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A B S T R A C T   

This study deals with the experimental analysis of the effects of laser radiation on semi-crystalline polyethylene- 
based polymers. This paper has been developed as basis for future development of an innovative joining system, 
based on laser technology, to produce hybrid structures consisting of metal and polymer parts. Several process 
monitoring techniques, such as mechanical tensile test, thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), flat-top cylinder indentation test (FIMEC) and infrared analysis (FTIR) have been used to 
evaluate the thermo-mechanical properties of the tested materials, with the aim to identify the technological 
process window for the joining process. The investigation, focused on two thermoplastic samples in high density 
polyethylene (HDPE) and polyethylene terephthalate (PET), aimed to investigate any structural changes caused 
by the laser irradiation of the polymer materials. Results showed no degradation for PET material and only a 
minor oxidation effect for black high-density polyethylene (HDPE) sample. The achievements of this study are of 
crucial importance for the identification and setting of the optimal irradiation parameters during laser joining 
operations, thus avoiding ineffective heating or excessive degradation of the material.   

1. Introduction 

The need to create ever lighter and more performing components has 
led to the development of hybrid structures [1], consisting of the 
coupling of different materials. Multi-materials of metal-polymer and 
metal-composite hybrid structures are highly demanded in several fields 
including land, air and sea transportation, infrastructure construction, 
and healthcare [2]. This coupling of materials makes it possible to 
exploit the different characteristics of the individual components, as in 
the metal-polymer case [3] while keeping a light structure with high 
mechanical characteristics [4]. Furthermore, the use of polymers can 
give to the structure a chemical stability [5], which is not possible to 
obtain with the lone metal alloy. In this context, the study and the 
development of new joining technologies for the construction of hybrid 
structures are of fundamental importance in many fields, especially for 
those where a high property/weight ratio is absolutely demanding. The 
adoption of composite hybrid structures in transportation industries 
represents a pivotal opportunity to reduce the product’s weight without 

compromising structural performance [6]. This enables a significant 
reduction in fuel consumption for vehicles driven by internal combus
tion engines, as well as an increase in fuel efficiency for electric vehicles 
[7]. 

The automotive and aviation industries seek to replace metal com
ponents with thermoplastic composites to minimize vehicle weight [8]. 
Thermoplastic composites and high-performance thermoplastics are 
usually joined to metallic parts in complex assemblies, such as a vehicle 
body. Thus, hybrid metal-composite and metal-plastic systems are 
involved in many applications [9]. The mechanical properties, chemical 
composition and physical characteristics of dissimilar materials often 
make metal-polymer and metal-composite combinations relatively 
difficult. The main challenge to produce multi-materials of such hybrid 
structures is related to the lack of effective joining solutions [2,10]. 
Currently, the industrially available technologies on the market to create 
hybrid structures are conventional joining processes based on mechan
ical fastening [11] and adhesive bonding [12]. These solutions involve 
several issues and significant disadvantages, such as the need for part 
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drilling, the use of fasteners for the mechanical joining, and, in general, 
are characterized by a high environmental impact for bonding. The 
adoption of inserted third parts (such as bolts or rivets) in mechanical 
fastening cause also overweighting [13] and increased costs [7] In this 
context, an innovative joining system, based on laser technology, will 
allow the elimination of mechanical fastening elements and adhesives, 
giving a strong push towards the automation of production, conse
quently ensuring a reduced environmental impact [2,7]. 

A key process in laser joining concerns the in-depth transmission of 
the laser radiation, that is up to the layer of the metal material to be 
joined, to ensure a good adhesion between the layers. In case of poor 
ability of the material to absorb and transmit radiation, the laser power 
can be increased, but it should not be too high in value, to avoid the risk 
of degrading the polymer [14]. Therefore, there is a temperature win
dow between the melting temperature and the degradation temperature 
of the material, within which it is proper to process the polymer. 

In this study, two different commercial polymers were chosen, i.e. 
black high-density polyethylene (black HDPE) and polyethylene tere
phthalate (PET), with the aim of comparing the response to laser radi
ation. The applied laser conditions have been selected to expect a 
possible degradation phenomenon in the first material (HDPE), and, 
instead, an invariability in the chemical-physical characteristics exam
ined in the second one (PET). 

A deep study has been devoted to the analysis of thermo-oxidative 
degradation of polyethylene (PE) in the temperature range 
100–200 ◦C in air or other oxygen-rich atmospheres [15,16]. In this 
context, based on the results of the analysis of both the reflected, 
absorbed, and transmitted radiation rates and of the TGA, the optimal 
parameters of laser radiation were identified, such as wavelength, 
power, and laser beam focus. Downstream of the irradiation tests, the 
state of degradation of the polymeric material was evaluated in terms of 
transformation of the chemical structure by mechanical and thermal 
tests as well as spectroscopic analysis. 

In literature, different characterization tests were performed to study 
the properties and degradation phenomena of polymers [17]. Methods 
and equipment include microscopy, chromatography, spectroscopy, 
thermal analysis and rheometry. Besides, some recently developed 
microextraction techniques have been useful to extract and determine 
trace concentration of released molecules during polymers’ aging [18]. 
Moreover, mechanical properties were evaluated by performing FIMEC 
(Flat-top cylinder Indenter for MEchanical Characterization) test [19], 
based on the use of a flat cylinder which penetrates at a constant rate 
into the material to evaluate the local properties. As reported by Refs. 
[20,21], flat punch indenters are preferred when testing soft materials, 
to avoid puncturing the material and to ensure a large contact size/s
tiffness, to facilitate detecting the surface before too much sink-in oc
curs. The experimental trend of load-penetration curves, reported in 
Ref. [22], was modelled by an artificial neural network finding a good 
response for the proposed solution. Barletta et al. [23] performed flat 
indentation test verifying the superior performance of the photo
luminescent HDPE, as result of the dispersion in the HDPE matrix of the 
mineral fillers, which increase the dimensional stability of the compo
nents and improve their deformation response. Other literature papers 
[24,25], applied FIMEC method in order to evaluate the local stiffness 
reduction of CFRP (carbon fibre reinforced polymer) plates, after 
different aging in water, demonstrating the ability of FIMEC test to 
discriminate between different surface conditions of the same material. 
Additional literature works reported flat-punch indentation tests of 
thermo-plastic materials [26,27], such as polymethyl methacrylate 
(PMMA), polycarbonate (PC), polystyrene (PS) and polyethylene tere
phthalate (PET), to evaluate the viscoelastic performance. 

The calorimetric technique (DSC) is useful for understanding the 
phenomena that drive the crystallization dynamics both neat polymers 
and nanocomposites, i.e. PET/clay [28]. At the same time, the DSC 
technique is currently applied for analyzing various grades of poly
ethylene, making it possible to discover impurities or even mixture of 

high- and low-density PE in the sample [29]. The formation of low 
molecular weight compounds (such as monomers and oligomers, solvent 
residues, additives, products) constitutes one of the best indicators of the 
degradation of a commercial polymer. The detection of these released 
compounds, generated by chemical reactions, in turn activated by 
heating, allows to know the mechanism and degree of degradation of the 
polymer. It represents a key aspect, considering that these species can be 
released into the surrounding environment. In this context, FTIR is one 
of the most important techniques for the analysis of these released low 
molecular weight compounds [18], as already verified by Sharma et al. 
[30], which reported the evaluation of surface crystallinity of PET fila
ments from FTIR spectra. 

In this context, the aim of this experimental research is to study the 
polymer’s degradation due to laser radiation, evaluating the thermo- 
mechanical properties of the tested materials, both before and after 
being subjected to local melting during laser processing. This phenom
enon can cause physical and chemical transformations, with the possi
bility of affecting the quality of the obtained junctions. Therefore, the 
present study identifies the optimal technological process window to be 
adopted for the realization of innovative hybrid polymer-metal com
posite structures. 

2. Experimental 

2.1. Materials 

The specimens studied are cut from commercially available plates 
based on black high-density polyethylene (HDPE, RS code: 408–3829) 
and polyethylene terephthalate (PET, manufactured by NUDEC, S.A), 
whose characteristics are determined through the tests described in the 
following sections. The thickness of considered materials is 3.8 mm and 
2.9 mm for HDPE and PET, respectively. In Table 1, the main properties 
of the HDPE and PET plates are reported. 

2.2. Sample preparation 

Polymer plates were cut using a Stepcraft D840 numerical control 
machine (CNC). The 828 burr, from MJ CNC Automation, equipped with 
two 0.8 mm cutting edges, a diameter of 2 mm, and a stem of 3.175 mm. 
The cutting speed, the depth of cut and the feed rate have been chosen in 
such a way as to guarantee the best quality of the lateral surface and at 
the same time the highest machining speed. The depth of cut was chosen 
according to the thickness of the material, specifically 4 mm (in case of 
single pass) and 3 mm (for two passes), for PET and HDPE respectively. 

Table 2 shows the respective values of the cutting parameters 
adopted for PET and HDPE, while Fig. 1 shows the plates under pro
cessing. Please refer to Section 2.5, especially to Fig. 4, for more details 
about the geometry (i.e. dog-bone shape and dimensions) and parame
ters of the samples, prepared for the tensile tests. 

2.3. Thermogravimetric analysis 

ThermoGravimetric Analysis (TGA) of studied samples was carried 
out using a Perkin Elmer Pyris Diamond analyzer. The samples were 
heated from room temperature of 25 ◦C up to 800 ◦C at a heating rate of 

Table 1 
Main properties of HDPE and PET plates.  

Property HDPE PET Unit 

Density 0.95 1.34 g/cm3 

Specific heat 1.1 1.1 J/gK 
Tensile strength 25 59 MPa 
Elongation 50 does not break % 
Flexural strength 175 86 MPa 
Maximum operating temperature +90 +60 ◦C  
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10 ◦C/min. The measurement was performed on 8–10 mg of sample 
placed in a ceramic crucible. For each sample, three replications were 
done. Nitrogen was used as carrier gas with a constant flow rate of 100 
ml/min during the tests. Through the analysis of the TGA curves, is 
possible to determine the degradation temperature of the polymers, 
while the derived curve (DTG curve) allows to better highlight the 
weight variations of the sample. From these curves, three main tem
peratures can be identified: (i) the peak temperature of the DTG, cor
responding to the inflection point of the TGA curve, which indicates the 
point of greatest rate of weight change (TDTG); (ii) the “onset” temper
ature extrapolated according to ISO 11358-1 (Ton,E). This is the inter
section point of the baseline of the initial mass and the tangent to the 
TGA curve at the point of maximum slope; (iii) the “onset” temperature 
according to ASTM E2550 (Ton). This represents the point in the TGA 
curve where a deflection from the baseline established prior to the 
thermal degradation event is first observed. The extrapolated onset 
temperature evaluation method is more easily reproducible [31]. In 
particular, the temperature Ton,E will be referred to as the maximum 
temperature beyond which the degradation phenomenon definitively 
compromises the sample. In addition, temperatures T1%, and T5%, are 
reported, which represent the points of the TGA curve to which mass 
losses of 1% and 5% correspond respectively. 

2.4. Laser treatment 

A high energy efficiency and flat energy distribution IPG DRL 200 
diode laser was used, characterized by a 975 nm (near infrared) wave
length source and a maximum power of 200 W, produced by IPG Pho
tonics. A collimator, mounted at the end of the fibre optic cable, ensured 
a final spot of the radiation of about 6 mm. A beam expander (5 × ) gave 
the laser beam a diameter of about 30 mm and a FLIR A665sc thermal 
imaging camera allowed the temperature monitoring of the dog-bone 
shape specimens. 

Fig. 2 reports a schematic view of the set-up configuration, while 
Fig. 3 presents the experimental setup. The laser irradiation tests were 
conducted under static conditions, i.e., without movement of the spec
imens, of which only the central zone was irradiated, as more clearly 
shown in Fig. 7 of Section 3.1. During the tests the working distance 

parameter, which refers to the vertical distance between the laser 
collimator and the top surface of the polymeric plates, was fixed at a 
distance (D) of 180 mm. 

Table 3 shows the laser parameters experimentally measured with 
the OPHIRF150A-SH sensor, positioned on the opposite face of the 
sample, just below the plate and connected to the power meter Nova 
Display Assy by OPHIR. The energy parameters (i.e. treatment time and 
laser power) were selected after preliminary tests, in order to avoid 

Table 2 
Numerical control machine tool cutting parameters set for PET and HDPE.  

Material Cutting speed, 
rpm 

Depth of cut, mm (Initial thickness, 
mm) 

Rate, mm/ 
min 

HDPE 17,000 3 (3.8) – 2 passes 1200 
PET 17,000 4 (2.9) – 1 pass 1000  

Fig. 1. PET (a) and HDPE (b) plates during CNC machining.  

Fig. 2. Laser treatment scheme of the sample (PL, PR and PT indicate the Laser 
Power, the Reflected and the Transmitted Power respectively). 

Fig. 3. Irradiation test setup.  

Fig. 4. Definition of the geometry and parameters of the samples, according to 
the standard ASTM D638. The dimensions are given in mm. 
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material degradation, and the power meter was manually reset before 
each measurement. 

The high-energy beam penetrates a maximum thickness of a few 
millimeters into the semi-crystalline plastics and the distribution of heat 
within a polymer is dictated by the Lambert-Beer absorption law [32]. It 
is worth noting again that for the laser treatment, the samples adopted 
are those described in the following Section 2.5, regarding tensile tests, 
as they are also tested under tension to investigate any change due to the 
treatment itself. 

The maximum temperature reached in the irradiated area was 
calculated using the FLIR ResearchIR software. The laser parameters 
were adjusted considering the thermo-gravimetric analysis, in such a 
way as to bring the temperature of the samples above the melting 
temperature and at the same time below the respective degradation 
temperatures. 

2.5. Tensile test 

For the tensile tests of polymeric materials, the ASTM D638 standard 
was considered as a reference for the definition of both the geometry of 
the samples (Type I) and other specifications as the crosshead speed and 
the distance between the clamps. Specifically, a crosshead speed equal 
to 5 mm/min and 500 mm/min, respectively for PET and HDPE, was 
chosen according to the stiffness of the polymer. Fig. 4 shows the ge
ometry of the samples, while Table 3 reports the values selected for the 
parameters. Tensile tests were performed using the 50 kN MTS Insight 
electromechanical testing machine at room temperature. Mechanical 
parameters such as elastic modulus E, ultimate tensile strength UTS, 
stress at break σR, yield strength σS and strain at break ԐR were recorded 
and processed. Three replicates for each material were performed. For 
each irradiated polymer, the percentage variation of the mechanical 
tensile properties, with respect to the untreated material, is calculated 
by applying Equation (1): 

ΔX%=

(
Xsample − Xreference

Xreference

)

100 (1)  

2.6. Differential scanning calorimetry 

Differential Scanning Calorimetry (DSC) tests were performed with 
the DSC Q2000 by TA Instruments. HDPE and PET samples, with a mass 
between 5 and 10 mg, were sealed in aluminium pans and heated from 
20 ◦C to 200 ◦C [33,34] and from 20 ◦C to 280 ◦C [35,36] respectively 
(first thermal scans). The first scan was used to eliminate the thermal 
history of the material. Subsequently, the materials are cooled down to 
the starting temperature of 20 ◦C using a liquid nitrogen cooling device, 
adopting the same heating/cooling rate, fixed at 10 ◦C/min; finally, they 
are heated and cooled again to the same final temperatures (second 
thermal scans). Nitrogen flow rate was 20 ml/min. 

The melting temperature (Tm), the crystallization temperature (Tc), 
the glass transition temperature (Tg), and the degree of crystallinity (Xc) 
were evaluated as fundamental parameters. For the calculation of the 
percentage of crystallinity, reference was made to Equation (2), where 
ΔHm is the integral of the observed melting peak [37], ΔHc is the heat of 
the crystallization during the heating phase (if present), and ΔH0 is the 
thermodynamic fusion enthalpy of fully crystalline HDPE (i.e. 293 J/g 
[34]) or PET (i.e. 140 J/g [38]). 

Xc =

(
ΔHm − ΔHc

ΔH0

)

100 (2)  

2.7. FIMEC indentation 

FIMEC tests were carried out using the 5 kN MTS Insight 5 Universal 
Testing Machine, opportunely equipped with a 2.5 kN load cell and a fat 
cylindrical indenter, 1 mm in diameter, made of tungsten carbide. 
During the test, the applied load was acquired as a function of the 
penetration depth. Indentations were performed under quasi-static 
conditions (i.e. applying speed of 0.1 mm/min) to a maximum pene
tration depth of 0.5 mm. A 5 N pre-load was used to reduce the initial 
non-linearity of the curve due to the lack of perfect coplanarity between 
sample and indenter surfaces. On each sample schematized in Fig. 5, of 
dimension 5 × 1 cm, 10 indentations were performed at fixed positions 
4 mm away from each other (named in the next sections as P1 to P10), 
obtaining load vs. penetration curves. Among the parameters that can be 
extracted by the obtained curves, the load value at fixed penetration 
depth and the slope in a given range of depths were evaluated. In 
particular, the slope of the linear trend is considered to be related to the 
mechanical stiffness of the indenter material. Indeed, FIMEC method 
allows the determination on a local scale of stiffness and yield stress, as 
obtained in standard tensile tests [23,24]. The FIMEC test was therefore 
conducted to investigate the mechanical performance of the samples as 
the distance from the source of the incident laser beam varies, along the 
10 positions of indentation. 

2.8. FTIR spectroscopy 

To observe changes in a material caused by laser treatment, HDPE 
samples were characterized by Attenuated Total Reflectance Fourier 
Transform InfraRed spectroscopy (ATR FTIR) in the range from 4000 to 
650 cm− 1 with the aid of a Spectrum 100 FTIR spectrometer from Per
kinElmer. A thin portion of the sample was extracted using a clean, sharp 
razor blade and pressed with a flat pressure tip. From each sample, three 
parallel spectral measurements were carried out, performed on different 
measurement points at sample surface. FTIR spectra were normalized 
using automatic baseline correction from the software Spectrum One by 
PerkinElmer. 

FTIR spectroscopy allows to analyze the molecular structure of a 
material with the help of infrared radiation. In particular, when the 
binding energy and infrared energy are equivalent, the radiation is 
absorbed. The materials investigated were sampled in the lateral area (i. 
e. the portion of the specimens not affected by the laser) and in the 
central area (i.e. the one affected by the scanning). 

3. Results and discussion 

3.1. TGA analysis and thermal imaging analysis 

The TGA curves are displayed from left to right for HDPE (a) and PET 
(b) samples in Fig. 6. Reference temperatures evaluated by processing 
these curves are collected in Table 4, together with the percentage of 
residual material. 

A rapid degradation can be observed for both materials due to 
cleavage of the chemical bonding. Maximum weight loss was found in 

Table 3 
Operating parameters of the laser used for the irradiation HDPE and PET.  

Operating Parameters HDPE PET 

Average Laser Power (W) 20 200 
Laser runtime (s) 20 75 
Maximum surface temperature measured (◦C) 200 122  

Fig. 5. Scheme of the sample subjected to FIMEC indentation test (real 
proportions). 
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the temperature range 420–500 ◦C and 380–480 ◦C for HDPE and PET, 
respectively. To further characterize the polymer samples, the extrapo
lated initial temperatures (Ton,E) was considered according to the ISO 
Standard, as they are more reproducible. Ton,E denotes the temperature 
at which weight loss begins and corresponds to 461 ◦C for HDPE, while 
two values of Ton,E, corresponding to 405 ◦C and 414 ◦C, have been 
obtained for PET. 

The first derivative curve is easily displayed by selecting the option 
under the MATH drop-down list of the software. In this case, the curve 
shows a peak centred at the temperature (TDTG) corresponding to the 
maximum rate of weight change for the material examined as well as to 
the inflection point (“Flex”) of the TG curve. The values of TDTG evalu
ated for the materials examined were found to be 482 ◦C for HDPE, 
425 ◦C and 440 ◦C for PET specimens. 

At the end of the TGA test, the PET sample showed an amount of 
residue approximately equal to 16.8%, attributable to the presence of 
non-volatile components (fly ash and other contents). The percentage of 
residue was, instead, negligible in the case of HDPE, i.e. 1.4%. 

Fig. 7 shows a thermographic image acquired during the laser irra
diation tests. The intense yellow part represents the irradiated area, 

while the temperature measurement area is present inside the circle. 
Fig. 4 shows the temperature diagrams as a function of the exposure time 
of the polymers to radiation. The black HDPE irradiation took place 
using low power, equal to 10% of the nominal power of the source and 
caused the appearance of a chromatically altered area. PET is almost 
totally transparent to laser radiation with an amount of energy trans
mitted above 90%. As shown in Fig. 8, temperatures above 120 ◦C were 
reached during tests, corresponding to about half the melting tempera
ture of the material. A power of 200 W was used, corresponding to 100% 
of the nominal power of the source, with exposure times of 75 s. In such 
conditions, the presence of a white halo can be seen, caused by the 
interaction with the laser beam. 

3.2. Tensile test 

In Fig. 9, the appearance of the HDPE and PET samples before and 
after the tensile test can be seen. As shown in the latter, the chromatic 
alteration of the materials due to laser radiation can be observed. HDPE, 
with a melting point of about 130 ◦C, was irradiated at the minimum 
laser power of 20 W for 20 s (Table 3). Due to the black pigment of the 
material, the energy was enough to determine a maximum value of 
surface temperature of 200 ◦C. On the other hand, PET, which is almost 
totally transparent to laser radiation in the fixed irradiation conditions 
(i.e. 200 W for 75 s), reported a maximum temperature of 122 ◦C, far 
from the melting temperature of 250 ◦C. 

Fig. 10 shows the stress-strain curves obtained for the HDPE and PET 
samples and Table 5 shows the comparison of the irradiated materials 
with respect to the reference (non-irradiated) ones in terms of percent
age variations of some tensile parameters. During the tensile test of both 

Fig. 6. TGA curve (solid line) and DTG (dotted line) of HDPE (a) and PET (b).  

Fig. 7. Thermographic image acquired during the tests in the case of PET at 200 W.  

Table 4 
Thermal degradation properties of PET and HDPE evaluated by the TGA/DTG 
curves showed in Fig. 2.  

Sample Ton, ◦C Ton,E, ◦C TDTG, ◦C T1%, ◦C T5% Residue, % 

HDPE 404 461 482 420 450 1.4 
PET 366 405 414 425 440 382 400 16.8  

M. Di Siena et al.                                                                                                                                                                                                                               



Polymer Testing 120 (2023) 107947

6

Fig. 8. Temperature-time diagram (relative to exposure to the laser source), for (a) HDPE and (b) PET polymers.  

Fig. 9. HDPE (a,b) and PET (c,d) samples after laser irradiation, before (a,c) and after (b,d) the tensile test.  

Fig. 10. Stress-strain curves related to irradiated HDPE (a) and PET samples (b).  
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materials, the formation of a central narrowing area is observed in the 
irradiated zone, with consequent breakage in the same area. Regarding 
the effect of the irradiation process on the tensile parameters (Table 5), 
apart from the elongation at break, which appears to be negatively 
affected and the strength which does not appear to be significantly 
altered for both materials, the other parameters (stiffness, resistance to 
rupture, and UTS) are significantly affected only for PET samples. This 
consideration, apparently anomalous given that the maximum temper
ature of the irradiated region is well below the melting temperature of 
PET, is still under investigation. 

3.3. Differential scanning calorimetry 

DSC measurements were used to record the changes in the material 
structure of HDPE and PET caused by irradiation. Fig. 11 shows the 
diagram obtained and the relative analysis for the determination of the 
main thermal properties. The data obtained from the DSC before and 
after irradiation are shown for comparison in Table 6. Following the 

Table 5 
Percentage variation of the tensile mechanical properties of irradiated HDPE and 
PET, compared to reference materials.  

Material ΔE, % ΔUTS, % ΔσR , % ΔσS, % ΔεR, % 

HDPE +0.9 +1.9 − 7.9 − 0.1 − 26.8 
PET +6.8 − 5.8 − 82.5 +0.22 − 46.0  

Fig. 11. DSC curve of irradiated HDPE with both heating/cooling cycles: (a,c) evaluation of the melting temperature and enthalpy respectively during the first and 
second heating cycles; (b,d) evaluation of the crystallization temperature and enthalpy respectively during the first and second cooling cycles. 

Table 6 
Thermal properties and percentage of crystallinity evaluated by DSC for HDPE 
before and after laser treatment.  

Cycle Tm, ◦C Tc, ◦C Xc,% 

Before irradiation 
1st 135.31 112.88 114.82 62.12 
2nd 132.90 113.73 115.73 57.20 
After irradiation 
1st 131.97 134.63 112.04 116.56 60.17 
2nd 130.07 134.60 111.58 116.97 51.57  
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laser treatment, a splitting of the HDPE melting peak centred at the Tm of 
135.3 ◦C into two peaks, with maximum absorption at about 132.0 ◦C 
and 134.6 ◦C, is observed. Comparing the double crystallization peak 
before and after the laser treatment, an increase in the separation be
tween the two peaks and, therefore an increase in the difference between 
the two crystallization temperatures (Tc) is observed. During both 
heating and cooling cycles, the presence of a double peak in corre
spondence with the state changes (bimodal trend) and slight discrep
ancy in Tm and Tc, compared to the reference HDPE, indicates a change 
of the structure. The occurrence of two crystallization temperatures, 
even for untreated samples, can be explained by a slight degradation of 
the sample during its preparation. Because of the high temperatures for 
polymer processing, degradation occurs related to thermal stress in 
combination with mechanical stress during the processing inside an 
extruder and further formation by moulding [39,40]. The changes in 
polymer chain structure can also be seen through the crystallinity de
gree, calculated according to Equation (2), whose results are presented 
in Table 6. Following the laser treatment, a small decrease in the crys
talline percentage of HDPE is observed. This could be explained by the 
higher concentration of formed polymer radicals with different func
tional groups (carbonyl, carboxyl, hydroxyl, vinyl) because of partial 
depolymerization induced by exposure to laser conditions. Such groups 
disable the fine order of polymer chains, and the crystallinity degree 
decreases [41]. 

In literature [16], it is known that the crystalline structure, hence the 
melting behaviour of PE, is governed by two dominating factors: (i) the 
size of the molecules and (ii) the number of irregular structures. On the 
one hand, decreasing the size of the molecules facilitates the acquisition 
of an ordered structure, so favouring an increase in crystallinity and Tm. 
On the other hand, irregular structures, and end groups within the 
chains, such as branching points, hydroxyl or carbonyl, tend to decrease 
the close-packing ability and, therefore also the crystallinity decreases. 
DSC results highlighted the need to consider cooperative mechanisms in 
understanding the phenomenon of polymer degradation. A further 
aspect to consider is that the degradation below the Tm is limited to 
amorphous phase, which explains why variations in crystalline content 
are contained following laser treatment [42]. It is worth noting that in 
the present study treated polymers are commercial, therefore presum
ably in the presence of antioxidants or other additives capable of 
increasing the deterioration temperatures of the material. The extent 
and the modality of deterioration phenomena suffered by the material 
subjected to laser treatment are influenced by the particles and pigments 
present (i.e., HDPE is filled with carbon blacks). Carbon black, which is 
comparable to some of the less effective thermal antioxidants under 
accelerated test conditions, can provide protection for polyethylene 
below the melting point. This greater protection in the solid state can be 
attributed to the impermeability of the crystalline phase to oxygen and 
to the greater concentration of the voluminous particles of carbon 
(antioxidant) in the amorphous region [42]. The deterioration mecha
nism also depends on the cooling rate of the irradiated polymer. On the 
other hand, the cooling process itself is influenced by the speed and the 
exposure time of the material to heat, and therefore to the laser source. 
The use of the laser implies a very intense heating in a very short time, 
which affects only the most superficial layers of the material. The trend 
of the degradation of the material will also take into consideration the 
method of heat diffusion in the underlying layers. 

About PET, the average variations of the thermal parameters ob
tained on three replicates of samples, before and after laser irradiation, 
were taken into consideration as results. By comparing the first thermal 
cycles before and after the heat treatment it is possible to obtain an 
evaluation of the effects determined by the laser on the material. An 
average Tm of 249.0 ± 0.8 ◦C was recorded, with a variation of − 1.7 ◦C 
due to the heat treatment and an average decrease in crystallinity equal 
to 3%. The average variation of the crystallization temperature 
following the treatment was negligible. For all PET samples, comparing 
the first thermal cycles, a Tg was found around 78 ◦C before irradiation, 

in any case recording a decrease of about 3 ◦C of this value in the treated 
material. The visible transition that occurs around the Tg in PET sample 
prepared under standard process conditions is the enthalpy relaxation 
due to physical aging [43]. The cold crystallization peak was therefore 
detected during the first thermal cycle in both treated and untreated PET 
by recording an exothermic peak at about 130 ◦C (Tcold c). As expected, 
the thermal DSC analysis for this material demonstrated the absence of 
structural variations and degradation phenomena following the laser 
treatment under the applied conditions. On the other hand, a slight 
variation in crystallinity is visible, justified by a slight decrease in 
temperature following the laser treatment (see Table 7). 

3.4. FIMEC indentation test 

Fig. 12 reports the typical FIMEC curves found for the samples of 
HDPE (a) and PET (b), where the applied load is reported as a function of 
the residual depth. 

Moving from the indentation point P1 to the indentation point P10, it 
is possible to observe a very precise trend, for both materials. In fact, the 
profile of the curves varies as the test is performed towards the most 
central positions of the sample (P4–P6) and then resumes the initial 
trend at the endpoints of indentation. The trend found consistently de
scribes the varying conditions of the polymers passing from point P1 to 
point P10. In fact, point P1 and point P10 correspond to the untreated 
material, while in the central positions there is the material that has 
been irradiated under the laser source. 

Fig. 13 compares the load curves obtained for HDPE and PET in the 
respective P5 positions. For PET, a rather linear increasing trend of the 
load can be observed at the beginning of penetration, followed by a bend 
and by an increasing branch of the applied load at higher penetration 
depth. In comparison, HDPE shows less linearity in the initial section 
followed by a wide bend and a branch that describes a slow growth of 
the applied load. The difference in mechanical response for the two 
materials is evident, as at 0.5 mm of penetration depth HDPE and PET 
reach respectively 71 N and 177 N. 

Many parameters can be extracted from load vs. penetration curves 
to analyze laser treated materials on a comparative base, such as the 
load value at fixed penetration depth. In particular, the value of the load 
reached at 0.5 mm penetration depth was considered. Fig. 14(a) shows 
how FIMEC test is able to identify variations in the surface of the ma
terial as a result of laser radiation. For all positions from P3 to P7, a net 
decrease in the maximum load applied is observed for PET, i.e. ∼ 14.6%, 
while the decrease in the mechanical response is more gradual and less 
relevant for HDPE, i.e. ∼ 7.7%. Fig. 14(b) shows the variation of the 
resistance parameter Py as the indentation position varies. The param
eter is identified as the specific stress value, corresponding to the real 
pressure value (P) that separates the first plastic section from the second 
plastic section and corresponds to the appearance of a permanent 
macroscopic deformation of the material and to the beginning of the 
protrusion of the material around the indenter. The test results show a 
decrease in the Py parameter at the central positions reached by the laser 
radiation, of ∼ 37% for PET and ∼ 18.6% for HDPE. In particular, from 
the analysis of both the maximum loads and Py parameters, the range of 

Table 7 
Thermal properties and percentage of crystallinity evaluated by DSC for PET 
before and after laser treatment (*consider the values as averages measured on 
three replicates).  

Cycle * Tg, ◦C * Tcold c, ◦C * Tm, ◦C * Tc, ◦C Xc, % 

Before irradiation 
1st 78.26 130.62 250.70 176.55 21.11 
2nd 81.54 – 248.04 175.59 20.98 
After irradiation 
1st 75.33 129.76 249.0 176.74 24.03 
2nd 80.73 – 245.12 176.27 23.96  
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positions P3–P7 appears to be the most influenced by the laser treat
ment, demonstrating the ability of FIMEC test in detecting the variation 
in surficial mechanical properties of the materials, after a laser treat
ment. These tests suggest a decrease in resistance of the material in the 
central area, so a change in the resistance of the material as a function of 
both the intensity of the laser beam and the irradiation time. 

3.5. Infrared analysis 

FTIR spectroscopy can successfully determine any signs of degrada
tion induced on the HDPE surface during laser treatment. In this regard, 
Fig. 15 shows a comparison of the spectra obtained for the HDPE sample, 
relative to the irradiated and untreated areas. Table 8 shows the peak 
identification for the irradiated sample and the reference, i.e. 
polyethylene. 

Characteristic peaks for polyethylene are present at 2912 cm− 1 and 
2850 cm− 1 assigned to CH stretching in –CH2– groups. At 1470 cm− 1 

there is a C–H bending band of CH2 groups, while the signal at 722 cm− 1 

corresponds to the CH2 rocking mode of the sequence of CH2 groups in 
paraffin structure [40]. 

Following the laser treatment, additional peaks are observed in the 
HDPE spectrum which are typical of oxidative degradation pathways. 

The spectrum was compared to library database and found to be 
consistent with slightly oxidized polyethylene. The spectrum of irradi
ated HDPE shows a moderate decrease of the intensity of characteristic 
peaks due to the degradation process. By normalizing all absorptions 
with respect to the most intense peak of untreated HDPE present around 
2912 cm− 1, relative to the C–H asymmetric stretch in CH2, the absor
bance of the corresponding signal in the treated HDPE is equal to 0.8. In 
the HDPE spectrum recorded on the irradiated area, the most resolved 
band located at 1640 cm− 1 is visible, which belongs to the vibrational 
stretching of the carbon double bond (–C––C–). The oxidation effect is 
also evident from the appearance of the less resolved band (Fig. 15) 
relating to the stretching vibrations associated with the carbonyl groups 
of esters and ketones. In fact, it is possible to trace the presence of the 
carbonyl ester (–COO–) around 1740 cm− 1 and the absorptions related 
to the carbonyl ketone (–CO–) at 1715 cm− 1 [44–46]. A further addi
tional peak can be observed at 909 cm− 1, associated with the formation 
of terminal vinyl groups (H2C––C–), associated with a degradation of 
HDPE. According to Ref. [16], the relative amount of ketones decreased 
with heating time, while acids and ester increased. The olefinic groups 
originally present (i.e. vinylidene, vinyl, and trans-vinylidene) disappear 
gradually with increased heating time. 

Degradation of polyethylene in the first step manifests as the chain 
scission and can be detected through the monitoring of peaks absor
bance intensity at 2912 cm− 1 and 2850 cm− 1, assigned to CH stretching 
in –CH2– groups. However, as previously discussed, the variation in 
intensity of these groups is slight following the laser treatment, 
demonstrating the moderate entity of the oxidative process [44,47]. 

Polyethylene degradation mostly results with the formation of 
carbonyl groups (the assigned peak at 1715 cm− 1) which are the main 
result of the thermo- and photo-oxidation of polyethylene. The forma
tion of other groups reported in the literature, such as γ-lactones at 1780 
cm− 1, hydroperoxides/alcohols at 3420 cm− 1, is negligible [40,48] 
while unsaturation at 910, 965, 990, and 1640 cm− 1 are still detectable 
from the spectrum. In any case, carbonyl groups formation is an effective 
parameter for monitoring the photo-oxidation degree of polyethylene 
and can be presented as carbonyl index (CI), which is given by the ratio 
between the absorbance of the integrated band of the carbonyl peak and 
that of the methylene scissor peak (CH2), calculated according to 
Equation (3) [49]: 

CI =
absorption at 1720 cm− 1

absorption at 1462 cm− 1 (3) 

Fig. 12. Results of FIMEC test on HDPE (a) and PET (b).  

Fig. 13. Results of FIMEC test performed in position P5 on HDPE and PET.  
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A higher value of carbonyl index indicates a higher degree of poly
mer degradation. The carbonyl index value was calculated for HDPE in 
the irradiated area at 10% using the band composed of several peaks in 
the range 1764-1685 cm− 1 resulting in 0.80. As a future objective, this 
parameter can be useful to monitor the progress of polymer degradation 
during laser joining operations for the realization of metal-polymer 
hybrid structures. 

About PET, the spectra of this material before and after the treatment 
are superimposable in the whole range analyzed, except for the area 
between 2800 cm− 1 and 3000 cm− 1, relative to the stretching vibrations 
of the C–H bonds (Fig. 16). The slight variation can be charged to some 
structural rearrangement in terms of crystallinity, due to the laser 
annealing process. 

The decrease in the CH2 signal with the formation of surfaces with a 
more compact structure can be considered as the result of a transition 

Fig. 14. FIMEC test on irradiated HDPE and PET samples: values of the loads (a) and of the resistance parameters, Py (b) as a function of the indentation positions 
(from P1 to P10). 

Fig. 15. FTIR analysis: comparison between spectra of reference and 10% irradiated HDPE.  

Table 8 
Peaks’ identification for the reference PE and for the irradiated HDPE.  

FTIR Peaks and Identifications 

IR Frequency (cm− 1) Functional Groups 

Irradiated HDPE Reference PE 

2912 2912 C–H asymmetric stretch in CH2 

2850 2850 C–H symmetric stretch in CH2 

1740  -COO- 
1715  -CO- 
1640  -C––C- stretch 
1470 1470 CH2 bend 
905–915  H2C––C- 
722 722 CH2 rock  
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from a liquid-like structure to a more crystalline like structure [50]. 
Obtained results characterize degradation mostly on the surface of 

the composite, while the degradation is supposed to be significantly less 
present in material bulk [40]. At the same time, it should be considered 
that semi-crystalline polymers tend to disperse the radiation by virtue of 
the presence of the crystalline phase, generating a greater path length 
that the radiation must travel before leaving the material and, therefore, 
a greater absorption along the thickness. Therefore, this factor should 
also be considered in the evaluation of degradation. In any case, it is 
worth noting that, due to laser treatment, there is a chromatic alteration 
of the surface of the samples in the area scanned by laser, which is 
opaque in the case of HDPE and shinier in the case of PET. 

The structural changes undergone by HDPE can be better explained 
by considering the chemical degradation mechanisms of the polymer. In 
general, the approaches reported for the analysis of plastic degradation 
can be grouped into methods associated with the evaluation of the 
elimination of small molecules, methods that evaluate chemical changes 
in the polymer structure, related to modifications of functional groups, 
and methods that record physical changes in the properties of materials 
(tensile strength, surface morphology, crystallinity, etc.). Chemical 
methods refer to changes at the molecular level, such as bond splitting or 
oxidation of long polymer chains to create new molecules, usually with 
significantly shorter chain lengths. The latter refer to changes in the 
structure of the mass, such as cracking, embrittlement, and flaking [44]. 

For PE, since the role of the light in photo-oxidative degradation is 
only to initiate chain reactions, similar product distributions are 

generated in both photochemical and thermal processes [44] (Fig. 17). A 
difference between oxidation by heat and light is that the resulting ke
tones are stable to heat but not to light. The level of thermal degradation 
strictly depends on the temperature, with higher values achievable at 
higher temperatures [51]. Furthermore, the application of mechanical 
stress can accelerate the degradation of the polymer. In fact, the 
degradation mechanisms depend on the morphology of the polymer, 
which can undergo changes because of mechanical stress. It was 
observed that the influence of mechanical stress can accelerate 
photo-degradation while the application of mechanical stress alone can 
cause degradation [51]. 

In general, the instability of polyolefins can be attributed to the 
presence of impurities, such as carbonyl groups or hydroperoxides, that 
are formed during the manufacturing process of plastics. It is generally 
known that PE is the most inert of the polyolefins and degrade slowly in 
the natural environment. The backbone chains of PE, constructed 
exclusively from C–C single bonds, may also contain a small number of 
unsaturated (C––C) bonds in the main chain or at the chain ends (typi
cally, vinyl groups in HDPE). 

Thermal oxidative degradation of PE does not occur at appreciable 
rates at temperatures below 100 ◦C [51]. 

Fig. 17 illustrates some of the products formed because of the poly
ethylene degradation process. The oxidation reactions, which are known 
to occur preferentially close to the sample surface, begin the degradation 
process of the material [40,52]. 

The mechanism of photo-oxidative degradation starts when an 
excited state (localized at a carbonyl or other structural defect) in PE 
subtracts a hydrogen atom from the polymer backbone, generating a 
reactive carbon-based alkyl radical. The first step in the subsequent 
radical chain mechanism is the reaction of the alkyl radical with O2 to 
form a peroxy radical, which subtracts a hydrogen atom from another 
polymer chain (or from a distant site on the same polymer chain) to form 
a hydroperoxide and a new alkyl radical. The hydroperoxide group 
(–CH–OOH) which is the product of the primary oxidation is unstable 
both thermally and photolytically: its decomposing generates a splitting 
of the O–O bond, forming alkoxy and hydroxyl radicals. Each of these 
compounds can extract another hydrogen atom and generate a new alkyl 
radical by participating in a chain reaction, where termination occurs 
through bimolecular radical recombination [44,52]. 

Carbonyl defects (ketones) introduced into carbonic skeleton of 
polyethylene via oxidative reactions can undergo Norrish Type I and/or 
Norrish type II degradations, responsible for the formation of vinyl 
groups (Fig. 18) [53]. Although HDPE nominally has the same chemical 

Fig. 16. FTIR analysis: spectrum of the reference PET (blue trace) and of the 50% irradiated PET (red trace). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 17. Common products in the thermal- and photo-oxidative degradation 
processes for polyethylene. Please note that “R” represents a polymer chain of 
variable length. 
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composition, compared to LDPE and LLDPE, it has a higher degree of 
crystallinity. The rate of degradation strongly depends on the amor
phous fraction of the polymer. Thus, degradation is far slower for 
crystalline HDPE, whose lower chain mobility promotes radical 
recombination at the expense of radical propagation reactions [54]. The 
presence of carbonyl groups in a degraded polymer indicates that 
oxidation has taken place and that the vulnerable material can further 
degrade if these groups are photolabile [55]. Following the analysis of 
the mechanisms and products of PE thermal degradation, it was possible 
to establish correlations with the respective absorptions resulting from 
the FTIR analysis. 

4. Conclusions 

The study of the degradation processes that affect materials during 
laser treatment is critical to ensure the quality of this innovative 
manufacturing technology. With the aim of realizing hybrid metal- 
polymer junctions, materials are subjected to local melting during 
laser processing, necessary for the realization of the joint, so to physical 
and chemical transformations which could affect the quality of the ob
tained junctions. In this context, the effects of the interaction of a high 
energy efficiency diode laser beam with two polymers, such as black 
HDPE and PET, were examined and compared. In the first case, the laser 
parameters, set at minimum power, i.e. 20 W, determine a partial 
oxidation of the material during irradiation. Instead, in the second case, 
despite the higher power, i.e. 200 W, the irradiation is conducted under 
mild conditions, compared to the critical degradation conditions of the 
material. TGA technique was exploited to investigate the thermal sta
bility of polymers, to identify the degradation phenomenon, and 
therefore to select the experimental conditions of laser irradiation for 
each material investigated. 

Tensile tests showed a significant decrease in the strain at break on 
all irradiated samples, respectively of ∼ 27% for HDPE and of ∼ 46% for 
PET, for which also the stress at break heavily decreases, i.e. ∼ 82.5%. 
Comparable results were found following the FIMEC tests, i.e. both 
materials showed a similar trend in correspondence with the irradiated 
area of the samples. At the same time, there is a decrease in the 
maximum loads and in the resistance parameters, which reach the 
minimum values in the irradiated area. The decrease in maximum loads 
is ∼ 14.6% and ∼ 7.7%, respectively for PET and HDPE, while the 
resistance parameters decrease of ∼ 37% for PET and ∼ 18.6% for 
HDPE. 

DSC thermal analysis and FTIR spectroscopy demonstrated the 
absence of structural variations and degradation phenomena for PET 
following the laser treatment under the applied conditions, unless a 
slight reduction in the degree of crystallinity, i.e. 3%. On the other hand, 
the results of DSC and FTIR analyses on black HDPE highlighted a 
degradation principle, though the high peak surface temperatures (i.e. 
200 ◦C at 20 W) recorded during irradiation did not determine the 
occurrence of advanced degradation phenomena. This behaviour can be 
attributed to a very short processing time for the laser radiation. Spe
cifically, through FTIR analysis it was possible to trace the presence of 
functional groups, characteristic of the oxidative process of poly
ethylene, such as carbonyl groups (ketones and esters) and vinyl groups. 

This result is further confirmed by the DSC analysis showing a shift and 
resizing of the peaks. 

This study allows the definition of the optimal conditions to process 
HDPE and PET by using a diode laser for the realization of hybrid 
composite structures without incurring in undesired degradation of the 
polymers. So, as future study, it is intended to extend the experimental 
analysis verifying the joining between these polymers and metals by 
adopting the laser parameters here identified. 
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[21] F. Ania, M.A. Gómez-Fatou, H.J. Salavagione, P. Enrique-Jiménez, S. Quiles-Díaz, 
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