 
solvent begins to decrease, the resin becomes progressively 
less viscous, although still highly deformable. Therefore, 
when the blade passes a second or even a third time on the 
resin previously distributed on the surface of the aluminum 
substrate, it finds a progressively more viscous material. The 
blade, therefore, tends to shape the resin with greater preci-
sion, as it tends to flow less due to the increase in viscosity. 
This determines a significant improvement in the homogene-
ity of the coating thickness.

3.2 � Analysis of the welding process

In Fig. 8, the joints obtained on the aluminum/PP assem-
bly relating to the first and second experimental scenarios 
are shown, i.e., the scenario that refers to aluminum with 
a thickness thinner than 50 μm and to PP films, white and 
transparent, always with a thin thickness of 80 μm. The 
joint areas always show an excellent aesthetic aspect such 
as not to make clear, in most cases, the distinction of the 
area affected by the irradiation of the laser beam (i.e., the 
so-called thermal altered zone, [26]). Increasing the laser 
power and the scanning speed causes the onset of some sur-
face wrinkling on the surface of the aluminum. This can be 

Fig. 8   Laser joints of coated 
aluminum with PP films (Al 
50 μm–PP 80 μm assembly): a, 
b white PP; c, d transparent PP

Fig. 9   Laser joints of Al 
150 μm–PP 1100 μm assembly: 
a two lacquering steps; b three 
lacquering steps
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ascribable to the thermal expansion of the polymer when in 
molten state, followed by the contraction due to the sudden 
cooling after the end of the laser irradiation. The aluminum 
film is consequently expanded and then shrunk accordingly 
with corresponding internal stresses arising inside the mate-
rial, this being the cause of the surface wrinkles. This phe-
nomenon is much less apparent at lower power and scan 
speed, where the thermal transitions are correspondingly 
slower, this allowing the materials more time to adapt to the 
dimensional changes related to heating and cooling cycle.

Figure 9 shows the image of the joints after the laser tests 
conducted on aluminum and PP films with a larger thickness 
(Al 150 μm–PP transparent 1100 μm assembly). The joints 
exhibit an excellent aesthetic appearance, with the joint bead 
being barely noticeable, regardless of the process conditions 
examined. Incipient signs of thermal degradation can be 
seen only at the higher powers of the laser beam. A sort of 
furrow appear on the joint, specifically in the last zones of 
the samples that are irradiated by the laser beam. This can be 
ascribable to the thermal inertia phenomena. The laser starts 
to act on a cool sample, but the sample temperature rapidly 
increases during the tests. The last zone irradiated starts 
from a temperature which is already higher than ambient 
temperature as a result of the heat absorbed by the sample 
itself during the first moment of the laser irradiation. There-
fore, the last portions of the sample irradiated are certainly 
more subjected to be impaired by thermal alteration damage. 
However, in this case, there are no significant wrinkles on 
the sample surface as a result of the higher thickness and 
stiffer response of the PP substrate.

3.3 � Tensile tests of the joints

3.3.1 � Joints between films in Al 50 μm–PP 80 μm white 
and transparent

The experimental results obtained from the tensile tests 
led on the joints of the aluminum-polymer joints achieved 
by means of a high-power diode laser are summarized. 
Given the welding configuration with overlapping edges 
of the films in aluminum and PP, the tensile test, as it 
was carried out, basically transposes into a shear resist-
ance test along the welding bead in agreement with [25]. 
Figure 10 shows the trends of the load vs. displacement 
during the tests performed for the sample set Al 50 μm–PP 
white 80 μm. The experimental tests performed on the 
aforementioned samples are compared, using two differ-
ent combinations of scanning speed and laser power that 
generate an almost constant fluence radiated on the joint 
surface (i.e., experimentation in conditions of so-called 
iso-fluence [26]). The trends of the load vs. displacement 
are very similar, regardless of the chosen laser parameters 
and the thickness of the coatings, which, in the case in 

question, is in the range of about 30–40 μm. These trends 
can be traced back to the classic load–displacement curve 
in a tensile test of a polymeric material, recalling that, in 
this case, the white PP takes a crucial role in the forma-
tion of the joint. In fact, these trends are not similar to 
the typical trends of the load vs. displacement of metal-
lic materials, with a sudden break after the elastic–plastic 
section. On the contrary, there is a strong elongation with 
a very progressive reduction of the load. This is typical of 
the very flexible polymeric materials subjected to tensile 
stress, that shows a progressive elongation of the polymer 
chains (initially, of the amorphous portion of the polymer 
and, subsequently, of the crystalline fraction), which are 
oriented in the direction of application of the load. Fur-
thermore, the fracture of the Al 50 μm -PP white 80 μm 
assemblies always occur in the joining area, where the 
chains of the PP are elongated, up to achieve elongations 
of 10 to 15 mm. Such fractures, however, occur not before 
the PP in the assembly has exhibited a large deformation 
in the plastic field. The large elongation observed is, there-
fore, precisely the result of the deformation of the PP film 
in the assembly. The load vs. displacement trend of the Al 
50 μm–PP white 80 μm assemblies, once the maximum 
load has been reached, decreases, as previously observed, 
very slowly to settle on a final load of just under 50 N. 
Although there are no apparent variations in the maximum 
point of the load vs. displacement curves, the maximum 
elongation reached before the fracture is always greater 
if higher laser power and scan speed are set. The highest 
elongations at break of the welded joints with the same 
fluence, which are obtained by selecting the highest beam 
power and scanning speed, can be attributed precisely to 
the characteristics of the interaction between laser beam 
and polymeric material in the assembly. The latter is very 
susceptible to the action of laser radiation, which can 
cause rapid degradation of the polymer. When the polymer 
degrades, even locally as in the case under examination, 
a reduction of the molecular weight of the same occurs 
and, consequently, a loss of part of the mechanical proper-
ties of the polymer [27]. Working with the same fluence 
radiated on the joint surface, but with greater laser power 
and scanning speed, means reducing the interaction times 
between the laser beam and the polymer itself. Probably, 
this reduces the thermal degradation phenomena of the 
polyolefin and also of the heat sealable lacquer, allowing 
the welding joint to exhibit a better behavior during the 
tensile test [28]. However, as seen in the previous section, 
some wrinkles appear on the aluminum surface, because 
of the quick heating–cooling cycle.

Figure 11, on the other hand, compares the tests per-
formed on films in Al 50 μm–PP transparent 80 μm. In this 
case, there is a general trend different from the previous one, 
with the joints exhibiting an elastic–plastic behavior rather 
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than visco-elastic/visco-plastic. The maximum loads are, in  
all cases, higher. They are higher than 100 N, while, on the 
other hand, the elongations at break are lower, constantly 
remaining between 9 and 12 mm. It is also observed that 
the combination of parameters with higher speed and laser 
power, respectively of 6 mm/s and 105 W, does not always 
provide a welded joint with superior characteristics, com-
pared to the combination of parameters with lower values 
(4 mm/s and 70 W), as found in the previous case. Basi-
cally, due to the transparency of PP, the welding mecha-
nism becomes more efficient. Meanwhile, the transparent 
PP does not effectively absorb the radiation from the beam, 
as in the previous case, in which white PP was used. The 
beam can easily pass through the transparent PP film and 
act at the interface with the aluminum, with practically 
unchanged power, also given the modest thicknesses of 
the PP films involved. In this way, it is the aluminum that 
heats up strongly and, subsequently, transmits the heat to the 

adjacent heat sealable low melting lacquer and, therefore, to 
the topmost film in PP [19].

The PP in Al 50 μm–PP transparent 80 μm assembly is 
much less exposed to the direct action of the laser beam. Weld-
ing is very effective, with the co-polyester heat sealable lacquer 
presumably playing a major role in the weld joint. The co-
polyester lacquer is, in fact, a thermoplastic resin, which sub-
stantially tends to exhibit a more rigid and brittle behavior than 
polyolefins, as it quickly crystallized during the tensile tests. 
This mitigates the tendency of the assembly to exhibit viscous 
behavior as seen before for the Al 50 μm -PP white 80 μm 
assemblies. Consequently, the joint exhibits a greater point of 
maximum load in the Al 50 μm -PP transparent 80 μm assem-
blies, a lower elongation at break and a trend of load vs. dis-
placement much more similar to that of materials with an elas-
tic–plastic behavior. Also, in this case, the failure of the welded 
joint occurs after the observation of a rather large deformation 
of the polymeric material in the plastic field. However, the 

Fig. 10   Load–displacement graph for tensile tests on Al 50 µm–PP 80 μm white
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elongation at break is, in this case, on average lower than that 
measured for the Al 50 μm -PP white 80 μm assemblies. More 
details will, however, be provided upon examination of the 
peel-off tests carried out on the same samples.

3.3.2 � Joints between films in Al 150 μm–PP 1100 μm 
transparent

Figure 12, on the other hand, shows the trend of the load vs. 
displacement for the Al 150 μm–PP transparent 1100 μm 
assembly. It is possible to notice a rigid–elastic trend. The 
higher laser power and scanning speed produce the curves 
of the load vs. displacement characterized by higher values 
of the resistant load which reaches, in the best case, 90 N. 
The elongations at break are, in all cases, very low, with the 
fracture of the joint that appears for elongations, generally, 
less than 0.1 mm. In this scenario, a determining factor in 
the formation of the welded joints is certainly the thickness 

of the PP film. The PP film is 1100 μm thick, which is over 
an order of magnitude more than the thicknesses of the PP 
films taken into consideration during the tests carried out in 
the first and second scenarios. During the joining process 
with the high-power diode laser, only the lower part of the 
transparent PP film can melt by conduction in contact with 
the aluminum and take part in the joint formation process. In 
fact, the PP is transparent to laser radiation and its heating, 
as will be better discussed later in this work, occurs essen-
tially by heating conduction from the interface with alu-
minum, which, as a metal material, very effectively absorbs 
the laser radiation itself. Basically, the joint that forms is 
too unstable in relation to the thicknesses of the PP films 
involved in the laser welding process. During the tensile test, 
the PP film, being 1100 μm thick, fails to go into the plastic 
field before the welded joint fails. For this reason, even very 
modest elongations cause the joint to break, which, there-
fore, exhibits a rigid, perfectly elastic behavior. Basically, 

Fig. 11   Load–displacement graph for tensile tests on Al 50 µm–PP 80 μm transparent
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no form of elongation of the plastic film is observed during 
the tensile test. The joint between the two materials fails 
directly, without any deformation in the plastic field being 
shown in advance either in the metal film or in the film in 
polymeric material, this being in agreement with the results 
reported in Hasegawa [29] and van Melick [30].

Figure 13 shows the 3D map of the maximum load of 
the load vs. displacement curves measured in tensile tests 
for welded joints made with the Al 150 μm–PP transparent 
1100 μm assemblies. The whole significant range of the 
operational parameters was explored. In fact, the combina-
tion of scan speed and laser power that lead to satisfactory 

Fig. 12   Trends of the welded joints with Al 150 μm–PP 1100 μm assembly

Fig. 13   3D map of the welded joint with Al 150 μm–PP 1100 μm assembly
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joining were fully identified. Moving outside the explored 
range would mean working with a fluence delivered 
towards the surface that is too much low or high, therefore 
leading to ineffective welding or to polymer/lacquer deg-
radation. Therefore, at low beam powers and high scanning 
speeds, the joint does not form and the joint resistance is 
consequently zero [31]. In this case, the power density radi-
ated on the joint surface is not able to trigger the melting 
of the polymer at the interface with the metal. For this 
reason, the joint between the two materials does not form 
or is weakly formed. Similarly, at high beam power and 
at low scanning speed, the degradation phenomena of the 
organic part of the assembly determine the absence of the 
joint formation, as shown, in some examples, in Fig. 14. 
Substantially, the melting of the material polymer occurs 
too violently, in the presence of too much energy radiated 
on the surface of the joint. In the presence of an excessive 
amount of heat, the vaporized polymer at the interface with 
the metal tends to form large gas bubbles at the interface.

Such bubbles prevent the joint from forming, rather than 
favoring it as is normally expected in the transmission laser 
welding mechanism in agreement with Gisario and Wang 
[18, 31]. Again, the strength of the welded joint is zero. 
High beam powers combined with high scanning speeds or 
low beam powers combined with low scanning speeds lead 
to the formation of a stronger joint. As previously stated, for 
comparable fluence radiated towards the joint surface of the 
assembly, the joining tests that are characterized by shorter 

beam-material interaction times allow to obtain the highest 
strengths of the joint.

3.4 � Analysis of the joining mechanisms

Laser welding between polymer/metal or different poly-
mers takes place through the LAMP (laser-assisted metal 
and plastic) joining mechanisms, elsewhere described in 
Katayama and Kawahito [19] for a different experimental 
set-up. This mechanism, of which a schematic representa-
tion is built in Fig. 15 for the specific case, provides that the 
interface between two different materials, for example coated 
metal (i.e., aluminum coated with the lacquer)–polymer (i.e., 
polypropylene film), is heated by the incident laser beam, so 
as to reach the melting temperature of the plastic material 
in a limited region near the interface. In this specific case, 
the material that melts depends on the configuration of the 
assembly. If the topmost PP film is white. It can absorb a sig-
nificant share of the laser radiation, thus melting, eventually 
vaporizing and contributing to the formation of the joint with 
the underlying coated aluminum. In contrast, if the topmost  
PP film is completely transparent, it is not able to absorb the 
laser radiation. In this case, the laser radiation gets all through 
the thickness of the PP to act at the true interface with the 
aluminum. In this case, the heat-sealing lacquer, placed at 
the interface between the metal and the polymer, melts, thus 
contributing to the establishment of the joint. The lacquer is, 
in fact, low-melting and is in direct contact with the surface 
of the aluminum which absorbs most of the laser radiation 
that gets through the transparent PP film in the assembly.  
In this area, the high temperatures that are generated at the 
interface with the aluminum cause the lacquer to melt, vapor-
ize and, consequently, generate gas bubbles that, spreading 
in the liquid phase, increase the size of the weld bead. The 
rapid expansion of the gas bubbles generates a high pressure 
that favors the joint of the coated metal with the polymer. The 
molten lacquer can penetrate into the morphological profile 
of the underlying metal or of the polymer above it, also filling 
the cavities that can be present among them (Fig. 15). The  
vaporization of the lacquer allows it to completely fill the 
gaps existing between the aluminum surface and the lacquer, 
which are formed during the coating process with the auto-
matic applicator. Under the action of the advancing blade, 
the lacquer is not able to completely fill all the gaps in the 
morphology of the aluminum surface, because of the limited 
surface wettability. This result is, instead, achievable during 
laser welding, as the pressure exerted by the gas bubble in  
the vaporized lacquer facilitates the penetration of the lacquer 
in the aluminum as well as the welding between the lacquer  
and the overlying PP film in agreement with [19]. In the 
case of transparent PP, laser transmission welding does not 
involve, therefore, significant morphological alterations of  
the PP, which is, otherwise, expected to be more susceptible 

Fig. 14   Laser joints of film in Al 150 μm–PP 1100 μm with incipient 
degradation phenomena
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to thermal degradation caused by the irradiation of the laser 
beam. However, in both the mentioned joint mechanisms 
(transparent or white PP), the interfacial joining is obtained, 
thanks to the combined effect of the chemical bonds that are 
formed between the functional groups present in the lacquer 
(i.e., mostly vinylic) that coats the metal and in the PP and of 
the physical bonds resulting from the hydrogen bonds and the 
Van der Waals forces generated at the interface between the 
two materials. This is, therefore, the main difference with the 
typical LAMP mechanism, as the chemical composition of 
the lacquer can activate both the formation of chemical (pri-
mary) bonds at the interface as well as physical bonds, that 
otherwise could not be formed in case of direct metal/poly-
mer joining. A further mechanism that promotes the forma-
tion of the welded joint is, obviously, the effect of mechanical 
anchoring between the two materials (mechanical interlock-
ing), according to what is reported in Mayer and Lavigne 
[32]. The characteristic phenomena that occur during the 
welding process require the so-called welding configuration 
with overlapping edges. Due to the low thermal conductivity 
of the plastic, the heat remains concentrated at the interface 

between the coated aluminum and the PP. The amount of 
heat delivered is a function of the optical properties of the 
PP. In the case of welding between metal and transparent 
polymer with laser radiation, the welding takes place only if 
the absorption of the beam is concentrated at the true inter-
face between the two materials to be joined. Since the joint 
interface is made up of surfaces of different materials, most 
of the absorption in the weld occurs here, especially if the 
organic counterparts allow the laser beam to be transmitted. 
This process is therefore suitable for joining with thermo-
plastic materials without the need to use additives or dyes 
to improve the absorption of the beam in agreement with 
the results reported in Moskvitin et al. [1]. Lastly, the role 
of surface asperities and metal oxides are in this case very 
limited because of the application of the organic resin (i.e., 
the lacquer) on the aluminum surface and the shield gas used 
during the laser irradiation. The resin surface is always very 
smooth, as seen before. It also isolates the aluminum surface 
preventing any form of oxidation. As said, joining is also 
operated under a shield gas to prevent further any source of 
metal oxidation.

Fig. 15   Mechanisms involved in the laser joining process between 
different materials: (a) the laser radiation heats the joining area; (b) 
the heat melts the PP if it is able to absorb a significant share of the 
laser radiation, otherwise penetrate through the transparent polymers 
(PP and lacquer) until reaching the true interface with the aluminum; 
(c) the aluminum Is quickly heated as it absorbs the laser radiation, 

transferring the heat by conduction to the overlying low melting and 
heat sealable lacquer, causing it melt and vaporize; (d) the bubble 
inside the lacquer generates a pressure that forces the lacquer to pen-
etrate inside the gap at the interface with the aluminum and PP, thus 
generating the formation of the welded joint
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Figures 16 and 17 show the interface in the case of thin 
and thick PP film on aluminum substrate in the welding 
zone. The presence of large gas bubbles in the PP film is 
confirmed in both cases. As regards the thick PP film sce-
nario (Fig. 16), the corrugation of the interface between the 
interlayer (darker layer in the middle of Fig. 16) and the PP 
film is visible. The interface between the interlayer and the 
aluminum show the compenetration of the organic material 
inside the morphology (i.e., the morphological asperities) 
of the aluminum with very good adhesion and mechanical 
locking.

Figure 17, instead, shows the interface between the thin 
polypropylene film, the interlayer in the middle (brighter 
layer in Fig. 17 right) and the aluminum substrate in the 
welding zone (i.e., thin-film PP scenario). In this case, it is 
possible to appreciate the large bubbles inside the film. The 
corrugated interface between the PP film and the interlayer 

is also visible and this is the result of the turbulent motion 
generated inside the organic material by the high energy irra-
diated by the laser beam. Lastly, it is possible to appreciate 
the mechanical locking between the plastic and the metal, 
with the asperities of the metal filled with organic materials. 
Very good adhesion can be noted.

3.5 � Analysis of the peel‑off tests

Figure 18 shows the trend of the peel-off curves on the Al 
50 µm–white PP 80 μm joints, which allow to evaluate the 
adhesion strength of the aluminum–polymer joints sub-
jected to the action of a load placed at 90° with respect to 
the lying of the joint. The tear resistance is highly variable 
according to the setting of the beam power and the scanning 
speed in agreement with Vogel [33]. In particular, the joints 
performed at higher power showed greater tear strength. In 

Fig. 16   (Left) Overall polypro-
pylene thick film + interlayer 
coating on aluminum substrate; 
(right) zoom on the double-
interface zone, that is, the 
interface between aluminum 
and interlayer and the interface 
between the interlayer and the 
aluminum

Fig. 17   (Left) Overall poly-
propylene thin film + interlayer 
coating on aluminum substrate 
in SE view mode; (right) zoom 
on the double-interface zone, 
that is, the interface between 
aluminum and interlayer and the 
interface between the interlayer 
and the aluminum in combined 
SE/BSE mode
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any case, the tear strength does not exceed 10 N. The tear 
strength is approximately one order of magnitude lower than 
the corresponding weld joint strength measured by the previ-
ous tensile test.

The evaluation of the area underlying the load vs. dis-
placement curve in the peel-off test allows to obtain an esti-
mate of the work (i.e., tear energy) required to complete the 
detachment of the two parts of the joint. From Fig. 18, the 
work required to achieve complete fracture of the welded 
joint tends to increase for higher values of beam power and 
scanning speed. The fracture of the welded joint, as afore-
said, always occurs due to the defibration of the edge of 
the polymeric part of the assembly. This occurs precisely 
due to the effect of the polymer stretching mechanism dur-
ing the static test, but also through the crazing mechanism 
[34], quite common in polymers and which regulates the 
formation of the fracture inside them. Basically, the poly-
meric materials subjected to an oriented load show, in turn, a 

corresponding orientation of the polymer chains. This orien-
tation may or may not be accompanied by a crazing phenom-
enon, prior to the formation of the complete fracture in the 
material. In the event that the crazing phenomenon is mani-
fested vigorously, vacuum zones begin to form inside the 
polymeric material, interspersed with the formation of fibril-
lar bridges consisting of highly oriented polymer chains. In 
correspondence with the latter, a strong localization of the 
plastic deformation occurs. In the presence of the crazing 
phenomenon, the polymeric material can, therefore, exhibit 
a strong increase in tear resistance, which is very common in 
the case of welded joints made of homogeneous and miscible 
polymeric materials (in this case, the extent of the phenom-
enon of crazing is to be ascribed to the affinity or miscibility 
of the resin used for the coating and the polymeric material, 
i.e., PP) [34]. For inhomogeneous materials (immiscible or 
partially miscible), the phenomenon of crazing is, in gen-
eral, less marked, predominating, as failure mechanism, that 

Fig. 18   Load–displacement plots for peel-off tests on welding between 50 µm Al films–white PP films
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of elongation and defibration of the polymer chains, sub-
jected to the load. In this case, the tear strength is generally 
expected to be lower than in the previous case (in which the 

crazing phenomenon is more apparent) [34]. Figure 19, on 
the other hand, shows the trend of the peel-off curves on the 
welds Al 50 µm–PP 80 μm transparent. Again, transparent 

Fig. 19   Load–displacement plots for peel-off tests on welding between 50 µm Al films–transparent PP films

Fig. 20   Energy required to tear the joint in a peel-off test: a white PP; b transparent PP

2307The International Journal of Advanced Manufacturing Technology (2022) 120:2291–2309



1 3

PP exhibits a different behavior from white PP. The curves, 
while maintaining that characteristic jagged trend, show on 
average higher loads and smaller displacements in analogy 
to what was observed in the previous tensile tests.

The peel-off test was not carried out on the transparent 
Al 50 µm–PP 1100 μm welds, as the same, even in the ten-
sile test, exhibited an excessively rigid and perfectly plastic 
behavior. Consequently, the preliminary tests showed the 
inadequacy of the experimental configuration chosen in the 
peel-off test.

Finally, Fig. 20 shows the trend of the area under the 
load vs. displacement of peel-off tests for aluminum films 
coupled with white (Fig. 20a) and transparent (Fig. 20b) 
PP. The higher areas, corresponding to higher energy levels 
needed to tear the joint in peel-off tests, always occur for 
higher laser beam powers and scanning speeds, for all sce-
narios examined, thus confirming the better suitability of 
laser transmission welding of polymers with metals oper-
ated with lower interaction time of the laser beam with the 
welded joint [18, 31].

4 � Conclusions

The present work concerns the study of welded joints 
between aluminum and PP films, materials commonly used 
for food packaging. Based on the experimental findings, the 
following pointwise conclusions can be drawn:

•	 All the joints between aluminum and PP are obtained 
through the so-called laser transmission welding (LTW) 
mechanism, this despite the difference in color or thick-
ness of the substrates, this being favored by the coating 
of the aluminum with the thermo-sealable lacquer.

•	 The joint between the two materials consists of chemical 
bonds between related functional groups (i.e., vinylic) in 
the polymer and on the coated aluminum surface, physi-
cal interactions (i.e., hydrogen bonds and van der Waals 
forces) that regulate the interaction between the two 
materials at the interface and mechanical interlocking 
(i.e., interpenetration of the two materials in the morpho-
logical asperities at the interface).

•	 The thickness of the films, their ability to interact with 
the laser beam (i.e., the absorption of the laser radiation), 
the levels of fluence set and the interaction times between 
beam and material are the factors controlling the process.

•	 The experimental results allowed to identify the optimal 
processing window, that is, the choice of the operational 
parameters that leads to satisfactory welded joints.

In conclusion, the present study allowed to increase 
the knowledge on welding of dissimilar materials, with 

particular focus on polypropylene and aluminum films, 
both broadly used in the manufacturing of food and beverage 
packaging solutions. In particular, the experimental findings 
allowed to emphasize that the main difference with the typi-
cal laser welding mechanism is the formation of primary and 
secondary bonds at the interface. This can be ascribed to the 
chemical composition of the lacquer that can activate both 
the formation of chemical bonds at the interface as well as 
physical bonds, that otherwise could not be formed in case 
of direct metal/polymer joining. Laser was found to be a 
viable solutions for welding polypropylene and aluminum 
films, thus proposing it as an effective and safe alternative 
to the current welding process.
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