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Abstract: The paper aimed to reveal, qualitatively and quantitatively, the modifications suffered by the 

PLA during the complex heating cycle specific to the 3D printing followed by laser marking. The 

obtained results showed that the melting point of the PLA decreases from 162.2oC (which is specific to 

PLA filament) to 153.1oC after the 3D printing process and to 149.7oC after the laser heating. The glass 

transition suffered the same lowering after the printing process but an important increasing after the 

laser heating. The elastic modulus evolution proved a decreasing of the plasticity and that is hapenning 

when the material suffers an increasing of its rigidity. The elongation viscosity was analyzed and its 

values were decreasing with the increasing of the temperature that happened on the material. The 

decreasing was produced by the reduction of the elasticity, when the chain branches are decreasing 

their length. The decreasing is more pronounced with the increasing of the temperature. The ratio 

between the loss modulus to the storage modulus and quantifies the way in which the PLA absorbs and 

disperses energy moves its peak from 65oC (curve specific to the PLA filament) to 45oC (curve specific 

to the last layer deposited by 3D printing process and re-heated by laser beam for marking). The peak 

means the lowest storage modulus, which is a measure of elastic response of a material, so the transition 

from glass to high elasticity moves to the lower temperatures. 

 

Keywords: 3D printing using PLA, laser heating, relaxation modulus, crystallization, decreased 

plasticity, elongation viscosity 

 

  

1. Introduction 
3D printing technology is dedicated to the fabrication of prototypes and products by adding a material 

(polymers, metals, etc.) in successive layers [1] with specific densities. The deposited layers correspond 

to the sections a 3D geometrical model. Building a piece in layer by layer mode, the technology becomes 

very efficient when create very complex geometries that are difficult to be produced by removal of 

material technologies. Fabian [2] reported application of the 3D technology for the reconstruction of 

nasoalveolar cleft; also, in medicine, Tancu [3] reported the use of 3D printing in dental applications, 

both products being elements of prosthetics with very complex shapes [4, 5]. Probably with a more 

important impact than application in medicine is the application of 3D technology in engine technique 

and in 2019 Vasilescu [6] used the 3D printing to create complex gear piece. All these examples show 

important advantage of using 3D printing technology in rapid prototyping and in production, as well. 

3D printing uses polymer or metal filament or powder consumable to deposit, most of the cases being 

related to the deposit of PLA or ABS polymer [7]. Dimonie [8] proposed even starch as precursor in 

filament material synthesis and the obtained results were encouraging. Sometimes, when produce a 

prototype or a ready-to-use piece, the 3D process is followed by the marking of the product. Most of the 

times the marking is done by laser and that means a reheating of the 3D product.  

The succession of the two heating processes is expected to produce modifications in the 

characteristics of the deposited polymer. Gonata [9] proposed an experimental procedure for the  
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determination the elastic characteristics of polymeric materials, also Tabacu [10] studied some numerical 

procedures for the improvement of the structural response of thermoplastic manufactured parts. The 

Polylactic Acid (PLA) is an ecologic thermoplastic material, having good strength and high modulus 

[11, 12]. It has a glass-transition of about 55oC and a melt temperature around 175oC. Anyway, for 

efficient 3D printing, PLA requires 20-30oC over the melting temperature [8, 9]. The range of processing 

temperatures is generally very narrow, because PLA suffers a decreasing of its own molecular weight, 

due to specific „chain cutting” reactions. Important modifications on the elasticity and plasticity of PLA 

were recorded for repetitive heating processes and they were reported by Zapciu [13], Srithep [14], Farah 

[15], Trhlíková [16] and Matos [17]. Maroti [18, 19] reported modifications of the physical properties 

of PLA during 3D printing, modifications which affect its functionality in medical implants. Due to these 

conclusions the paper aims to bring results of short evaluations of the modification of different 

characteristics of the PLA which was deposited in 3D printing followed by laser heating (dedicated to 

marking) process [20, 21]. It will be used Differential Scanning Calorimetry (DSC) techniques to 

evaluate the thermal characteristics which give relevant information on the plasticity of the PLA in 

different stages related to the complex process of 3D printing followed by laser heating for marking [22, 

23]. 

 

2. Materials and methods 
Scope. The scope of research was the evaluation of the modifications suffered by the PLA during 

successive heating which is specific to 3D printing process followed by laser heating dedicated to the 

marking of the product. First, FDM 3D printing process was used to elaborate a random chosen product 

which is often used in mechanical devices. Secondly, being a product which will be offered on the market 

for selling, it is necessary to be marked with specific information. The heating for marking was done by 

using laser-diode device. Taking account of the reported modifications [1-19], during the research, by 

thermal analysis, it was targeted: the elastic modulus, the elongation viscosity, the relaxation modulus 

and the heat flux. They gave important information on the modifications suffered by the PLA. More, 

macroscopic analysis was applied in order to evaluate the quality of the heated area. 

The heating cycle applied to the PLA filament was according to Figure 1. After each heating step the 

material was thermally analysed by using DSC technique.  

 
Figure 1. Double heating cycle 

 

Equipment and parameters. For the 3D printing process, it was used a 3D Da Vinci 2A Duo printer, 

using 2 filaments with 1.75 mm diameter (Figure 2). As used printing parameters, they were the filament 

temperature which was set to 205±10oC and the print bed temperature which was set to 70±5oC. The 

both values of the temperatures came from previous research. The filling of the deposition was set to 

50%, which gives good performance for a rapid prototyped piece. 
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Figure 2. Da Vinci 2A Duo printer 

 

For the laser heating it was used 650 nm – InGaAsP laser-diode device, having 1000 mW power 

(Figure 3). The laser device was mounted on stereo-microscope (4x) to facilitate the operation of heating. 

Angle of 70o was set for the laser ray axis. 

 
Figure 3. Diode laser device mounted on stereo-microscope 

 

The device was calculated in order to have correct wave length and maximum efficiency. The density 

of energy produced by the laser beam inside the polymer product is given by: 

 

dQpolymer=cρTmarking dx       (1) 

 

Around the focal point action area, the thermal field produced by the laser beam can be expressed 

by: 

 

     (2) 

 

In eq. (1) and (2) Qpolymer is the heat flux given in W/m², ρ is the density of the polymer given in 

kg/m³, c is the heat capacity of the polymer at constant pressure, given in J/(kg.K) and a represents the 

diffusivity of the polymer.  

In that case, the developed temperature in time is: 

        (3) 
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The model was used to set the temperature for the marking process and the result was confirmed by 

Kasap [24]. According to Kasap the slope of the λ = 650 nm laser diode, when the external quantic 

efficiency is ηext = 0.1 has the value of:  

 

     (4) 

 

and for the electron charge of: 

     (5) 

 

the slope becomes: 

    (6) 

 

The threshold current (to start the emission of the laser diode) depends on the temperature.  

 

      (7) 

To calculate the initial current I_o and the temperature T for the InGaAsP laser diode it should be 

used a threshold current I_th of 25 mA, 40 mA şi 65 mA, la 0°C, 25°C and 65°C, according to the 

producer catalogue. At T = 0°C the initial current is:  

     (8) 

By replacing the Ith = 40 mA at T = 25°C, it can be calculated a temperature of T0 = 53°C.  

If introduce that value in equation (4) results for T0 = 53°C and T = 65°C: 

 

      (9) 

 

While the specification of the producer is 75 mA. In this case it is necessary to increase to 88 mA 

the threshold current, even if the laser diode is forced, in order to have maximum efficiency in the heating 

of PLA process. 

 

Materials and preparation for analysis 

The consumable for the 3D printing process was commercial filament of PLA, having 1.75 mm in 

diameter and the samples for analysis were taken from the piece (Figures 4a and 4b) printed by double 

heating cycle presented in Figure 1. The samples were cleaned for analysis by using isopropyl alcohol 

(C3H8O, IUPAC - propan-2-ol) after the 3D printing process and after the laser heating process. 

 

 
Figure 4. Printed piece and the laser melted areas for different laser power values 
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Analysis 

DSC analysis was carried out using NETZSCH HP Phoenix 204 equipment. Three type of samples 

were taken: A - from the PLA filament, B - from the 3D printing deposited PLA and C - from the area 

burned by laser for marking process. The conditions created for the investigations are listed next: heating 

and cooling were performed in inert atmosphere; the heating process started from ambiental temperature 

(22°C) to 218°C; the heating rate was set at 10°C/min; the cooling process meant the decreasing of the 

probe temperature to -10°C with a rate of 10°C/min, followed by isothermal regime at -10°C for 5 min; 

last step was a heating at 400°C with a rate of 10°C/min. It was measured the heat flow, in order to 

evaluate the crystallization, the glass transition and the melting of the PLA. It was measured the elastic 

modulus to understand the level of plasticity and the elongation viscosity which gives important 

information on the plasticity of the material.  

 

3. Results and discussions 
Aspect of the probes. The pieces printed in the conditions presented above showed high roughness 

of the surface, given by the medium resolution of printing (Figure 5). The roughness helped the 

absorption of the laser beam incident power, the absorbed power being over 30% of the incident power. 

The images of the C1, C2 and C3 prints are presented in Figures 6 a, b, c and d. They show the shape 

and the dimensions of the spot generated by the laser beam with different incident power values, all 4 

for being generated in 1 s of interaction. 

 

 
Figure 5. The piece generated by 3D printing 

 

As expected, the dimensions of the prints (average diameter and average penetration) increased with 

the set incident power. The shape, which is closed to an ellipse, is not circular due to the angle of 70o 

(angle involved by the experimental device microscope-laser source shape and dimensions). 
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Figure 6. Prints generated by the laser heating 

 

The amount of power absorbed by the PLA surface was critical to the material, which became foamy 

and sparks of material were recorded due the laser heating (Figure 7). 

 

 
Figure 7. Sparkling appearance of the 

area melted by laser radiation 

 

Energy received during the 3D printing process. The PLA filament receives amount of heat during 

the 3D printing. Part of it is accumulated into the PLA and participates to the melting of the filament 

and part of it is transferred to the environment. The energy balance inside the PLA when heat for the 3D 

printing is given by the rate of change of 3 energies:  
𝜕𝐸

𝜕𝑡
 - the rate of change of the energy which action 

on the surface of the material, 
𝜕𝐸𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑

𝜕𝑡
  - the rate of change of the energy which is accumulated into 

the PLA and 
𝜕𝐸𝑡𝑟𝑎𝑛𝑠𝑓_𝑒𝑛𝑣

𝜕𝑡
 - the rate of change of the energy which is reflected by the PLA and is transferred 

to the environment. 

 

    (10) 

The accumulated energy produces the melting of the PLA filament. But the PLA filament is 

introduced into the heating nozzle by digital motor, with specific travel speed. That means that the 

filament suffers modification of the pressure from 0 to a value given by the set travel speed (PPLAfil). The 

existence of the pressure modifies the melting of the filament. The critical temperature of PLA, which 

defines the transition from solid to liquid when heating is applied and from liquid to solid when the 

molten material is cooled down, is generally expressed by the Tait equation for the solid state (just below 

the melting point) 
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    (11) 

where b5 is the glass transition temperature for P = 0 and b6 is the rate of change of glass transition 

temperature with pressure; they describe the change of transition temperature with pressure. According 

to Padilha [25] and Chang [26] the estimated values for b5 and b6 are 440.44 K, respectively 0.0048 

K/MPa. 

The situation is different for the laser heating for marking. The pressure is the ambiental one and the 

transition temperature can be calculated with: 

 

T(s-l) = b5+b6∙Pamb       (12) 

 

The difference between the two temperatures was revealed by DSC test to draw the heat flow within 

the PLA filament and the heat flow into the deposited PLA and deposited plus laser heated PLA. When 

tested the filament (A), it was observed that, during the applied heating for testing, the glass transition 

temperature with its specific heat capacity change (57-58°C), the exothermic crystallization (range: 85-

110°C) and the endothermic melting (range: 165-180°C), according to Figure 8. 

 
Figure 8. Crystallization of the PLA filament 

 

Same test was performed on the PLA after the 3D printing heating (B) and after the laser heating for 

marking (C). The results are shown in Figure 9 and they are similar to other reported results from Maroti 

[18, 19]. 

 
 

Figure 9. Crystallization of the deposited PLA (by 3D printing) 

 and of the deposited PLA followed by laser heating 

 

After each applied heating, the glass transition temperature changed: after the 3D printing heating 

the glass transition temperature decreased with about 3°C; after the laser heating a strange increasing of 

the glass transition temperature with over 8°C has been recorded. The decreasing of the heat flow, after 

the 3D printing process, confirmed the expectations of stiffening due to high rate heating and cooling. 
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The later increasing cannot be explained, taking into account that the laser heating was very fast, even 

if the cooling was natural. A factor that could provide influence is the deposition of the next layer during 

the 3D printing. 

When look at the curve recorded during the testing of the 3D deposited PLA, it can be observed a 

double melting peak for PLA. Such double peak is actually the second cold crystallization peak before 

the complete melting of the PLA crystals and that could have as reason the melting of two types of PLA 

lamellar crystals (having different dimensions). If the interpretation is correct, the next deposited layer 

produces pseudo-annealing of the previous layer.  

To better understand the modification the elastic modulus was evaluated for the three (A, B and C) 

situations. Figure 10 shows the recorded evolution of the elastic modulus. 

It can be observed in Figure 10 that the material becomes more fragile with each new heating. The 

increasing of the elastic modulus means a decreasing of the plasticity and that is hapenning when the 

material suffers increasing of its rigidity. 

 
Figure 10. Recorded elastic modulus 

 

Same result was revealed by the evolution of the elongation viscosity, measured on 3 samples of the 

deposited PLA and 3 samples of the deposited and laser heated PLA. The curves of elongation viscosity 

are shown in Figure 11. 

It can be observed that in the first 0.6s the elongation viscosity has very low increasing, comparing 

to the next 7-8 s. 

                    
 

Figure 11. Elongation 

viscosity curves 
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The values are in the range: 9000-13000 Pa.s. Similar evolution has been revealed to start at 7.8 s. 

For the next 8-10 s the elongation viscozity increased from 150000 to 350000 Pa.s. 

In the same time it can be noted that the curves for the 3D deposited PLA are at higher values 

comparing to the curves recorded for the 3D printed and laser heated PLA. That means that the plasticity 

of deposited PLA is higher before the laser heating process than after. 

Probably a better image is given by the damping which is the ratio of loss modulus to the storage 

modulus and quantifies the way in which the PLA absorbs and disperses energy. The tangent delta is 

shown in Figure 12. The recorded curves show the lowest values for the PLA filament. The deposition 

of the first layer is followed by the next layers and that means that the first layer is heated once again by 

the next layer. The new heating is a pseudo-annealing but, even this, the material shows loss of plasticity 

and gain of elasticity. 

The last layer is not re-heated by the 3D printing process and it shows an increasing of the loss 

modulus which means that the material is a stiffened. Same increasing has been recorded after the laser 

heating, as well. Even if the peaks are almost the same, they were recorded in different moments. A 

faster peak proves a lower plasticity of the material. 

                
4. Conclusions 

3D printing uses consumables which support thermal cycle consisting of heating up to fluid-viscous 

state followed by natural cooling and later, during the next layer deposition, a new heating, which is 

below the melting point occurs. After the 3D printing the piece is subjected to locally heating due to the 

marking process. The literature confirms modifications of the PLA material with each new applied 

heating. The experimental program showed that the PLA becomes foamy when the laser heating is 

applied. With each new heating the melting point decreases from 162.2oC (which is specific to PLA 

filament) to 153.1oC after the 3D printing process and to 149.7oC after the laser heating. The glass 

transition temperature suffered the same lowering after the printing process but an important increasing 

after the laser heating. It shows that the material has lost its plasticity, becoming tougher and more 

fragile, after the laser marking. The type of the lamellar crystals influenced the melting of the PLA 

during the laser heating. A double melting peak for PLA has been recorded and such double peak is 

produced by the second cold crystallization peak before the complete melting of the PLA. Each peak is 

given by a type  of PLA lamellar crystals (having different dimensions). The elastic modulus evolution, 

recorded for the PLA filament before the process and for the heated PLA, after the 3D printing and after 

the laser heating, proved a decreasing of the plasticity and that is hapenning when the material suffers 

an increasing of its rigidity. By DSC techniques the elongation viscosity was analyzed and its values 

were decreasing with the increasing of the temperature that occurred on the material. The decreasing 

was produced by the reduction of the elasticity, when the chain branches are decreasing their length. The 

decreasing is more pronounced with the increasing of the temperature. Lower heating during marking 

process is bringing higher elongation viscosity, so higher plasticity of the analysed area. A new proof of 

the loss of plasticity was the damping values, which show the evolution of the ratio between the loss 

modulus to the storage modulus and quantifies the way in which the PLA absorbs and disperses energy. 

Figure 12. Tan delta 

(ratio of loss modulus  

to the storage 

modulus) 
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With each new heating process the peak of the damping is going down from 65oC (curve specific to the 

PLA filament) to 45oC (curve specific to the last layer deposited by 3D printing process and re-heated 

by laser beam for marking). The decreasing of the position of the peak’s values means that the balance 

between the loss modulus and the storage modulus is done at lower temperatures. The peak means the 

lowest storage modulus, which is a measure of elastic response of a material, so the transition from glass 

to high elasticity moves to the lower temperatures. An important effect has the reheating of a deposited 

layer, when the next layer is applied. The effect is similar to an annealing heat treatment and the plasticity 

of the material is partially restored. 
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