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MANUFACTURABILITY OF PLA PARTS REINFORCED WITH TiO2 
NANOPARTICLES BY ULTRASONIC MOLDING 

 
by 
 

Mariana Macías Naranjo 

 
Abstract 

 

Ultrasonic molding is a new technology that makes it possible to manufacture micro 

parts by transforming mechanical energy into thermal energy by means of vibrations. 

Through this technology, polymers can be used, which are positioning themselves in an 

important place in the medical sector. Thanks to the advantages of ultrasonic molding, it 

allows the use of medical grade materials, avoiding waste, degradation and using complex 

geometries. 

The company Ultrasion, creator of the Sonorus 1G machine, updated the software 

used by the machine, in order to improve the stabilization of the process parameters. Among 

the updates, the centering of the sonotrode was improved with air valves, in addition to 

separating the parameters by phases of the process and providing the behavior of the 

manufacture of the parts through data sheets. Thanks to this, a methodology was 

established for the stabilization of process parameters, where phase by phase is worked 

and the outputs in each phase were evaluated. For each phase, successful outputs were 

established to detect which parameters work and which do not. 

The experimental process was divided into three stages: Preliminary 

Experimentation, First Experimentation and Final Experimentation. Preliminary 

experimentation was performed based on the range of parameters proposed by the 

Ultrasonic Molding Handbook. The first experimentation was carried out using a 2k 

experiment design and the outputs were evaluated. Finally, in the final experimentation, only 

some parameters were modified to improve the repeatability of the process. To analyze the 

experimental results, a statistical analysis was carried out with Minitab, to determine which 

parameters were significant in terms of the expected outputs in each phase. Process 

parameter windows were obtained. 

On the other hand, the objective was to verify the manufacturability of PLA parts with 

nanoparticles of titanium dioxide (TiO2). The material was mixed in three concentrations: 

2.5, 5.0 and 7.5 wt. %. For the preparation of the blends, the material was mixed, milled and 

sieved. The appropriate size for the ultrasonic molding process was selected and the 

parameters obtained for the PLA were used as a base for experimentation. Results were 

evaluated and 20 samples were made for characterization. In the characterization, 

morphological, physical, chemical and mechanical properties were evaluated to determine 

the behavior of the TiO2 nanoparticles in the PLA, as well as the influence of the ultrasonic 

molding process working with a reinforced material.   
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1. Introduction 

 

1.1. Motivation 

 

The manufacture of micro parts made from polymer nanocomposites has increased 

in recent years. There are technologies that seek to manufacture these, such as micro 

injection molding. Despite the fact that this conventional technique offers great advantages 

such as high productivity, high repeatability and the use of complex geometries, it also has 

problems with material dosing and high residence times, which can lead to material 

degradation. 

 

Due to this problem, new technologies are sought that allow the manufacture of 

microparts of polymer nanocomposites, avoiding waste and material degradation. Polymer 

nanocomposites have positioned themselves in an important place in the medical sector. 

Because of this, the materials used can become expensive and with specific properties that 

have to be taken care of in its processing. Ultrasonic Molding is a new technology for the 

manufacture of micro parts. However, it is a technology that is still under investigation. 

 

The motivation of this work is to process polylactic acid (PLA) with nanoparticles of 

titanium dioxide (TiO2) by ultrasonic molding in order to use this blend in a medical device 

in a future work. PLA is a biodegradable polymer that offers high biocompatibility, like TiO2, 

thanks to its low toxicity. The mixture of these materials provides new properties to be used 

in a medical device. 

 

1.2. Problem Statement 

 

As ultrasonic molding technology is still under investigation, there are still many fields 

to discover. With this technology, different polymers have been worked, analyzing the 

manufacturability of them, as well as polymer blends and few works have been carried out 

on polymer nanocomposites. However, the machine they used with this technology had 

many areas of opportunity to improve the process. 

 

Currently, the company Ultrasion, in charge of manufacturing the machines that use 

this technology, has developed a new software that allows establishing a methodology to 
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better control the phases of the process, as well as analyze the behavior in each of the 

phases and have less variability in the process. That is why, in addition to establishing a 

methodology using this technology, it is desired the processing of a new polymer 

nanocomposites in Ultrasonic Molding. 

 

1.3. Objectives 

  

The general objectives of this work are: 

• To define and to validate a methodology for the stabilization of process parameters 

in ultrasonic molding. 

• To analyze the manufacturability of PLA parts reinforced with TiO2 nanoparticles in 

the ultrasonic molding process. 

 

The specific objectives are: 

• To determine the process parameters in each of the phases. 

• To establish the expected outputs in each phase. 

• To determine the influence of each of the parameters in each phase. 

• To carry out a statistical analysis that provides conclusions on the influence of the 

parameters on each of the outputs. 

• To define the process parameters window for each of the materials. 

• To plan preparation of the blends. 

• To verify the manufacturability of TiO2 reinforced PLA parts with quantity of complete 

parts. 

• To characterize the material to analyze the influence of the process and the increase 

in nanoparticles. 
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2. State of Art 

 

In recent years, the interest in polymer nanocomposites has been increasing due to 

the potential that these mixtures offer regarding the improvement of their physical, chemical 

and mechanical properties, compared to neat polymers or mixtures of them. Due to these 

properties, these materials have been positioned in an important place in the medical sector. 

 

For the manufacture of medical devices, made from polymer components, there are 

different technologies used for micropart molding, including hot stamping, micro injection 

molding (μIM), reaction injection molding, compression molding and thermoformed [1]. Micro 

injection molding is one of the most widely used conventional techniques for the production 

of polymeric microparts thanks to its high productivity, cost-effectiveness ratio, high 

repeatability and the use of complex geometries [1]. However, the main drawback of this 

manufacturing technology is that it presents material dosing problems, that is, large amounts 

of material are wasted [2], residence times are high [3], possible material degradation [4][5], 

and limited geometries [6]. For this reason, new technologies emerge that seek to optimize 

the micropart molding process. 

 

Ultrasonic Molding known as USM is a recent technology that has been developed 

and implemented as a good alternative to manufacture micro components for the medical 

sector. However, despite being an interesting alternative to conventional processes, it is still 

under investigation due to the difficulty of optimizing process parameters [7]. The main 

source of this technology is ultrasound generation, where mechanical energy is transformed 

into heat energy to mold the material. Among the advantages offered by USM technology 

are the reduction of material waste, low temperature process [8][9], different geometries with 

high surface quality [10][11], low residence time [12] and energy saving [13][14]. 

 

USM emerged in 2002 when Michaeli et al. [2] proposes the use of ultrasound to 

melt a small amount of material, inject it into a cavity and thus manufacture high quality 

micro components. Michaeli et al. [2][15][12], has contributed to great advances in 

technology. The first prototype of a machine using this technology was presented in 2006 

[15] but the molding was of poor quality. In 2009, Bas et al. [16] patented the prototype 

ultrasound machine. However, in 2014, Puliga et al. [17] patented an improved version of 

the ultrasonic molding machine to position itself in the market [“Sonorus” by Ultrasion S.L.). 
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Different works were carried out with this machine [13][18][19][20][21][22] and later, a 

configuration modification was made to decrease the flash and avoid solids inside the mold 

[23][14][24][25][11][26]. 

 

Since the establishment of these machines, the main parameters involved in the 

process have been studied. Some of them are specific for USM and their influence is not 

clearly distinguished in the results. The sonotrode, is the order of provides the vibrations to 

the material, known this parameter as the Amplitude. This parameter is considered one of 

the main parameters to find the optimal process window [3][13][27][28][29]. Because its 

importance is known, some authors decided to take it as a fixed value to study the other 

parameters [30][18][27]. It is important to bear in mind that when applying high amplitudes 

it can degrade the material [3] or instead, if it is low amplitudes, the pieces are not completed, 

because not all the material melted [31]. 

 

Another parameter is the force or pressure applied to push the material. If very high 

forces are used, unmelted material can be introduced into the cavity [12], thus obtaining 

incomplete parts. Grabalosa et al. [30] mention that using higher forces, they do not affect 

the mechanical properties. 

 

Velocity is a parameter recently added to Sonorus machines, which is also related 

to the force applied to the material. The influence of this parameter is still being investigated 

since different results are obtained. Dorf et al. [27] mentions that, at low velocities, cavitation 

occurs at the end of the piece and at high velocities, higher mechanical strength is obtained 

but there are incomplete pieces. On the other hand, when processing polypropylene, Masato 

et al. [14] found no influence on the injection velocity. In contrast, Negre et al [18] mention 

that at higher velocities, better filling results. 

 

Another parameter is the ultrasound time, as its name indicates; it is the time that 

vibrations are applied to the material. For some authors [3][13][29] it is considered a main 

factor. Grabalosa et al. [30] shows that the ultrasound time has a great impact on the filling 

of the piece. It is important to note that if the material has already melted completely and 

vibrations continue to be applied longer, it may degrade [25]. Janer et al. [7] concludes that 

at shorter ultrasound times, incomplete parts are produced and at higher times, the material 

degrades. 
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Finally, another of the mentioned parameters is the shape of the raw material. The 

raw material can be presented in pellets, powder, filaments, among other presentations. 

According to Sánchez-Sánchez et al. [28] they mention that it is the most important factor. 

In this process, it is very important how the pellets are arranged, because the friction 

generated between them is what melts them. Montes et al. [32] concluded that the smaller 

the pellets, the lower the temperature needed for casting. This is related to the fact that the 

powder presentation requires less amplitude [13]. 

 

There are other factors that affect the process indirectly and have not been studied 

in depth. Sánchez-Sánchez et al. [23] indicated that the mold temperature is related to obtain 

good tensile strength. Another factor, according to Heredia et al. [10] are the venting holes 

that have a function for filling the specimen. Negre et al. [18] indicate that the drying of the 

pellets is necessary before being processed to decrease porosity. Another important aspect 

is the position of the heaters in the mold for the correct filling of the specimen. 

 

To determine the importance of all the parameters and factors mentioned, an 

experiment design must be carried out that allows them to be related to the process 

responses. At the end of the process, the desired geometry, adequate mechanical 

properties and no signs of defects and impurities are sought [7]. The ability to obtain a 

complete piece has been studied by several authors using this technology [30][13][29][11]. 

The repeatability of the process is increased depending on the nature of the polymer such 

as PP [18] or PS [11], unlike other polymers the repeatability is less than for PPSU [27].  

Also according to the parameters used, the filling varies. Several authors assure that the 

filling of the pieces occurs at low ultrasound times and low pressures [30][29]. Other authors 

report that a greater amplitude is required for the filling of the piece [3][30][27][28][26]. 

According to Ferrer et al. [11] report that at lower velocities, better filling results are obtained, 

unlike Dorf et al. [25], high velocity are required. 

 

Through ultrasound molding, different polymers have been worked among them PA 

[30], PLA [13][29], PMMA [29], PP [18], UHMWPE [28][26], PPSU [27], PS [11] and PEEK 

[25]. Polypropylene (PP) was one of the first tested [12] and it was successfully used in the 

work of Negre et al. [18]. Another of the polymers used was polylactic acid (PLA) by a large 

number of authors [3][13][10][29][20]. Michaeli et al. [12][15] studied polyoxymethylene 
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(POM) and Janer et al. [33] with a recent study in, showed good results. PMMA has also 

been processed without degradation [29]. On the other hand, some nanocomposites have 

been processed with ultrasound [34][13][19][20][21][22]. 

 

PLA is a polymer of great interest to the medical sector due to its good compatibility, 

biodegradability and good mechanical properties. Thanks to this, it has been used in bone 

screws, surgical sutures, controlled drug delivery and tissue engineering [35]. On the other 

hand, TiO2 nanoparticles have good chemical stability, good biocompatibility, low toxicity. 

The mixing of these materials is to improve impact toughness [35]. Furthermore, because 

PLA can be easily damaged, TiO2 prevents possible degradation [36]. This mixture of 

materials has been investigated by different authors, but its processing by ultrasound 

molding technology has not yet been reported. 
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3. Ultrasonic Molding Process 

 

3.1. Presentation of Sonorus 1G machine. 

 

Ultrasion - Innovative Ultrasonic Solutions is the manufacturing company of this 

technology located in Barcelona, Spain. The machine that was utilized for the 

experimentation was the Sonorus 1G (Figure 1) for micropart ultrasonic molding. 

 

 
Figure 1. Sonorus 1G machine [37].  

 
The technology focus in the manufacture of micro plastic parts in a small machine 

designed to use the least energy possible, optimize the properties of the molten plastic, 

reduce material waste and reduce the costs of contingent tools [38].  

 

3.2. Description of the ultrasonic molding process. 

 

The ultrasound system transforms high-frequency electrical vibrations into mechanical 

vibrations [37]. The converter is a piezoelectric element that expands and contracts at its 

resonant frequency (30Khz) when it is activated by electrical power. There are important 

components in charge of the process (Figure 2). The sonotrode is a part in charge of transfer 

the ultrasonic vibration to the introduced material [37]. 
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The plunger presses the pellets against the sonotrode which transmits the high 

frequency vibrations. The vibrations are transformed into thermal energy through the friction 

generated between the surface of the pellets against the sonotrode, as well as the 

intermolecular heat generated. Due to this, the pellets begin to melt. Once melted, the 

material is pushed by the plunger, filling the mold cavity until it solidifies [37]. 

 

 
Figure 2. Machine Components. 

3.3. Ultrasonic Molding Phases 

 

For the USM process, the cycle is divided into 6 stages: Feeding, Compactation, Pre-

heating, Melting, Filling and Cooling (Figure 3). 

 

1.  Feeding 

The Sonorus equipment has a pellet dosing system that allows the quantification of 

pellets, according to the required mass depending on the volume of the mold. To calculate 

the required mass to introduce, it is necessary to obtain the volume of the cavity to be filled, 

considering leaving 2 mm of material in the part of the riser, as well as considering the 

density of the used material. Once it has the necessary mass, it is calculated in the number 

of pellets to be entered this parameter in the equipment. The more homogeneous the pellets, 

the Sonorus has a better repeatability with each shot. 
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2. Compactation 

Through the sonotrode, the pellets are compacted by strokes impact, and it is 

established depending on the material to be used. This has the objective of creating a flat 

surface, in order to reduce tangential forces, since this can move the sonotrode from the 

center, thus generating leaks. On the other hand, since it has a flat surface, it allows the 

material to be homogenized and helps the following phases. 

 

3. Pre-heating 

During this phase, vibrations are applied to the previous compacted pellets by the 

sonotrode application, which generates heat, and consequently, the melted pellets create a 

cylinder. This stage allows to facilitate the melting stage, in order to reduce the applied 

energy and therefore, reduce the degradation of the material. 

 

4. Melting 

The sonotrode generates vibrations that allow the material, through friction, to 

generate heat and it could be melted. On the other hand, the piston applies a certain 

established pressure with the purpose of pushing the material and allowing the vibrations of 

the sonotrode to reach all the material, as well as introducing the material into the cavity. 

According to the update of the machine, this stage can be limited by time, by maximum force 

or by travel. Travel is a new parameter entered, and it refers to the distance traveled by the 

plunger. 

 

5. Filling 

For this stage, it is important to have done an appropriate job in the two previous 

stages, since otherwise, it would be difficult to achieve the objective at this stage. During 

this stage, the sonotrode stops vibrating, and the material is completely pushed into the 

cavity through pressure applied by the plunger. The 95% of the material must be introduced 

into the cavity to obtain a complete piece. 

 

6. Cooling 

It is the last stage of the process, where the material is kept for a certain time so that 

it reaches the desired temperature. This allows the material not to be deformed when 

unmolding the part. 
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Figure 3. Ultrasonic Molding Process 

 

3.4. Process parameters 

 

Table 1 presents the parameters that are involved in the different phases of the 
process. 
 

Table 1.  Ultrasonic Molding Paramaters. 

Parameters Abbreviation Units Description 

Amplitude AV % Amplitude of vibrations provided by the sonotrode 

Force F N 
Force applied to the material by means of the 

plunger and sonotrode 

Velocity V mm/s 
Velocity with which the sonotrode or plunger 

travels 

Plunger 

Position 
PP Mm Position in which the plunger is located 

Time T S Phase time 

Travel Tr Mm Plunger displacement 

Strokes St - Shocks that the sonotrode applies to the material 
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Considering the 6 preceding phases, the Compactation, Pre-heating, Melting and 

Filling phases comprise the considered parameters for the experimentation that was carried 

out (Table 2). 

 

Table 2. Phases with its parameters. 

Phases Parameters to vary 

Compactation Strokes 

Pre-heating 

Amplitude 

Force 

Time 

Melting 

Amplitude 

Force 

Velocity 

Travel or Time 

Filling 

Force 

Velocity 

Time 

 
 

4. Mold, geometry, and materials. 

 

4.1. Mold and geometry of the part. 

 

The mold is made of 45NiCrMo16 precision flat steel, specifically made with HASCO 

plates reference K252 / 095x095x27 / 1.12767 [39]. 

 

The mold is mainly made up of two parts (Figure 4). The upper part is flat, and the 

lower part is where the cavity of the geometry to be manufactured is located. The cavity is 

designed to make two different pieces: One tensile bar or two plates. The mold has a locking 

system to inject the desired piece. 
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Figure 4. Mold with the two cavities. 

 
 

The geometry for this work was tensile bar with the dimensions specified in Figure 5.

 

Figure 5. Tensile bar dimensions. 

 

4.2. Materials 

 

The materials presented in Table 3 were used: Polyamide 12 (PA12), polylactic acid 

(PLA) and nanoparticles of titanium dioxide (TiO2). 

 

For the elaboration of the test pieces with polyamide 12 (PA12), the necessary mass 

of material to fill the cavity mentioned in the previous section was calculated, using the 

volume of the cavity and the density of the material. It is necessary to consider that the riser 

8 cm 

8 cm 

21.65 
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(in order to reduce material waste) must be less than 2 mm high [37]. The total mass 

necessary for filling the cavity was 0.27540 (g), which is equivalent to 17 pellets The PA12 

material before being used was dried at a temperature of 80 ° C for twelve hours. This was 

done, since the humidity of the environment affects during the molding process. When 

obtaining the dry material, it was weighed to obtain samples of approximately 0.27 g. 

 

For the elaboration of the test tubes with polylactic acid (PLA), the total mass 

necessary for filling the cavity was 0.33480 g, which is equivalent to 8 pellets. PLA material 

before being used was dried at a temperature of 80ºC for twelve hours. When obtaining the 

dry material, it was weighed to obtain samples of approximately 0.24 g. 

 

Table 3. Properties of the materials. 

 PA12 PLA TiO2 

Name 

Rilsamid™ 
PA 12 G 
AMNO 
TLD 

Ingeo™ 
Biopolymer 

3251D 
 

Titanium 
(IV) oxide, 

rutile-
nanopowder 

Supplier Arkema NatureWorks 
Sigma-
Aldrich 

Delivery 
form 

Pellets Pellets 
Powder or 
Crystals 

Density 1.02 g/cm3 1.24 g/cm3 - 

Melt 
Temperature 

260ºC 188-210ºC - 

Size - - <_ 100 nm 

 

5. Methodology to stabilize parameters in USM 

 

The carried-out methodology is structured for each stage of the process. Within the 

six stages mentioned in the previous section, the Feeding and Cooling stages were not 

evaluated within the methodology. In each of them, the most relevant parameters (discussed 

in Table 2) must be identified, according to the expected outputs from each phase. The 

evaluated answers or outcomes were selected because in the Ultrasonic Molding Handbook 

[37], those that are relevant for having a successful stage in the process are mentioned. The 

outputs evaluated in the stages of the process are explained below (Table 4). 
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Table 4. Stages of the process with their outputs to evaluate. 

Phases Outputs 

Compactation 
Plunger Position 

Flat surface 

Pre-heating 
Cylinder Formation 

% Pellets Melted 

Melting % Filled Piece 

Filling % Filled Piece 

 

1. Compactation. 

• Plunger Position: This output is measured on the machine screen, where it 

indicates the initial position of the plunger and, once the process has been 

completed, it shows its final position. This is important because the higher 

the plunger gets; it means that there was better compaction of the material 

(Figure 6. Examples of Compactation Outputs.Figure 6). 

• Flat surface: This output is evaluated visually, since you can see how 

compacted the pellets are. Compaction depends on the material that was 

used, as well as the size and shape of them (Figure 6. Examples of 

Compactation Outputs.Figure 6). 

 

 

Figure 6. Examples of Compactation Outputs. 

 

2. Pre-heating. 

• Cylinder formation: It is relevant to observe if with the applied vibration, as 

well as the force, it allows a complete cylinder to be formed with all the pellets 

(Figure 7). 
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• % Pellets Melted: A measurement was performed depending on how many 

of the pellets had already been melted, forming the required cylinder (Figure 

8). 

 

 

Figure 7. Example of Pre-heating Outputs (Cylinder Formation). 

 

 

Figure 8. Examples of Pre-heating Outputs (Melted Pellets). 

 

 

3. Melting. 

• % Filled Piece: At this stage, it is important to observe what percentage of 

the part has been filled with the material. The more advancement in the filling 

means the better for the stage. To measure this output, the obtained piece 

was compared against a real-scale diagram of the piece with referenced 

marked percentages. These percentages were calculated with the surface 

area (Figure 9). 
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Figure 9. Examples of Melting Outputs. 

 

4. Filling. 

• % Filled Piece: It was measured in the same way as in the previous stage. 

However, the average of the cylinder filling percentages must be higher 

(Figure 10). 

• Completed piece: This answer is binary and is expected to be yes, since it 

indicates that the objective was achieved. 

 

 

Figure 10. Examples of Filling Outputs. 

 

For the expected outputs (Figure 11), in the compaction phase, it is desired to see 

the plunger position as high as possible, as well as a flat surface, since this reduces the 

space between the pellets, and it allows more friction. For the Pre-heating phase, a 100%-

cylinder formation is expected, and the pellets would be 80% melted. In the Melting phase, 

a percentage of filling of the specimen is expected between 40-60%. Lastly, in the Filling 

phase, 100% of specimen filling is expected to obtain a complete piece. 
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Figure 11. Examples of Expected Outputs. 

 

6. Experimentation with neat material: PA12 y PLA. 

 
The carried-out experimentation for the neat materials (PA12 and PLA) was 

developed in three phases: Preliminary experimentation, First experimentation and Final 

experimentation (Figure 12). 

 

In the preliminary experimentation the proposed ranges for the parameters by the 

Ultrasonic Molding Handbook [37] depending on the material were considered, and different 

combinations were made in order to obtain a guide to elaborate an experimental design. 

 

In the first experimentation, the design of experiments was carried out, based on 

preliminary experimentation and the ranges of the proposed values by the Ultrasonic 

Molding Handbook [37]. In this way, the methodology presented in the Methodology to 

stabilize parameters in USM section was carried out. For this, the outputs were validated by 

statistical analysis and finally, a first process parameters window is obtained. Each 

combination of parameters was performed 5 times. 

 

The final experimentation was carried out in order to improve the repeatability of the 

process. Certain parameters are adjusted to improve expected outputs. The results are 

analyzed again with a statistical analysis and the final process parameters window is 

obtained. 



 

26 
 

 

Figure 12. Experimental Procedure. 

 

6.1. Preliminary Experimentation  

 

In the preliminary experimentation phase, a previous experimentation was carried 

out to define parameters in order to obtain a process window. In this experimentation, the 

parameters recommended by the Ultrasonic Molding Handbook [37] were taken as a basis 

for each of the process steps, as well as for the materials used, and different combinations 

of them were made without repetition. Thus, in each of the stages of the process, those 

combinations were selected that would provide an expected result. If the material is not 

found in the Ultrasonic Molding Handbook, a material with similar properties is sought that 

is included in the Ultrasonic Molding Handbook [37] or in literature. For the definition of the 

parameters it is important to carry out each stage separately in order to obtain the correct 

values. The stages must be developed to start with Compactation, then Pre-heating, the 

Melting phase and finally Filling. Therefore, 0's are placed in time to cancel the stages that 

were already worked. 

 

Compactation 

 

For the Compaction phase, the velocity and force recommended by the Ultrasonic 

Molding Handbook [37] were left and only the number of strokes was defined. For the 

definition of strokes, three strokes were tested in a continuous way, in order to achieve a 
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change in the material. Two repetitions were performed for each strokes number test. Once 

the combinations were finished, the one with the highest average position of the plunger 

was selected. 

 

Pre-heating 

 

Once the strokes were defined, these parameters were maintained, and the Pre-

heating stage was passed. The time was kept constant, while the amplitude and the force 

were varied. Those tests were selected where at least a 100% cylinder will be formed and 

the one with the highest percentage of melted pellets. By selecting amplitude and strength, 

other experiments were performed where time was varied. The outputs of 100% formed 

cylinder and the one with the highest percentage of melted pellets were selected and were 

considered again. 

 

Melting 

 

In the Melting stage, a travel depending on the material was calculated 2.1 mm and 

2.2 mm for PA12 and PLA, respectively. The velocity was fixed at 0.5 mm / s, while the 

amplitude and force, recommended by Ultrasonic Molding Handbook [37], were varied. The 

combination with the highest percentage of cylinder filling was selected. Then the 

experimentation was carried out again, varying Velocity and Travel. The parameters that 

had the best percentage of test tube filling and where the Travel was the closest to the 

calculated were chosen. 

 

Filling 

 

Finally, in the Filling stage, experimentation was carried out by varying Force, 

Velocity and Time. According to the Ultrasonic Molding Handbook, it is recommended to 

start with a velocity of 1mm / s and a force of 2000 N and make increments of 500 N and 

use a time of 1 s. Those parameters that had a complete piece were chosen. 
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6.2. First Experimentation 

 

Considering the results of previous experimentation, in this first experimentation a 

design of 2k experiments was carried out, which is shown in Table 5. For each combination 

of parameters, 5 runs were made to obtain good reliability of the data. 

 

Table 5. 2k Factorial Design. 

Phase 
Parameters 

Outputs 
 PA12 PLA 

Compactation St 4 7 4 7 
Plunger Position 

Flat surface 

Pre-heating 

A [%] 20 50 20 40 
Cylinder Formation 
% Pellets Melted 

F [N] 200 300 200 400 

T [s] 2 4.5 1 3 

Melting 

A [%] 40 60 40 50 

% Filled Piece 

F [N] 650 850 500 625 

V 
[mm/s] 

0.40 0.60 0.50 1.00 

Tr 
[mm] 

2.2 2.1 

Filling 

F [N] 2000 3000 2000 3000 

% Filled Piece 
V 

[mm/s] 
1 2 0.50 1.00 

T [s] 1 5 1 2 

 

The experimentation was carried out using the order of the methodology to evaluate 

the outputs at each stage. Once the experimentation was finished, a statistical analysis was 

performed to analyze the main effects, as well as the interactions of the parameters in each 

of the outputs. The full statistical analysis is found in detail in Results and Discussion. 

 

6.3. Final Experimentation 

 

After concluding the second stage of the first experimentation, it was decided to 

improve the repeatability of the process. For the PA12, when observing that not all the pieces 

came out complete and in the part of the riser, there was no more material that could be 

distributed, it was decided to analyze the variable of the number of pellets. Increased from 

15 pellets to 17 and then to 18 pellets. On the other hand, when increasing the mass, the 

amplitude had to be increased in the Melting phase, to melt all the material introduced. 
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On the other hand, another of the varied parameters, for both materials was Travel, 

in the Melting phase. By setting this phase by Travel and not by time, the applied energy 

was not enough. The results are explained in the Results and Discussion section. 

 

7. Experimentation with blends: PLA + TiO2 

 

7.1. Blends Preparation: Mixing, Milling and Sieving Process. 

 

The mixture that was made was PLA with TiO2 nanoparticles, using concentrations 

of 2.5, 5.0, and 7.5 wt. %. 

 

For the preparation of the blends, PLA pellets, previously dried, were used in order 

to eliminate variables that affect the process. The equipment used was a Brabender 30/50 

EHT mixer: Measurement and Control System. This mixer has the ability to process 50 g of 

material per batch. In this way, three batches were made for each of the mixtures, thus 

obtaining 150 g of each mixture. The conditions used for the mixture was a temperature of 

190 ºC at 80 rev / min and with a time of 10 minutes of processing. At the end of the 

processing time, the material is removed to collect it and move on to the next milling stage 

(Figure 13). 

 

 

Figure 13. Mixing Process. 

 

In order for the material to be used in ultrasound molding, it needs to be milled to 

obtain the material with a size smaller than 8 mm because the plasticizing chamber has this 

diameter. In addition, the material should be the same size on average to avoid clogging 

during molding. A Retsch SM 100 mill was used for crushing. The material is introduced and 
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pushed so that it passes into the cylinder which, through rotations, crushes the material 

(Figure 14). 

 

 

Figure 14. Milling Process. 

 

The sieves used were five that were manufactured with additive manufacturing in a 

3D printer model BCN3D Sigma Release 2017. These sieves were created to carry out a 

previous work [39]. The design of each sieve is based on circular circular Ø200 mm and 

height 0.8 mm. According to Ariadna's work [39], the particle sizes <3.8 mm and <4.5 mm 

work for this process. However, in this work, <4.5mm was used as they worked properly 

(Figure 15). 

 

 

Figure 15. Sieving Process. 

 

7.2. Experimental Procedure with Blends: PLA + TiO2 

 

For the experimentation of blends, the parameters obtained for the neat PLA 

(Process Parameters Window) were taken as a base, taking this window, three repetitions 
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were made for each blend. The outputs were evaluated, and the final process parameters 

window for the blends was obtained. It is worth mentioning that there was no change 

regarding the window of the neat PLA. 20 pieces were made with the final process window 

for each mixture to characterize them.  

 

7.3. Parts Characterization Conditions. 

 

The manufactured parts were characterized in order to obtain morphological (SEM), 

physical-chemical (MFI, XRD, FTIR), and mechanical (Tensile testing) properties to observe 

the influence of the ultrasonic molding process on the material and the behavior by 

increasing the concentration of nanoparticles. 

 

7.3.1. Scanning Electron Microscopy (SEM).  

 

The Scanning Electron Microscopy (SEM) technique was performed with the 

objective of analyzing the topography of the material, as well as observing the distribution 

and integration of the nanoparticles depending on the concentration. 

 

The samples were cleaned with distilled water with isopropanol (1:1) in the Branson 

2800 equipment (Figure 16) with an ultrasound time of 5 minutes. Subsequently, a cross 

section was made to the samples and they were placed on an aluminum pin-stub using a 

double-sided adhesive carbon tape. The samples were covered with a thin layer of gold 

using Quorum Q150R - Rotary Pumped Coater (Figure 17). 

 

 

Figure 16. Branson 2800 equipment. 
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Figure 17. Quorum Q150R – Rotary Pumped Coater. 

 

The technique was performed using a Zeiss EVO-MA25 microscope (Figure 18) 

operating at 5kV and high vacuum. The characterized pieces were manufactured under 

optimal conditions chosen (Process Parameters Window). The images were made at 

different magnifications: 2000, 1000 and 200 X. 

 

 

Figure 18. Zeiss EVO-MA25 microscope. 

 
7.3.2. Melt Flow Index (MFI). 

 

The objective of this technique was to know the fluidity of the polymer and how it 

changed with the increase in TiO2 nanoparticles. It is also an indirect measure of molecular 

weight: High melt index values, low molecular weight, and low values mean high molecular 

weight. The technique was performed four times for each type of sample. 2.25 g of material 
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was taken for each test with a temperature of 210ºC by using Ceast-Melt Flow Quick Index 

(Figure 19). At the end, an average was made for each set of sample type. Outputs were 

measured in g/10 min. 

 

 

Figure 19. Ceast – Melt Flow Quick Index 

 
7.3.3. X-Ray Diffraction (XRD). 

 
X-ray diffraction allows analysis of whether the mentioned materials are being used, 

as well as observing the crystal structures in which the materials are found. 

 

XRD patterns of the different types of materials were prepared using an X-Ray 

diffractometer (Panalytical Empyrean) (Figure 20) equipped with Cu radiation at a 

wavelength of 1.5406 Å. Measurements were obtained with a scanning rate of 0.95°/s and 

a diffraction angle range of 10 to 85° (2-Theta° range) at room temperature. 

 

 

Figure 20.  Paralytical Empyrean.  
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7.3.4. Fourier-Transform Infrared Spectroscopy (FTIR). 

 
The FTIR analysis was carried out with the objective of analyzing the chemical 

composition (Functional Groups) of the samples, as well as the interaction of the materials 

depending on the composition (Concentration). Also, through this analysis the influence of 

the process on the different parts of the piece made is observed and if degradation occurred. 

 

FTIR spectra were collected for neat PLA and PLA with TiO2 in all the different 

concentrations (2.5, 5.0 and 7.5%) using a PerkingElmer FT-IR / FIR Spectrometer (Figure 

21). Each sample was scanned 16 times between 4000 and 400 cm-1, with a resolution of 

4 cm-1 at room temperature. 

 

 
 

Figure 21. PerkingElmer FT-IR / FIR Spectrometer. 

 
7.3.5. Tensile Testing 

 

The technique was performed to observe the resistance to break that TiO2 

nanoparticles can add to the PLA. In addition, to analyze the influence of the ultrasonic 

molding process on the mechanical properties. 

 

The mechanical properties of the samples were determined using the Instron 3365 

Universal Testing Machine (Figure 22) with a load cell of 5kN capacities. The measurements 

were made with a velocity of 5 mm / min and 5 samples were measured for each material 

(PLA, PLA + 2.5% TiO2, PLA + 5.0% TiO2 and PLA + 7.5% TiO2). 
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Figure 22. Instron 3365 Universal Testing Machine. 

 

8. Results and Discussion 

 

8.1. Analysis of the Experimental Results 

After having carried out the experimentation to analyze the influence of the 

parameters on each of the outputs corresponding to each phase of the process, a statistical 

analysis was performed in Minitab. The different combinations of parameters were analyzed 

with an analysis of variance to obtain those parameters or interactions of them that were 

significant. Due to the variability of the process, a 90% confidence level was proposed. 

 
8.1.1. Results in First Experimentation 

 

When performing the statistical analysis, for each phase the parameters that were 

significant were obtained, depending on the output that was analyzed in each of them. The 

significant parameters are shown in Table 6 for PA12 and in Table 7 for PLA. For the 

conclusions, it is not only taken into account if the parameter is significant. The means and 

standard deviations are considered to analyze the stabilization of the process. 
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Table 6. Significant Parameters for PA12. 

Phases Parameters Outputs 
Significant 
Parameters 

(p-value) 

Compactation St 

Plunger 
Position 

- 

Flat 
surface 

- 

Pre-heating 
A [%] 
F [N] 
T [s] 

Cylinder 
Formation 

A – 0.000 
T – 0.067 

A*T – 0.067 

% Pellets 
Melted 

A – 0.000 
F – 0.000 
T – 0.000 

All the 
interactions 

Melting 

A [%] 
F [N] 

V [mm/s] 
Tr [mm] 

% Filled 
Piece 

F – 0.087 

Filling 
F [N] 

V [mm/s] 
T [s] 

% Filled 
Piece 

- 

 

 
Table 7. Significant Parameters for PLA. 

Phases Parameters Outputs 
Significant 
Parameters 

(p-value) 

Compactation St 

Plunger 
Position 

St – 0.010 

Flat 
surface 

- 

Pre-heating 
A [%] 
F [N] 
T [s] 

Cylinder 
Formation 

A – 0.000 
F – 0.000 
T – 0.030 

All the 
interactions 

% Pellets 
Melted 

A – 0.000 
F – 0.001 

A*F – 0.000 

Melting 

A [%] 
F [N] 

V [mm/s] 
Tr [mm] 

% Filled 
Piece 

A – 0.000 
F – 0.058 

A*F – 0.094 
F*V – 0.003 

Filling 
F [N] 

V [mm/s] 
T [s] 

% Filled 
Piece 

F – 0.058 
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Compactation 
 

In the Compaction stage, there is only one parameter that varies; therefore, the 

output depends 100% on it. According to the results obtained for both materials, the greater 

the number of strokes, the higher the average plunger position, which indicates greater 

compaction. Although strokes are only significant for the PLA. However, the standard 

deviation represents stability in the outputs obtained and this depends on the nature and 

shape of the material's pellets. As shown in Figure 23 a), for PA12, 7 strokes coincide at the 

largest plunger position and have the least deviation. However, for PLA, 7 strokes have the 

highest plunger position but not the smallest standard deviation. For PA12, 7 strokes were 

selected and for PLA, 5 strokes. 

 

 

Figure 23. Output in Compactation, a) Plunger Position for PA12 and b) Plunger Position 
for PLA. 

 
Pre-heating 
 

In the Pre-heating stage, it was identified that the three parameters, Amplitude, Force 

and Time, are significantly involved in the expected outputs for the two materials (Table 6 

and Table 7). 

 

Figure 24 shows the comparison of the combination of the lowest values for the 

parameters with the combination of the highest values for each output: Cylinder Formation 

and % Pellets Melted, for each material. 

a) b) 
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Figure 24.  Outputs in Pre-heating, a) Outputs for PA12 and b) Outputs for PLA. 

 

For both PA12 and PLA, the combination of the higher parameters gives the 

expected answers: 100% cylinder formation and over 80% of the melted pellets. 

 
Melting 
 

In the Melting phase, as seen in Figure 25, the combination of the larger parameters 

provides a higher percentage of filling of the cylinder. However, for PA12 only strength is 

significant. Therefore, force majeure must be used. However, since the amplitude and 

velocity are not significant, the most appropriate ones were used for the process. A smaller 

amplitude, less energy, less material degradation and at a higher velocity, less time in the 

process. 

 

On the other hand, for PLA Amplitude and Strength are significant. So, the 

combination of the larger parameters was considered since its standard deviation shows 

greater stability, compared to PA12. 

a) b) 
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Figure 25. Outputs in Melting. 

 
Filling 
 

Lastly, in the Filling stage, for a higher specimen filling, a significant parameter was 

not found for PA12 and the Force is significant for PLA. As shown in Figure 26, for PA12, 

the combination of smaller parameters demonstrates a higher percentage of specimen. 

While for PLA, the combination of larger parameters has a higher percentage of cylinder 

filling. Due to the lack of significant parameters, the process shows more variability (greater 

standard deviation) in the expected outputs. 

 

Figure 26. Outputs in Filling.  
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In conclusion, if the first three stages (Compactation, Pre-heating and Melting) have 

a good selection of parameters, the Filling stage can have a range of working parameters 

and in this way, those that suit the process are selected, taking into account the material 

and the process. 

 

Table 8 and Table 9 show the first process parameters windows PA12 and PLA, 

respectively. 

Table 8. First Process Parameters Window for PA12. 

 
A 

[%] 
F 

[N] 
V 

[mm/s] 
T 

[s] 
Tr 

[mm] 
St Pellets 

Compactation - 4000 10 - - 7 15 

Pre heating 0.50 300 - 4.5 - - 

Melting 0.50 850 0.60 - 2.2 - 

Filling - 2000 1 1 - - 

Cooling - - - 5 - - 

 

Table 9. First Process Parameters Window for PLA. 

 
A 

[%] 
F 

[N] 
V 

[mm/s] 
T 

[s] 
Tr 

[mm] 
St Pellets 

Compactation - 4000 10 - - 5 8 

Pre heating 0.40 400 - 3 - - 

Melting 0.50 625 1 - 2.1 - 

Filling - 3000 1 2 - - 

Cooling - - - 5 - - 

 

8.1.2. Results in Final Experimentation 

 

In the final experimentation, adjustments were made to certain parameters in order 

to improve the repeatability of the process. 

 

For PA12, the influence of the number of pellets used was analyzed. When 

performing the analysis, this variable was significant. As shown in Figure 27, the greater the 

number of pellets, the less the standard deviation, the greater the stability of the results. 

With 17 and 18 pellets, there is not much difference between the standard deviation, the 

average percentage of the cylinder filling is 4% higher with 18 pellets. With 18 pellets, the 

parameters of the Filling phase were changed, using the combination of the larger 

parameters. 
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Figure 27. Influence of the pellets. 

 

On the other hand, due to the increase in the pellets used, it was necessary to 

increase the amplitude in the Melting phase, in order to fuse all the material (Figure 28). 

Because of this, there was a significant change where with the amplitude of 0.6 in Melting 

and 18 Pellets, the% of filling of the cylinder rises by 17%. In addition, the standard deviation 

decreased. 

 

Figure 28.  Pellets / Amplitude in Melting. 

 

Finally, a change was made in the travel used in the Melting phase for both materials. 

This phase, when establishing a travel, the process established a random time for the 
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Melting phase. When performing the analysis, removing the travel (Travel = 0) and 

proposing a longer and more specific time for this phase, the percentage of filling of the test 

piece, and the repeatability of the process, increased (Figure 29). For PA12, it went from 

60% to 80% of filled specimens, while for PLA, it went from 50% to 90% of filled specimens. 

 

 

Figure 29. Travel Change. 

 
Table 10 shows the comparison of the importance of the change of travel in the 

process taking as reference random pieces of PLA. When the travel was 2.1mm, the process 

stopped for time in the melting phase, which was approximately 0.70 s and was not a fixed 

time. This indicated that, for greater repeatability of complete parts, the melting phase should 

be carried out in a time greater than 0.70 s. Therefore, the travel was removed, and it was 

established that the process would be carried out by time and would be 1.3 s. Thanks to 

this, the repeatability of complete parts was improved. Increasing the time in the melting 

phase guarantees that the applied ultrasound energy will be greater. Therefore, it will help 

melt the material and allow filling. 

 

According to the analysis performed, it was observed that the total applied ultrasound 

energy affects the percentage of filled piece. In this case must be greater than 260J (Figure 

30) to obtain a complete piece for the PLA material. On the other hand, it is important to 

mention that it must be a combination with the mass used to fill the cavity. 
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Table 10. Travel Change Comparison. 

Travel 
[mm] 

Weight 
[g] 

Filled 
Piece 
[%] 

Melting 
Time 

(s) 

Pre-
heating 
Energy 

[J] 

Melting 
Energy 

[J] 

Total 
Energy 

[J] 

2.1 

0.329 95 0.58 156.130 101.054 257.184 

0.345 100 0.78 154.010 150.842 304.852 

0.341 100 0.68 152.800 107.016 259.816 

0.354 100 0.78 152.260 134.515 286.775 

0.334 35 0.63 128.230 107.247 235.477 

0.0 

0.353 100 1.29 116.464 242.847 359.311 

0.359 100 1.29 110.531 253.204 363.735 

0.350 100 1.29 142.103 260.913 403.016 

0.345 90 1.30 96.868 188.922 285.790 

0.335 100 1.29 130.266 259.817 390.083 

 

 
Figure 30. Comparison of US Energy vs % Filled Piece. 

 

Finally, after these last changes, the final windows of process parameters for PA12, 

PLA and PLA / TiO2 were obtained in Table 11, Table 12 and Table 13, respectively. It 

should be mentioned that there was no change in the window of the virgin PLA with that of 

the mixtures. 
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Table 11. Final Process Parameters Window for PA12. 

 
A 

[%] 
F 

[N] 
V 

[mm/s] 
T 

[s] 
Tr 

[mm] 
St Pellets 

Compactation - 4000 10 - - 7 

18 

Pre heating 0.50 300 - 4.5 - - 

Melting 0.60 850 0.60 0.5 - - 

Filling - 3000 2 5 - - 

Cooling - - - 5 - - 

 

Table 12. Final Process Parameters Window for PLA. 

 A 
[%] 

F 
[N] 

V 
[mm/s] 

T 
[s] 

Tr 
[mm] 

St Pellets 

Compactation - 4000 10 - - 5 

8 

Pre heating 0.40 400 - 3 - - 

Melting 0.50 625 1 1.3 - - 

Filling - 3000 1 2 - - 

Cooling - - - 5 - - 

 

Table 13. Final Process Parameters Window for PLA/TiO2. 

 
A 

[%] 
F 

[N] 
V 

[mm/s] 
T 

[s] 
Tr 

[mm] 
St Pellets 

Compactation - 4000 10 - - 5 

8 

Pre heating 0.40 400 - 3 - - 

Melting 0.50 625 1 1.3 - - 

Filling - 3000 1 2 - - 

Cooling - - - 5 - - 

 
 

8.2. Parts Characterization 

 

8.2.1. Scanning Electron Microscope (SEM)  

 
Figure 31 shows that the mixtures contain agglomerates. For the images with a 

concentration of 2.5 wt. %, a cluster of approximately 10 µm in diameter is observed. On the 

other hand, the images with a concentration of 5 wt. %, an agglomerate of 6 µm in diameter 

is observed. However, for the concentration of 7.5 wt. % no clusters are observed. This 

behavior is unusual, because in different experiments carried out [40] as the concentration 

of nanoparticles increases, the dispersibility decreases and the agglomerates are induced 

to increase. This behavior may be due to the fact that in this experiment ultrasound is used 
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for the fusion of the material and a recommended process for the dispersion of nanoparticles 

is by means of ultrasound [36]. To more nanoparticles, the process is in charge of distributing 

them better in the Melting phase. However, more images must be taken to ensure this 

behavior. 

 

On the other hand, as observed, the surface roughness increased with the increase 

of TiO2 nanoparticles. The same behavior was observed in the experiment carried out by 

Feng et al. [40], they found that as nanoparticles increase, the texture of the material 

changes. This behavior may be since the material is more rigid with the increase in 

nanoparticles, however, it cannot be guaranteed, until confirmed with the tensile test. 

 
 

 
Figure 31. SEM Images of PLA/TiO2 nanoparticles.  
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8.2.2. Melt Flow Index (MFI) 

 

The results obtained are shown in Table 14. 

 
 

Table 14. Melt Flow Index. 

Material 
MFI 

(g/10min) 

PLA 74.44 

PLA + 2.5% 83.86 

PLA + 5.0% 96.76 

PLA + 7.5% 104.49 

 
 

According to Figure 32., it is observed that as TiO2 nanoparticles are added to the 

PLA, the flow rate increases. This may be possible due to two causes: The observed 

behavior in SEM or the molecular weight. Regarding the behavior observed in SEM, the 

agglomerates decreased as the concentration increased and this can help the material flow 

more easily. On the other hand, with respect to the measurement of molecular weight, it 

could mean that the molecular weight decreases since the titanium dioxide nanoparticles 

interrupt the PLA chains and increase the space of the molecular chain [41]. However, the 

decrease in molecular weight should be verified with the gel permeation chromatography 

(GPC) test to obtain an accurate conclusion. 
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Figure 32. MFI with the increment of nanoparticles. 

 

8.2.3. X-Ray Diffraction XRD 

 

The X-ray diffractograms of the samples (Figure 33. ) showed for the neat PLA, the 

hump located at 2θ = 16 indicating the amorphous nature of the material [41]. On the other 

hand, by analyzing the X-ray diffractogram for the blends, representative peaks for TiO2 are 

added. These peaks increase in intensity, as the concentration increases. Because TiO2 is 

a polymorphic material, it means that it can be found in different phases, including: Rutile 

and Anatase. For the rutile phase, the XRD peak at 24.61 represents (1 1 0) crystal plane. 

On the other hand, the XRD peaks at 47.41, 53.32 and 54.45 correspond to anatase (2 0 

0), (1 0 5) and (2 1 1) crystal plans [42][43]. According to the technical data sheet of the 

material indicates that the particles are in rutile phase with 5-10% anatase. When 

performing, this diffractogram reflects a rutile / anatase combination, since TiO2 that is in the 

anatase phase was not converted to rutile due to the energy used in the process. According 

to Zhang et al. [44] found that the start of the crystalline anatase phase is around 210ºC and 

the anatase-rutile transition is reported to occur between 400 and 1000ºC [45]. Because of 
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the process, these temperatures are not being reached and that is why the combination of 

phases. In conclusion, the XRD patterns demonstrate that the PLA structure is not affected 

by the presence of TiO2 nanoparticles [42]. 

 

Table 15 shows the comparison of the peaks for both phases with the peaks obtained 

in the diffractograms. 

 
Figure 33. XRD - Comparison between the different materials. 

 
Table 15. Both phases for TiO2: Rutile and Anatase. 

2θ 2θ Rutile (hkl) 
2θ Anatase 

(hkl) 

24.61 27.4 (1 1 0) 25.3 (1 0 1) 

47.41 41.2 (1 1 1) 48.0 (2 0 0) 

53.32 54.3 (2 1 1) 53.9 (1 0 5) 

54.45  56.6 (2 2 0)  55.0 (2 1 1) 
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8.2.4. Fourier-Transform Infrared Spectroscopy (FTIR) 

 
Two points of the piece were observed: at injection point and at the center (Figure 34. 

). 
 

 
Figure 34. Points of analysis. 

 

With Figure 35, the comparison between the two points of the part is shown. There 

is a difference in transmittance between them, because at the injection point, there are 

pellets that were not melted and prevent the passage of energy. Thanks to this, the 

homogeneity of the material can be observed (Figure 36.). It is important to note that for this 

process, the FTIR should not be performed at the injection point, since the reflected 

transmittance makes it difficult to interpret the results due to the lack of homogeneity. 
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Figure 35. FTIR Spectra – Comparison between different analysis points. 

 

 
Figure 36. Homogeneity difference between the two points analyzed. 

 

In Figure 37, the spectra for the neat PLA and for the PLA/TiO2 blends are shown. 

The PLA spectrum showed the weakest peak at 1751cm-1 that is due to stretching carbonyl 

vibration C = O [46][47][48]. Another transmittance peak at 1179 cm-1 is due to formate 
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stretching vibration [46] and the last peak at 1079 cm-1 due to stretching vibrations of C-O-

C bonds [46]. In the spectrum of PLA / TiO2, the 2923 cm-1 peak represents the stretching 

vibrations of –CH3 and –CH2 of neat PLA. On the other hand, this band due to its location 

may represent the hydroxyl group, since TiO2 is polar and can attract humidity from the 

environment. The peaks at 1381 cm-1 and 1179 cm-1 are due to carboxyl stretching vibration 

and formate stretching vibrations respectively [46]. 

 

The addition of nanoparticles keeps the signal of 1749 cm-1 (Carbonyl Stretching) 

and 1082 cm-1 (C-O-C) unchanged, which could be due to a physical mixture between the 

components. However, the intensity of the peaks increases in PLA / TiO2 compared to neat 

PLA. Similar results occur in the experimentations reported by Feng et al. and Li et al. 

[40][49]. Finally, the characteristic band representing TiO2 is located at 751cm-1, due to the 

Ti-O-Ti bonds [47]. 

 

As can be seen (Figure 37), at a lower concentration of nanoparticles, the 

transmittance of the bands is higher, due to the opacity that TiO2 brings to the material. Feng 

et al. [40] report that the less TiO2 nanoparticles, the greater the energy transmitted in the 

material. In general, the interaction between the materials is physical, because no new 

bands are observed [40]. On the other hand, there was no degradation of the materials, 

since no band disappeared from the spectrum. 
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Figure 37. FTIR Spectra – Comparison between different materials at the center. 

 

8.2.5. Tensile Test 

 

 In the Table 16, the mechanical properties obtained for the neat PLA and the different 

concentrations of TiO2 are shown. They are represented through average data and standard 

deviations. In addition, Figure 38. shows the graph for the behavior of different materials. 

 

As can be seen, Young's modulus (E) increases at a higher concentration of 

nanoparticles, which indicates that the material is stiffer as observed in the SEM results. 

Young's modulus increased from 3724.2 MPa with neat PLA to 3956.7 MPa for the 

concentration of 7.5 wt. %, that is, an increase of 6.24% with respect to neat PLA. This is 

due to the crystallization that TiO2 provides [40]. In addition, when observing the standard 

deviation for Young's modulus, it decreased with increasing nanoparticles, which indicates 

stability since they reach the point of distributing the nanoparticles throughout the piece and 

possibly, due to the reduction of agglomerates. Comparing neat PLA with PLA / TiO2, the 

piece showed higher tensile strength and elongation at break. The tensile strength may be 
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due to the creation of the crystal structure due to nanoparticles [40]. On the other hand, a 

trend is not observed as nanoparticles are added. This varies depending on the 

agglomerates that may exist in the pieces [50]. 

 

Table 16. Tensile Testing Analysis. 

Material 
US 

Energy[J] 
(SD) 

E 
[MPa] 
(SD) 

σu 

[MPa] 
(SD) 

εt 
[%] 
(SD) 

Neat PLA 
368.7 

(±29.3) 
3724.2  

(±135.5) 
52.65 

(±8.09) 
0.018 

(±0.007) 

PLA + 
2.5 % TiO2 

313.9 
(±40.9) 

3787.7 
(±74.6) 

56.88 
(±4.59) 

0.019 
(±0.006) 

PLA + 
5.0 % TiO2 

313.7 
(±32.8) 

3811.8 
(±71.0) 

53.63 
(±9.14) 

0.019 
(±0.007) 

PLA + 
7.5 % TiO2 

276.7 
(±37.6) 

3956.7 
(±42.9) 

57.60 
(±5.72) 

0.023 
(±0.008) 

 

 
 

Figure 38. Tensile testing. 
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In addition, a statistical analysis was performed to observe the influence of the 

energy applied by the process and see the impact it has on the mechanical properties. As 

observed in Table 17, the relationship of the energy applied by ultrasound and Young's 

modulus is significant. According to the analysis of the energy applied to the pieces 

subjected to this test, on average 368.7 J is required for the neat PLA, and as nanoparticles 

are added, the energy decreases, reaching 276.7 J with the concentration of 7.5 wt.%. This 

means that as nanoparticles are added, less energy is required, and Young's modulus 

increases, as does, in general, for tensile strength and elongation at break. The applied 

energy affects the mechanical properties and significantly, the Young's modulus (Figure 39). 

 

Table 17. Significant Parameters in Tensile Testing. 

 p-value Significant? 

US Energy [J] 0.007 ✓ 

E [MPa] 0.005 ✓ 

σu[MPa] 0.639 X 

εt [%] 0.663 X 

 

 
Figure 39. Young’s Modulus and US Energy vs % of nanoparticles. 
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9.  Conclusions 

 

Ultrasonic molding is a promising technology that offers many advantages, including 

low costs in the use of equipment and tools, flexibility for the production of different parts, 

due to the ease of manufacturing molds, reduced material waste and low times of residence. 

Thanks to the new update offered by the Sonorus 1G machine, it was possible to establish 

a methodology that was validated, through two materials, which is why it represents a good 

strategy for obtaining a window of process parameters quickly and effectively, for any 

material. In addition, ultrasonic molding was found to have the ability to manufacture 

nanoparticle reinforced parts, PLA with TiO2 nanoparticles, because 90% process 

repeatability was obtained. 

 

As main contributions of the work, regarding the established methodology, the 

significant parameters obtained in the compaction, preheating and melting phases have a 

greater impact than in the filling phase. Furthermore, due to the variability of the process, 

these significant parameters may be different for each material, depending on the nature of 

the material. However, the expected outputs in each phase should always be the same. On 

the other hand, the analysis of the applied energy, allows to observe the energy range that 

the material requires to be a process and allows to have a greater reproducibility of the 

process. Finally, the percentage of parts successfully manufactured with the final process 

parameter windows is 90%. 

 

The contributions by the feasibility of processing PLA / TiO2, with the USM the TiO2 

nanoparticles are dispersed uniformly as the concentration increases. Because it is not 

usual behavior, more studies should be done to determine the certainty of this behavior. 

Likewise, the TiO2 nanoparticles do not affect the process parameters in relation to the neat 

material and are not affected by their concentration variation either. 

 

Finally, the contributions regarding the characterization of the material, with the SEM, 

reflects a better dispersion of nanoparticles at a higher concentration and appearance of 

texture that indicates rigidity. This was confirmed by increasing Young's Modulus in the 

Tensile Testing. With MFI, the fluidity of the material increases at a higher concentration of 

nanoparticles due to a possible interaction of PLA chains with TiO2 and the decrease in 

agglomerates, observed in the SEM, with the increase in nanoparticles. With XRD, the TiO2 
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nanoparticles in this process are in the rutile / anatase phase. With the FTIR, by increasing 

the concentration of nanoparticles, it affects the opacity of the polymer, therefore, it should 

be considered for possible application. In addition, the materials are mixed only physically, 

because no new bands are observed and there is no degradation of the material. With the 

stress test, at a higher concentration of nanoparticles, the material is stiffer due to the 

crystallinity provided by TiO2. 

 

The next steps are to complete the characterization of the pieces to obtain more 

concrete conclusions. These techniques include thermal property (DSC), technique for 

antibacterial activity, SEM to confirm nanoparticle distribution and Gel Permeation 

Chromatography (GPC) to confirm decrease in molecular weight. In addition, another 

important step is the characterization of the material without being processed to observe the 

influence of the ultrasound molding process. In addition, for future work, the confirmation of 

nanoparticle dispersion at higher concentrations due to the influence of the process must be 

carried out. On the other hand, carry out experimentation with a new methodology for 

nanoparticle dispersion (Ultrasonic dispersion or use of solvent). And once these steps are 

completed, search for an application for the reinforced material studied. 
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Appendix A 

 
Table A.1. Abbreviations. 

Abbreviations Description 

USM Ultrasonic Molding 

PA12 Polyamide 12 

PLA Polylactic Acid 

TiO2 Titanium Dioxide 

PP Polypropylene 

PS Polystyrene 

PMMA Poly(Methyl Methacrylate) 

UHMWPE Ultra High Molecular Weight Polyethylene 

PPSU Polyphenylsulfone 
PEEK Polyether ether ketone 

POM Polyoxymethylene 

SEM Scanning Electron Microscopy 

MFI Melt Flow Index 

XRD X-Ray Diffraction 

FTIR Fourier Transform Infrared 

GPC Gel Permeation Chromatography 

DSC Differential Scanning Calorimetry 

 

 

Appendix B 

 

Table B.1. Variables and Symbols. 

Symbol Units Description 

AV % Amplitude 

F N Force 

V mm/s Velocity 

PP mm Plunger Position 

T s Time 

Tr mm Travel 

St - Strokes 

2θ ° Angle of reflaction 

US Energy J Ultrasonic Energy 

E MPa Young’s Modulus 

σu MPa Ultimate Strength 

εt % Elongation at break 
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