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Abstract

:

Polymers play a crucial role in multiple industries; however, surface modification is necessary for certain applications. Exposure to non-thermal plasma provides a viable and environmentally beneficial option. Fused deposition molding utilizes biodegradable polylactic acid, although it encounters constraints in biomedical applications as a result of inadequate mechanical characteristics. This study investigates the effects of atmospheric pressure plasma generated by a dielectric barrier discharge system using helium and/or argon on the modification of polylactic acid surfaces, changes in their wettability properties, and alterations in their chemical composition. The plasma source was ignited in either He or Ar and was tailored to fit the best operational conditions for polymer exposure. The results demonstrated the enhanced wettability of the polymer surface following plasma treatment (up to 40% in He and 20% in Ar), with a marginal variation observed among treatments utilizing different gases. The plasma treatments also caused changes in the surface topography, morphology, roughness, and hydrophilicity. Plasma exposure also resulted in observable modifications in the dielectric characteristics, phase transition, and structure. The experimental findings endorse the utilization of plasma technologies at normal air pressure for environmentally friendly processing of polymer materials, specifically for applications that necessitate enhanced adhesion and have carefully selected prerequisites.
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1. Introduction


Polymers are crucial in numerous sectors, such as biology, medicine, various other industries (including construction, textiles, and machinery), and more recently, the food industry. However, there are some situations where it is necessary to modify the surface properties of polymers before proceeding with additional processing. This is due to the often inadequate surface characteristics of polymers for certain applications. Due to their predominant bulk physicochemical properties, these materials are mostly used as essential components in a diverse range of mechanical, electrical, or biocomponents. Nevertheless, in numerous applications, the surface characteristics of the polymers take precedence, necessitating meticulous focus on both finding and achieving these qualities. The usage of non-thermal plasma exposure is a procedure that is widely utilized for the purpose of modifying the surface properties of polymers [1,2,3,4].



One of the most commonly studied properties of plastic materials is the surface adhesion, which is studied by means of wetting the surface and determining the work of adhesion. The presence of good wetting does not, on its own, result in good adhesion. In order to do this, the surface free energy of the plastic is frequently enhanced by the process of pre-treatment. Plasma discharges, corona or flame treatment, and the action of oxidizing gases like ozone or fluorine are some of the common procedures that are utilized in this context [5,6,7,8,9,10,11].



The use of atmospheric pressure plasmas is a practical and ecologically friendly alternative to the conventional physicochemical methods that are currently being utilized in the field of technology for the purpose of material interaction. The plasma–matter interaction is characterized by a high concentration of reactive nitrogen and oxygen species (RNS/ROS) due to the numerous chemical and physical processes that take place during this interaction. In addition to this, they are an indispensable component in a wide range of sectors and professions, including those that deal with food, environment, agriculture, healthcare, materials science, and even the automotive industry. Numerous challenging research projects that involve multiple disciplines are concentrating their efforts on the intriguing new applications of plasma–surface, plasma–liquid, and plasma–gas interactions. Biomedicine (as an antibacterial, disinfectant, antiseptic, wound healing promoter, and selective cancer cell and tumor treatment agent), pharmacology, food science, bioengineering, agriculture (as an additive to green fertilizer or to help seeds germinate), and transportation are just some of the many fields that could potentially benefit from plasma’s wide range of applications. Having stated that, the technologies that are based on plasma are the plasma directions that are being discussed above [12,13,14].



Therefore, it is crucial to acquire a comprehensive understanding of polymers by gathering a substantial amount of knowledge. Despite the multitude of published experimental results, the exact processes of plasma–polymer surface interactions have not been fully understood, making it a current area of interest. Considering this, it is crucial to acquire a comprehensive understanding of polymers by gathering as much information as possible. Many other features of polymers can be adjusted, including surface morphology, surface energy, surface flexibility, coefficient of friction, and interfacial tension coefficient. Hence, the need to have knowledge of all these parameters prompts the invention and optimization of the novel physico-chemical techniques capable of altering them. As previously stated, subjecting polymers to atmospheric pressure non-thermal plasma can be a viable method for altering the surface and manipulating the structure through physical or chemical processes such as cleaning, etching, crosslinking, functionalization, and even polymerization [4,15,16,17]. The operating characteristics of plasma, such as applied voltage, discharge current density, electrical mean power, total power of emitted radiation, and excited and reactive species, have an impact on the primary processes occurring at the interface between plasma and polymer. Hence, by manipulating these parameters, various plasma-induced changes can be observed on the polymer’s surface. Typically, as a result of atmospheric pressure conditions, the surface has a large amount of chemical groups that contain oxygen, such as hydroxyl, carbonyl, or carboxyl/ester, even if the plasma working gas used was not oxygen, but rather air, carbon dioxide, helium, or even argon. The abundance of oxygen-containing functional groups is typically attributed to the strong attraction of oxygen to the polymer surface exposed to plasma.



Understanding the plasma–polymer surface interactions is crucial for a comprehensive understanding of polymers’ behavior. Subjecting polymers to atmospheric pressure non-thermal plasma can alter the surface and manipulate the structure through physical or chemical processes. Operating characteristics of plasma, such as applied voltage, discharge current density, electrical mean power, total emitted light, and excited and reactive species, impact the primary processes occurring at the interface between plasma and polymer.



In the field of material engineering, the fabrication of three-dimensional scaffolds is a common use of additive manufacturing (AM) techniques. Some examples of these processes are stereolithography, fused deposition molding (FDM), and selective laser sintering (SLS). Extrusion-based printing, often known as FDM, is the additive manufacturing technology that is utilized most frequently in sectors such as electronics, architecture, and tissue engineering. Polylactic acid (PLA), a polymer that is both biodegradable and renewable, has garnered attention due to the fact that it is biocompatible, can be easily processed, and has a low level of toxicity. On the other hand, its limited use in biomedical applications is hindered by its poor mechanical qualities, insufficient surface wettability, and slow degradation rate. Improvements in implant mechanical qualities and biocompatibility can be achieved using a variety of methods, including the use of fillers made of natural polymer, ceramic, or metallic materials, surface modification techniques, and coating.



Because 3D printing allows for the construction of complicated structures with unmatched accuracy, it has revolutionized the manufacturing business. While designing materials for use in 3D printing processes, the consideration of the contact angle is essential. The surface tension and wetting properties of printing materials impact their adhesion and stacking, which in turn affect the quality and integrity of the final product. Thanks to developments in 3D printing spurred by research into contact angles, a wide range of businesses may now more easily produce unique and intricate designs.



In this investigation, the effects of atmospheric pressure plasma generated by a dielectric barrier discharge (DBD) system operating in He and/or Ar on the surface modification, wettability characteristics, and the chemical composition of polylactic acid are examined.




2. Materials and Methods


This section consists of information about the materials and methods that were used in this study. The section is divided into two parts: one related to the experimental arrangement and methods used for plasma source ignition, characterization, and treatment—Section 2.1; and the second includes the pristine polymers (polylactic acid, PLA, filaments, and the 3D-printed PLA samples) and those exposed to plasma treatment as well as the physico-chemical methods used for samples characterization—Section 2.2.



2.1. Plasma Source and Electro-Optical Diagnosis


An atmospheric pressure plasma jet device is used to treat commercial polymer fiber for 3D printing, as shown in Figure 1. In these studies, He and Ar were used as feed gases that were flowing through the discharge tube (made of quartz, 100 mm in length, with an inner diameter of 4 mm and an outer diameter of 6.1 mm) at a flow rate of 2.0 standard liters per minute. The high voltage and ground electrodes, made out of 10 mm wide and 0.5 mm thick commercial adhesive copper tape, were wrapped on the exterior of the quartz tube at a gap of 10 mm, the ground one being 5 mm away from the tube edge. A 5 mm gap between the discharge tube and the polymer sample surface was maintained during the experiments. The power supply generates bipolar AC output with the peak voltage of 0–20 kV at a frequency of 48 kHz. The discharge power was calculated via Lissajous figures formed with the charges across the capacitor and the applied voltage across the discharge. A similar arrangement was previously used by Huzum, Nastuta, and Burducea for the treatment of grape must, for plasma parameter optimization, and for wheat seed treatment [18,19,20], attaining an appropriate set of plasma settings for sample exposure under investigation.



Throughout the course of these investigations, all plasma treatments of polymeric materials have been carried out by employing the atmospheric pressure plasma jet at an applied voltage of maximum 18 kV. This has resulted in a discharge mean power of up to 10 W.



In this experiment, one electrode was linked to the power cord of the power supply, namely the high voltage electrode (HV). The second electrode was connected to the ground, serving as the grounded electrode (Gr). Both electrodes were wrapped around the outer surface of the quartz tube, following a similar approach as that previously described in references [18,21,22,23]. The discharge was initiated using a power supply (PVM500, Information Unlimited, Amherst, MH, USA) capable of generating a voltage range of 1 to 40 kV, a frequency range of 20 to 70 kHz, and an adjustable power output of 10 to 300 W. This power supply allowed for the independent control of voltage, current, and frequency. The applied sinusoidal voltage Ua (up to 18 kV    p e a k − t o − p e a k   , at a repetition rate of 48 kHz) and the total current of the discharge Id, were monitored using voltage and current probes (high-voltage probe Caltest CT4028, Cal Test Electronics Inc. (Yorba Linda, CA, USA), voltage probe Lecroy PP006A (Chestnut Ridge, NY, USA), wideband current monitor Pearson 150 (Palo Alto, CA, USA), 50  Ω  charge resistor, a 47 pF charge capacitor), and a 1 GHz digital oscilloscope (Lecroy WaveSurfer 104Xs, four channels, 2.5 GS/s, Chestnut Ridge, NY, USA). The experimental setup involved the utilization of pure helium and pure argon (He 5.0 and Ar 5.0, Siad Romania, Bucharest, Romania) as the working gases. These gases were introduced into the discharge quartz tube at a constant flow rate of 2.0 standard liters per minute (slm) using a needle valve rotameter (0–5 slm Platon NGVS312 series, CT Platon, Saint Etienne, France). The spectral emission of the discharge in the ultraviolet-visible-near-infrared (UV-Vis-NIR) range of wavelengths from 200 to 1100 nm was analyzed using an LR1 broad range spectrometer (ASEQ Instruments, Vancouver, BC, Canada). The spectrometer consisted of a monochromator with a 50 μm entrance slit, a 600 gr/mm diffraction grating blazed at 300 nm, and a CCD (Toshiba TCD1304DG linear array) detector. The spectrometer was connected to a 0.4 mm diameter and 1 m long kevlar-reinforced and cosine-corrected optical fiber (Thorlabs, Newton, NJ, USA), which was designed for wavelengths ranging from 200 to 1200 nm. It was positioned at a distance of 5 mm from the plasma.



Both untreated and plasma-treated versions of the polymer were employed in the tests. One set of samples was comprised of the polymer filament before and after being subjected to the plasma treatment, while the other set consisted of polymer that had been printed using 3D technology. For this particular study, commercially available white polylactic acid filament with a diameter of 1.75 mm (  ±  0.05    mm, from Devil Design Sp. J., Milkolov, Poland) was utilized. Several types of shapes were used for the analyses of 3D-printed PLA samples. More precisely, for surface analysis, FTIR, and XRD analysis, besides PLA filaments, cuboid objects with a base of 10 × 10 mm and a height of 0.5 mm were printed. For the dielectric analyses, cylinders with a radius of 10 mm and a height of 0.5 mm were prepared. A Prusa i3 MK3S+ 3D printer (Prusa Research a.s., Prague, Czech Republic) based on fused deposition modeling (FDM) technology was used for these experiments. The printing parameters, based on the printer’s manufacturer and PLA filament producer, were the nozzle temperature at 210 °C, with a heated bed at 60 °C, using a 0.15 mm layer height (quality setting from the PrusaSlicer software, v2.6.0), and a 100% rectilinear infill.




2.2. Surface and Volume Polymeric Sample Characterization Methods


Despite the fact that a significant number of PLA’s mechanical, electrical, and thermal properties have been thoroughly investigated, there is a paucity of information available in the literature regarding the surface properties of this material. Nevertheless, new applications, such as in the processes of 3D printing for a variety of applications, necessitate the development of novel surface qualities, which involve the biocompatibility of the material. Considering that the protection of the environment has emerged as a leading concern for our contemporary civilization, altering the surfaces of these materials in plasma appears to be a potentially useful approach.



In order to further investigate the modifications induced by exposing the polymeric samples to the discharge, several surface and volume characterization methods were used.



2.2.1. Surface Morphology: Atomic Force Microscopy and Scanning Electron Microscopy


Atomic force microscopy (AFM) is a highly effective technique utilized for the analysis and evaluation of polymers at the nanoscale. This technique has the capability to offer valuable insights into the surface morphology, topography, elasticity, and adhesion properties of polymers. Atomic force microscopy (AFM) is employed for investigating several phenomena in polymer science, such as the phase separation characteristics of polymer blends, the kinetics of crystallization in semicrystalline polymers, and the interactions between polymers and other materials. Atomic force microscopy (AFM) is a powerful technique that enables the visualization and analysis of the surface morphology and topography of polymers with exceptional precision and detail. The provided data can be utilized for investigating the impact of processing parameters, such as plasma treatment, on the surface morphology of polymers [24,25,26]. Additionally, it can aid in the identification of flaws and impurities.



Atomic force microscopy was involved in order to investigate, at the nanometric scale, the particularities of both pristine and plasma treated samples: the topography images and roughness parameters of the surface. Therefore, a Solver Pro-M atomic force microscope (AFM, NT-MDT, RU) in tapping mode, in air, equipped with an NSC21 cantilever (standard n-type silicon phosphorus doped, triangular tips, tip curvature radius <10 nm, force constant = 17.5 N/m, resonance frequency = 201 kHz, Mikromasch, Sofia, Bulgaria) was used.



Scanning electron microscopy (SEM) is an effective polymer characterization tool. This method can magnify polymer surface morphology, microstructure, and content up to one million times. SEM is useful for studying polymers’ nanoscale qualities, which often determine their attributes and performance. In polymer characterization, scanning electron microscopy is often used to study surface/cross-section morphology. This method can identify and characterize cracks, voids, inclusions, and polymer mix and composite morphology. SEMs are useful for studying polymer surface topography. SEM is used in polymer characterization, especially microstructure analysis. This method can be used to identify phases in polymer blends and composites, and to study crystalline polymer morphology. SEM may also investigate polymer chain orientation, which is important in fiber spinning and film processing.



For the present study, the SEM investigations were realized on the cross-section of PLA 3D-printed objects, before and after mechanical stretching. The investigated samples were coated with a thin layer of platinum using a Leica EM ACE200 Sputter coater to render electrical conductivity and to obstruct charge build-up during exposure to the electron beam. The samples were fractured and the polymer cross-sections were examined on a scanning electron microscope Verios G4 UC (Thermo Fisher Scientific, Waltham, MA, USA), at an accelerating voltage of 5 kV using an Everhart–Thornley SE detector.




2.2.2. Static Contact Angle and Surface Energy


The characterization of wettability in polymers involves evaluating two parameters: static contact angle and surface energy. These measurements are crucial in investigating the impact of surface alterations on the wettability of polymers, forecasting adhesion behavior between polymers and other surfaces, and examining the adsorption phenomena of liquids and proteins on polymer surfaces [8,27,28,29]. The static contact angle, which is the angle between the tangent of a liquid droplet and the surface of a solid material at the specific place where they come into contact, is a valuable technique for assessing the wettability characteristics of a polymer surface. A high contact angle indicates hydrophobicity, while a low contact angle indicates hydrophilicity. Surface energy—the amount of energy required to generate a fresh unit area of surface—is determined through the measurement of static contact angles shown by two liquids possessing distinct surface tensions. These measurements can serve as predictive tools for various characteristics, including wettability, adhesion, and adsorption. The objective of this study is to create novel polymer materials with specific wettability and adhesion characteristics.



The surface energy of the polymer samples was determined using the sessile drop technique with a home-made contact angle system (having a 2X lens goniometer equipped with a 2Mp digital camera, a cold LED light source, and a sample holder). Distilled water and glycerol drops of 1 μL volume (at room temperature, ∼23 °C) were placed onto the sample’s surfaces and the contact angle was recorded. The ImageJ software, v1.54d [30], with the Drop Analysis plug-in [31], was used for contact angle measurements. The surface energy ( γ ) was determined in our experiment using the polar and dispersive components of two liquids, distilled water and glycerol.




2.2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy


ATR-FTIR (attenuated total reflectance Fourier-transform infrared spectroscopy) is a powerful technique for the characterization of polymers. It enables the analysis of chemical structures of polymers by measuring the infrared absorption of a sample. This technique is advantageous because it can be used to study materials without the need for sample preparation, and can provide a wealth of information about the material’s molecular structure. The ATR-FTIR technique is based on the attenuation of infrared radiation as it passes through a sample. A prism is used to direct the beam of infrared onto the sample and, as the beam passes through the sample, the intensity of the beam decreases. This attenuation is then measured, and the absorption spectra of the material are calculated. The absorption spectra can then be used to identify the chemical structures of the polymer. The ATR-FTIR technique is used in a variety of fields, including polymer research, pharmaceutical analysis, and forensic science. It is especially useful for the characterization of polymers, as it can provide information on the chemical composition and structure of the polymer. For example, it can be used to identify and characterize the type of monomers used to synthesize the polymer, as well as the degree of cross-linking between them. Overall, ATR-FTIR is a powerful and versatile technique for the characterization of polymers. It is a non-destructive and reliable technique that can provide a wealth of information about the structure and chemical composition of a polymer [32,33,34,35,36].



FT-IR spectra were recorded with an FT/IR-4000 series spectrometer (Jasco, Tokyo, Japan) at room temperature with a resolution of 2 cm    − 1    in the range of 500–4000 cm    − 1   . Using the ATR-FTIR spectroscopy, the polymer samples prior to (the filaments) and after 3D printing (cuboid objects with a surface area of 10 × 10 mm   2   and a thickness of 0.5 mm were employed) were analyzed.




2.2.4. Broadband Dielectric Spectroscopy (BDS)


Broadband dielectric spectroscopy (BDS) is an important technique in the characterization of polymers, offering valuable insights into the physical and chemical properties of the material. These measurements are based on the material’s capacity to store electrical energy, allowing for the determination of key parameters such as dielectric permittivity, dielectric loss, and other relevant characteristics. BDS facilitates the exploration of molecular dynamics, phase transitions, and the mobility of charge carriers across various materials, encompassing polymers and polymer composites [37,38,39].



The broadband dielectric spectroscopy (BDS) measurements were conducted with a broadband dielectric spectrometer from Novocontrol Technologies, Montabaur, Germany. The samples were placed between two gold-plated flat electrodes and were inserted into the active sample cell test interface (ZGS) extension of the BDS device. The measurements were carried out under a dry nitrogen atmosphere to prevent moisture interference. The temperature was controlled with the Quatro Cryosystem device (also supplied by Novocontrol), and the samples were subjected to heating in the presence of a pure nitrogen flow, thereby preventing moisture from the environment. The WinDETA software provided by Novocontrol was used for BDS data acquisition. The dielectric data were collected under isothermal conditions across a frequency range of 1 Hz to 1 MHz, spanning temperatures from −150 to 200 °C.




2.2.5. Differential Scanning Calorimetry (DSC) Measurements—Thermal Transitions


Differential scanning calorimetry (DSC) is a crucial tool for characterizing polymers by measuring the difference in heat absorption or release between a sample and a reference material. It determines the thermal properties of polymers, such as melting point, glass transition temperature, and heat capacity. DSC is particularly useful for analyzing the crystallinity of polymers, which is crucial for determining performance and processing characteristics. DSC is based on the fact that polymers absorb or release energy during physical transitions, such as melting or glass transitions. It is particularly useful for analyzing amorphous polymers without a distinct melting point and can also analyze the effect of additives on the thermal properties of the polymer. Despite its advantages, DSC is limited to crystalline polymers and is not sensitive to small amounts of additives. However, it is limited to the study of crystalline polymers and is not very sensitive to small amounts of additives [40,41].



The DSC measurements were conducted on a 200 F3 Maia DSC device (Netzsch, Waldkraiburg, Germany). Indium was used as a calibration standard sample. Around 11 mg of each sample was heated in aluminum crucibles with sealed shut pierced lids. The experiments were performed at a heating rate of 10 °C min    − 1    and in nitrogen as a purge gas (flow rate 50 mL min    − 1   ).




2.2.6. X-ray Diffraction


X-ray diffraction (XRD) is an invaluable tool for characterizing polymers. It is an analytical technique that is used to identify and analyze the crystal structure of materials such as polymers on a nanometer scale. XRD uses X-ray radiation to probe the structure of polymers by measuring the diffracted X-ray intensity of a sample as a function of angle. The resulting diffraction pattern can be used to understand the structure and composition of the polymer, which in turn gives insight into the properties of the material. XRD is a technique that is widely used for characterizing polymers and has been successfully applied to materials such as polyethylene, polypropylene, polystyrene, polyamides, and polyurethanes, as well as polymers containing metallic elements. XRD measurements have been used to determine the degree of crystallinity, the crystallite size, the orientation of the crystallites, the crystal structure, and the molecular structure of the polymer. Furthermore, XRD can be used to detect and quantify impurities that may be present in the polymer. XRD is a non-destructive technique and can be used to analyze polymers in both their solid and liquid states. Its ability to provide detailed information about the structure of a polymer makes it an attractive choice for polymer characterization [42,43].



The crystalline structure of polymer samples was examined using an X-ray diffractometer (Rigaku Miniflex 600 diffractometer) with a Cu K α  to 50.0° radiation ( λ  = 1.54 Å), in the 2 θ  range from 5.0 in steps of 0.01° and a recording rate of 1°/min.






3. Results and Discussion


This section has been divided into subheadings that are associated with plasma diagnosis, surface characterization, and a discussion of the data that were obtained. To be more specific, it offers a clear and precise account of the outcomes of the experiment, as well as their interpretation and the conclusions drawn from the experiment.



3.1. Plasma Source Electro-Optical Characterization


The methods for diagnosing plasmas at atmospheric pressure usually involve, for the basic study, the monitoring as well as the recording for further statistical processing of electro-optical quantities [18,19,20,21,22,23,44]. For electrical diagnosis, such quantities are represented by: the amplitude of the electric voltage applied to the discharge electrodes, the intensity of the discharge current on the grounding line, the calculation of the total charge deposited by the plasma on the surface with which it comes into contact, the estimation of the average power, and the energy transmitted by the plasma of the sample with which it interacts. For the optical diagnosis of plasma, the important quantities to be monitored and recorded are usually the total light emitted by the plasma, thus identifying the excited species in the plasma, which have physico-chemical potential to initiate changes to the surface it comes into contact with.



3.1.1. Plasma Jet Electrical Diagnosis


The plasma’s basic electric diagnostic was related to the voltage that was applied, the discharge current, the monitoring of the charge, and the calculation of power and energy. Typical waveforms of voltage and current, for plasma running in both helium (left graph) and argon (right graph), are shown in Figure 2, which can be found below. These voltage–current representations are similar to those obtained in previous experiments, conducted in appropriate conditions [18,20].



The electrical power, calculated based on the area of Lissajous figures, ranged from 0.25 to 0.79 W, with a corresponding energy range of 5.5 to 17.4 μJ, for He plasma, respectively, from 0.3 to 0.96 W, with a corresponding energy range from 6.6 to 21.1 μJ, for Ar plasma, as presented in Figure 3.




3.1.2. Plasma Jet Optical Diagnosis


Figure 4 illustrates that the plasma source utilized in this investigation possesses sufficient energy to stimulate not only the working gas lines, but also the lines and bands of other atmospheric species, including NO   γ  , OH, N   2  , N    2  +  , and O, in addition to helium or argon lines. The reactive species of nitrogen and oxygen (RNS and ROS), commonly referred to as such, have the potential to exert a substantial influence on the interaction between the plasma and the sample surface.



In the wavelength range of 200 to 300 nm, the emission spectra resulting from the interaction of the Ar discharge with the polymer were primarily composed of the NO   γ   lines, specifically at wavelengths of 237, 247, 259, and 271 nm. The hydroxyl radical (OH) rotating band was observed at a wavelength of 309 nm in both the helium (He) and argon (Ar) discharges. The molecular nitrogen (N   2  ) bands were observed at wavelengths of 315 to 390 nm, namely at 315, 337, 357, and 375 nm. The N    2  +   molecular ion band was observed at a wavelength of 391 nm, which is crucial for determining gas temperature using the Boltzmann plot technique. The molecular nitrogen bands reappeared within the wavelength range of 400 to 470 nm. The gas lines used for work were measured in the range of 580–740 nm, specifically at wavelengths of 588, 668, 706, and 727 nm. Huzum et al. [18] and Nastuta et al. [19] have reported that the production and stimulation of the N   2   second positive nitrogen system (SPS) and the N    2  +   first negative nitrogen system (FNS) are dependent on the Penning effect of He metastables. In addition, the spectral lines of atomic oxygen were detected at wavelengths of 777 and 845 nm, which correspond to specific metastable states (triplet states) of oxygen. The OH and O bands and lines observed in the emission spectra are the result of the dissociation of ambient O   2   and H   2  O, as documented by previous studies [18,19,21,22,23,44] conducted under comparable plasma circumstances. The coexistence of reactive oxygen and nitrogen species with helium or argon lines, which are the working gases, indicates that these species are likely to actively participate in the treatment of wheat seeds. Furthermore, these excited species are significant because they can be utilized to determine the gas temperature and vibrational temperature. These spectroscopic temperatures offer valuable insights into the energetic species that will be employed in the sample treatment.





3.2. Surface and Volume Polymeric Sample Characterization Methods


3.2.1. Surface Morphology: AFM and SEM


AFM morphology pictures were obtained for each sample using a 10 µm × 10 µm scanning region. The imaging process was performed at various locations on the polymer sample to ensure the reproducibility of the data. The obtained results are primarily limited to three-dimensional photographs of the original and modified polymer surfaces (Figure 5). Statistical atomic force microscopy (AFM) estimations allowed for the characterization and comparison of surface roughness using the root mean square roughness (R    R M S   ), both before and after the treatment. The root mean square roughness (R    R M S   ) of pristine PLA filaments is 6.9 nm, whereas for the pristine 3D printed filaments it is 17.4 nm. The R    R M S    value for the plasma-treated filament sample is 6.2 nm, while for the plasma-treated and 3D-printed sample it is 28.2 nm. By examining the 3D images in Figure 5, it is evident that the morphology and roughness of the PLA samples have undergone noticeable alterations, both after plasma treatment, 3D printing, and the combination of these two processes. This phenomenon may be attributed to the reorganization mechanisms of PLA chains taking place at the surface of the polymer, maybe accompanied by crosslinking or bond cleavage reactions. The plasma exposure induces a ’smoothing’ process and uniform reorganization of the peaks on the surface, which can improve the contact angle between PLA and any gas, liquid, or solid it comes into contact with. This has the potential to boost adhesion for the surfaces treated with plasma. In order to support this assumption, it is necessary to employ further characterization techniques such as FTIR, SEM, CA, or XPS.



Because of this, a great number of features tend to increase on the surface. Naturally, these impacts can also be observed in the rise in the R    R M S    value, which is also dependent on the amount of time that the plasma is exposed to it.



Scanning electron microscopy (SEM) was used in order to follow the internal structure of the polymer that was being investigated (both in its natural state and after being treated in plasma) in much greater detail. In this sense, the polymer samples were fractured in liquid nitrogen and then their cross-sections were examined using an SEM. The investigated samples were coated with a thin layer(≈3 nm) of platinum using a Leica EM ACE200 Sputter coater to render electrical conductivity and to obstruct charge build-up during exposure to the electron beam.



Figure 6 shows the cross-section micrographs for the PLA samples before and after the mechanical stretching tests. Thus, it is possible to observe the plasma treatment effect on the morphology and the way in which the plasma treatment affects the mechanical properties of the samples. From the SEM micrographs, it can be seen that the morphology of the samples varies depending on the type of plasma treatment. The untreated sample (PLA-un) shows a cross-section with small pores. This porosity is higher in the case of the He plasma-treated PLA (PLA-He) sample, where the presence of pores is much more obvious. In the case of the Ar plasma treated PLA (PLA-Ar) sample, minor changes are observed regarding the roughness or porosity of the material. The micrographs of the samples that were subjected to the mechanical stretching test are in correlation with the changes induced by the plasma treatment. Thus, PLA-He samples are the ones that show deformations of the internal structure of the pores and a certain orientation induced after the mechanical tests.




3.2.2. Static CA and Surface Energy


To assess the wettability characteristics of the PLA surface, both before and after the plasma treatment, as well as before and after the 3D printing process, contact angle measurements were conducted using distilled water or glycerol on the polymer surface. This technique provides a rapid means of seeing the immediate effects of plasma therapy on surface changes. A homemade device, also used by [23], is employed to gauge and archive the photographs of liquid droplets. The polymeric sample was positioned between a microscope tube and a cold light source. Subsequently, droplets of distilled water and glycerol with a volume of 1  μ L were applied onto the polymer surface using a pipette with a capacity of 0.5–2.5  μ L. Each droplet is photographed under a microscope once equilibrium is reached between the droplet and the sample surface. The contact angle was calculated using the sessile drop technique. Unless explicitly specified, every measurement was conducted on a fresh location. The data points correspond to the mean value obtained from a minimum of three separate measurements, with a standard deviation of up to ±2°.



The contact angle set-up used in these studies (a) and the values of the CA and work of adhesion for the polymer samples (b) as seen in Figure 7. The surface free energy ( γ ) was determined using the polar and dispersive components of two liquids, in our experiment distilled water and glycerol, for which at 23 °C,   γ  w a t e r    = 72.80 mN/m, respectively,   γ  g l y c e r o l    = 64 mN/m. In Table 1, the contact angle values, work of adhesion, and surface free energy, as well as the disperse and polar index, are presented.



The contact angle value for the untreated PLA filament sample is 75° using distilled water, and 78° using glycerol. After He plasma treatment, the contact angle decreases down to 41° for water and down to 55° for glycerol, respectively, after Ar plasma treatment CA decreases to 46° for water and to 64° for glycerol (as in Figure 7). This is a direct proof of surface functionalization. The same tendency—but with a moderate decreasing CA value for both liquids—for the 3D-printed polymer samples was observed, as depicted in Table 1.




3.2.3. ATR-FTIR Spectroscopy


The enhanced hydrophilicity of the plasma-treated filament and the 3D-printed samples can also be observed using Fourier transform infrared spectroscopy (ATR-FTIR). The ATR-FTIR spectrum for virgin PLA and He and Ar plasma-treated PLA is depicted in Figure 8. The spectra are shown for both the filament (‘fill’ extension in the left column of Figure 8) form and after 3D printing (‘prt’ extension in the right column of Figure 8). The presence of a peak at 1080 cm    − 1    can be attributed to the bonding between oxygen and carbon in the form of an oxygen–carbon–oxygen group. The peak seen at 1181 cm    − 1    corresponds to the stretching of –CH–O bonds. The signal observed at 1265 cm    − 1    corresponds to the C–O bonding of the ester group present in PLA. Furthermore, there is a distinct and prominent signal observed at 1745 cm    − 1   , indicating the presence of a carbonyl group (C=O). Upon plasma treatment with helium (He) and argon (Ar), the presence of oxygen-containing bonds, such as –O–C=O, –CH–O, C=O, and C–O, exhibited a clear correlation with the quantity of oxygen bonds. When ions, atoms, and excited molecules come into contact with the surface of PLA, they erode the surface and cause the polymer chains to break. These sites initiate a chemical reaction with air to generate molecules that include oxygen. Furthermore, the presence of absorption peaks within the range of 3650 to 3300 cm    − 1   , at 950 cm    − 1    and 832 cm    − 1   , together with a heightened peak at around 1370 cm    − 1    following treatment, can likely be ascribed to the stretching vibrations of OH groups, which contribute to the enhanced hydrophilicity of the samples. Similar results were also found by Tan et al. [45] and Zarei et al. [46,47] in appropriate experimental conditions.



According to Vasanthan et al. [48], in the wavenumber region between 600 and 1000 cm    − 1   , there are the bands corresponding to the crystalline (around 920–921 cm    − 1   ) and amorphous state of PLA (≈955–956 cm    − 1   ). Moreover, Vasanthan also monitored some band in the 2800–3200 cm    − 1    (2996, 2961 and 2945 cm    − 1   ) that have evolutions related to the polymer crystalline state. It was observed that the helium plasma treatment of PLA induced the most pronounced effect to be seen in the FTIR spectra. As expected, due to the fact that the PLA filament was subject to plasma exposure and after that subjected to the 3D printing process, the effects were pronounced for the spectra obtained for it; as can be seen in Figure 8 on the left side, from top to bottom, the full range and representative regions for the C–H, C–O, and COOH. The main hypothesis here is that, after plasma exposure, the surface of the PLA comes into contact with more reactive oxygen species, so slight modifications of the C–O and COOH regions are to be encountered. Nevertheless, some modifications are also observed for the PLA exposed to argon plasma, but with less intensity. Nonetheless, these results suggest that, for the conditions presented in this report, plasma treatment mostly affects the surface rather than the bulk of the material. Furthermore, the 3D printing process may be seen as an annealing process, leading to an augmentation in the degree of crystallinity of the polymers. However, the plasma treatments continue to have noticeable effects even after the polymer is printed, indicating that the plasma effects are quite persistent during the 3D printing process.




3.2.4. Dielectric Properties


The broadband dielectric spectroscopy (BDS) measurements were conducted across temperatures ranging from −150 to 200 °C. The behavior of dielectric permittivity (  ϵ ′  ) with a frequency at room temperature for the 3D-printed PLA series is presented in Figure 9. The   ϵ ′   dielectric parameter exhibits a gradual decrease with increasing frequency, as a typical behavior for polymer materials [37]. The magnitude of   ϵ ′   is relatively high, as seen in the PLA-c sample, where f = 103 Hz,   ϵ ′   = 5.4, indicating a significant dipolar activity.



This outcome aligns with expectations due to the presence of numerous polarizable units in the chemical structure of PLA, as detailed in the FT-IR section. These units can effectively respond to the alternating electrical field, contributing to the dipolar signal of   ϵ ′  . It can be noted that the   ϵ ′   size of the plasma-treated samples is notably enhanced across the entire frequency spectrum, suggesting a slightly superior dipolar activity as compared to that of PLA-c. The numerical values of   ϵ ′   at room temperature and a frequency of 1 kHz are provided in Table 2.



Figure 9b displays the temperature-dependent variations of   ϵ ′   at a frequency of 1 kHz for the PLA series. At low temperatures, there is a slight increase in   ϵ ′   as temperature increases. During this regime, the thermal energy absorbed by polarizable units is limited, resulting in a restricted number of dipoles, such as polarizable units from side-chain macromolecules, being able to follow the alternating electrical field [49]. Beyond 50 °C, a distinct rise in   ϵ ′   is observed, corresponding to the glass transition temperature of PLA. Around T   g  , the polarization is noticeably enhanced due to thermal activation of macromolecule backbone. As the temperature continues to increase, a second-step increase of   ϵ ′   is noted, aligning with the melting point of PLA material, as indicated by DSC thermograms. The dielectric permittivity magnitude is slightly enhanced for plasma-treated samples across most of the temperature range, except after the melting point (T   m  ) of PLA. However, it is essential to consider that the material melting may influence BDS measurements in this specific region.



The changes in   ϵ ′   with temperature and the first derivative of dielectric permittivity are further represented in a common diagram in Figure 10 for the PLA series. In this arrangement, the thermal T   g   and T   m   events manifest as distinct step increases in the isochronal plots of   ϵ ′   versus temperature and as clearly defined dielectric peaks in the corresponding temperature dependencies of    ∂  ϵ ′    ∂ T   .



The first derivatives of dielectric permittivity with respect to temperature are comparatively depicted in Figure 11 for the PLA series in the temperature regions corresponding to T   g   (a) and T   m   (b) transitions. T   g   is associated with the highest intensive dielectric peak observed in Figure 10, while the other signals result from supplementary temperature fluctuations of   ϵ ′  . The numerical values of T   g   and T   m   are detailed in Table 2 and correspond to the temperatures at which the peak maxima occur. The T   g   and T   m   values for the PLA series exhibit considerable similarity, suggesting that the effects of plasma treatment on thermal T   g   and T   m   events are not distinctly discernible through BDS measurements.




3.2.5. Differential Scanning Calorimetry (DSC)


DSC measurements were performed over two heating regimes and a cooling phase. The first heating regime was performed for erasing the thermal history of samples within the temperature range of 25 °C to 200 °C. Subsequently, the samples underwent a cooling process from the melt state to 25 °C. Finally, a second heating cycle was performed, spanning temperatures from 25 °C up to 200 °C. Figure 12 here presents the DSC curves of the series of 3D-printed PLA samples, during the second heating cycle of measurements. Notably, no exothermal peaks, such as crystallization, were detected during the cooling phase, indicating that all the investigated samples remained entirely amorphous. Following the second heating regime, the main thermal events for the untreated PLA-c sample were identified. These include the glass transition step (T   g  ) at approximately 51.6 °C, the cold crystallization exothermic peak (T    c c   ) at 103.7 °C, and a two-step melting process (T   m  ) at 148.7 °C and 164.9 °C. The temperature values associated with these thermal processes during the second heating cycle for all investigated samples are detailed in Table 3. It is noteworthy that the thermal processes, namely T   g  , T    c c   , and T   m  , for plasma-treated samples occurred at higher temperatures compared to those of the untreated PLA sample.




3.2.6. X-ray Diffraction


X-ray diffraction analysis was also carried out in order to evaluate the phase crystallization and chemical composition of various PLA objects that were manufactured using 3D printing technology. The creation of the amorphous phase of the polymer is demonstrated by a large peak in pure PLA, which is positioned at the diffraction angle of around 16°, as reported by [46,50].



A critical parameter for polymers being processed, by every means, is the degree of crystallinity (or crystallization capacity) X   c  , which is estimated from the difractograms of the polymeric samples. For pure PLA samples, the X   c   is around 2.5%, as also reported in [46,50], and it increases after plasma treatment up to 16%, as seen in Figure 13.



This peak is illustrated in Figure 13. After plasma exposure of the samples, it can be hypothesized that the PLA crystal peak became more narrow and sharper as a result of the crystallinity augmentation of PLA, which was in accordance with the results of the DSC.



Additionally, new crystalline peaks were found in the diffractograms that were acquired after the treatment carried out in He plasma at an angle of 26° and after the treatment carried out in Ar plasma at an angle of 30°.






4. Conclusions


The analysis of the plasma sources under study indicates the operational parameters for surface treatment, as determined using electrical and optical diagnostic techniques.



After conducting research on surface morphology, it was shown that plasma treatments led to significant reshaping of the surfaces, resulting in the production of evenly dispersed nanometric structures.



Surface wettability is determined by the combined influence of surface roughness and chemical characteristics. The enhanced hydrophilicity of the surface is seen by an elevation in surface energy following plasma exposure.



The results indicate that electric discharges in gases at atmospheric pressure are a suitable and adaptable method for altering the surfaces of materials, for specific applications.



The XRD data exhibited minor variations, with the exception of a few more peaks, which can be linked to a slight elevation in the glass temperature observed in the DSC measurements.



Based on BDS measurements, it can be observed that the   ϵ ′   magnitude of the plasma-treated samples is significantly increased across all frequencies. This indicates a slightly higher dipolar activity relative to the control polymers. Furthermore, the magnitude of dielectric permittivity is marginally increased for samples treated with plasma across the majority of the temperature range.



Additionally, it is necessary to conduct experiments to effectively regulate the surface alterations resulting from plasma treatment. These experiments should involve techniques such as X-ray photoelectron spectroscopy (XPS), 3-point bending and impact tests, and ink testing, as well as scratch and pull-off tests.







Author Contributions


Conceptualization, A.V.N.; methodology, A.V.N., M.A., V.T. and I.T.; software, A.V.N., M.A., V.T. and I.T.; validation, A.V.N., M.A., V.T. and I.T.; formal analysis, A.V.N., M.A., F.D., I.-A.D., C.-D.V., V.T. and I.T.; investigation, A.V.N., M.A. and I.T.; resources, A.V.N., M.A., F.D., I.-A.D., C.-D.V., V.T. and I.T.; data curation, A.V.N. and M.A.; writing—original draft preparation, A.V.N.; writing—review and editing, A.V.N., M.A., V.T. and I.T.; visualization, A.V.N.; supervision, A.V.N.; project administration, A.V.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by UEFISCDI, PNCDI III, project PN-III-P1-1.1-TE-2021, grant number 150/09.06.2022.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Raw data may be available, on reasonable request, from the authors.




Acknowledgments


A.V.N. also acknowledge fruitful discussion with the members of CEEPUS CIII-AT-0063 (Applications and diagnostics of electric plasmas).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Cvelbar, U.; Walsh, J.L.; Černák, M.; de Vries, H.W.; Reuter, S.; Belmonte, T.; Corbella, C.; Miron, C.; Hojnik, N.; Jurov, A.; et al. White paper on the future of plasma science and technology in plastics and textiles. Plasma Process. Polym. 2019, 16, 1700228. [Google Scholar] [CrossRef]

	



Bîrleanu, E.; Mihăilă, I.; Topală, I.; Borcia, C.; Borcia, G. Adhesion Properties and Stability of Non-Polar Polymers Treated by Air Atmospheric-Pressure Plasma. Polymers 2023, 15, 2443. [Google Scholar] [CrossRef]

	



Chiper, A.S.; Borcia, G. Stable Surface Modification by Cold Atmospheric-Pressure Plasma: Comparative Study on Cellulose-Based and Synthetic Polymers. Polymers 2023, 15, 4172. [Google Scholar] [CrossRef] [PubMed]

	



Dufour, T. From basics to frontiers: A comprehensive review of plasma-modified and plasma-synthesized polymer films. Polymers 2023, 15, 3607. [Google Scholar] [CrossRef]

	



Kusano, Y. Atmospheric pressure plasma processing for polymer adhesion: A review. J. Adhes. 2014, 90, 755–777. [Google Scholar] [CrossRef]

	



Penkov, O.V.; Khadem, M.; Lim, W.S.; Kim, D.E. A review of recent applications of atmospheric pressure plasma jets for materials processing. J. Coat. Technol. Res. 2015, 12, 225–235. [Google Scholar] [CrossRef]

	



Dimitrakellis, P.; Gogolides, E. Hydrophobic and superhydrophobic surfaces fabricated using atmospheric pressure cold plasma technology: A review. Adv. Colloid Interface Sci. 2018, 254, 1–21. [Google Scholar] [CrossRef]

	



Nemani, S.K.; Annavarapu, R.K.; Mohammadian, B.; Raiyan, A.; Heil, J.; Haque, M.A.; Abdelaal, A.; Sojoudi, H. Surface modification of polymers: Methods and applications. Adv. Mater. Interfaces 2018, 5, 1801247. [Google Scholar] [CrossRef]

	



Peran, J.; Ercegović Ražić, S. Application of atmospheric pressure plasma technology for textile surface modification. Text. Res. J. 2020, 90, 1174–1197. [Google Scholar] [CrossRef]

	



Levchenko, I.; Xu, S.; Baranov, O.; Bazaka, O.; Ivanova, E.P.; Bazaka, K. Plasma and polymers: Recent progress and trends. Molecules 2021, 26, 4091. [Google Scholar] [CrossRef]

	



Ma, C.; Wang, L.; Nikiforov, A.; Onyshchenko, Y.; Cools, P.; Ostrikov, K.K.; De Geyter, N.; Morent, R. Atmospheric-pressure plasma assisted engineering of polymer surfaces: From high hydrophobicity to superhydrophilicity. Appl. Surf. Sci. 2021, 535, 147032. [Google Scholar] [CrossRef]

	



Weltmann, K.D.; Kolb, J.F.; Holub, M.; Uhrlandt, D.; Šimek, M.; Ostrikov, K.; Hamaguchi, S.; Cvelbar, U.; Černák, M.; Locke, B.; et al. The future for plasma science and technology. Plasma Process. Polym. 2019, 16, 1800118. [Google Scholar] [CrossRef]

	



Booth, J.P.; Mozetič, M.; Nikiforov, A.; Oehr, C. Foundations of plasma surface functionalization of polymers for industrial and biological applications. Plasma Sources Sci. Technol. 2022, 31, 103001. [Google Scholar] [CrossRef]

	



Liu, J.; Li, Y.; Chen, Y.; Zhou, Y.; Wang, S.; Yuan, Z.; Jin, Z.; Liu, X. A review of low-temperature plasma-assisted machining: From mechanism to application. Front. Mech. Eng. 2023, 18, 18. [Google Scholar] [CrossRef]

	



Merche, D.; Vandencasteele, N.; Reniers, F. Atmospheric plasmas for thin film deposition: A critical review. Thin Solid Films 2012, 520, 4219–4236. [Google Scholar] [CrossRef]

	



Van Deynse, A.; Morent, R.; De Geyter, N. Surface modification of polymers using atmospheric pressure cold plasma technology. In Polymer Science: Research Advances, Pratical Applications and Educational Aspects; Méndez-Vilas, A., Solano, A., Eds.; Formatex Research Center: Badajoz, Spain, 2016; pp. 506–516. [Google Scholar]

	



Berckmans, J.; Demaude, A.; Merche, D.; Baert, K.; Terryn, H.; Hauffman, T.; Reniers, F. Revisiting the surface characterization of plasma-modified polymers. Plasma Process. Polym. 2022, 19, 2100169. [Google Scholar] [CrossRef]

	



Huzum, R.; Nastuta, A.V. Helium atmospheric pressure plasma jet source treatment of white grapes juice for winemaking. Appl. Sci. 2021, 11, 8498. [Google Scholar] [CrossRef]

	



Nastuta, A.V.; Gerling, T. Cold atmospheric pressure plasma jet operated in Ar and He: From basic plasma properties to vacuum ultraviolet, electric field and safety thresholds measurements in plasma medicine. Appl. Sci. 2022, 12, 644. [Google Scholar] [CrossRef]

	



Burducea, I.; Burducea, C.; Mereuta, P.E.; Sirbu, S.R.; Iancu, D.A.; Istrati, M.B.; Straticiuc, M.; Lungoci, C.; Stoleru, V.; Teliban, G.C.; et al. Helium Atmospheric Pressure Plasma Jet Effects on Two Cultivars of Triticum aestivum L. Foods 2023, 12, 208. [Google Scholar] [CrossRef]

	



Nastuta, A.V.; Pohoata, V.; Topala, I. Atmospheric pressure plasma jet—Living tissue interface: Electrical, optical, and spectral characterization. J. Appl. Phys. 2013, 113, 183302. [Google Scholar] [CrossRef]

	



Nastuta, A.; Topala, I.; Pohoata, V.; Mihaila, I.; Agheorghiesei, C.; Dumitrascu, N. Atmospheric pressure plasma jets in inert gases: Electrical, optical and mass spectrometry diagnosis. Rom. Rep. Phys. 2017, 69, 407. [Google Scholar]

	



Nastuta, A.; Popa, G. Surface oxidation and enhanced hydrophilization of polyamide fiber surface after He/Ar atmospheric pressure plasma exposure. Rom. Rep. Phys. 2019, 71, 413. [Google Scholar]

	



Grace, J.M.; Gerenser, L.J. Plasma treatment of polymers. J. Dispers. Sci. Technol. 2003, 24, 305–341. [Google Scholar] [CrossRef]

	



Morent, R.; De Geyter, N.; Desmet, T.; Dubruel, P.; Leys, C. Plasma surface modification of biodegradable polymers: A review. Plasma Process. Polym. 2011, 8, 171–190. [Google Scholar] [CrossRef]

	



Slepička, P.; Trostová, S.; Slepičková Kasálková, N.; Kolská, Z.; Sajdl, P.; Švorčík, V. Surface modification of biopolymers by argon plasma and thermal treatment. Plasma Process. Polym. 2012, 9, 197–206. [Google Scholar] [CrossRef]

	



Packham, D.E. Surface energy, surface topography and adhesion. Int. J. Adhes. Adhes. 2003, 23, 437–448. [Google Scholar] [CrossRef]

	



Awaja, F.; Gilbert, M.; Kelly, G.; Fox, B.; Pigram, P.J. Adhesion of polymers. Prog. Polym. Sci. 2009, 34, 948–968. [Google Scholar] [CrossRef]

	



Hetemi, D.; Pinson, J. Surface functionalisation of polymers. Chem. Soc. Rev. 2017, 46, 5701–5713. [Google Scholar] [CrossRef]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef]

	



Stalder, A.F.; Melchior, T.; Müller, M.; Sage, D.; Blu, T.; Unser, M. Low-bond axisymmetric drop shape analysis for surface tension and contact angle measurements of sessile drops. Colloids Surf. A Physicochem. Eng. Asp. 2010, 364, 72–81. [Google Scholar] [CrossRef]

	



Faix, O. Fourier Transform Infrared Spectroscopy. In Methods in Lignin Chemistry; Lin, S.Y., Dence, C.W., Eds.; Springer: Berlin/Heidelberg, Germany, 1992; pp. 83–109. [Google Scholar] [CrossRef]

	



Naumann, D. FT-infrared and FT-Raman spectroscopy in biomedical research. Appl. Spectrosc. Rev. 2001, 36, 239–298. [Google Scholar] [CrossRef]

	



De Geyter, N.; Morent, R.; Leys, C. Surface characterization of plasma-modified polyethylene by contact angle experiments and ATR-FTIR spectroscopy. Surf. Interface Anal. Int. J. Devoted Dev. Appl. Tech. Anal. Surf. Interfaces Thin Films 2008, 40, 608–611. [Google Scholar] [CrossRef]

	



Morent, R.; De Geyter, N.; Leys, C.; Gengembre, L.; Payen, E. Comparison between XPS-and FTIR-analysis of plasma-treated polypropylene film surfaces. Surf. Interface Anal. Int. J. Devoted Dev. Appl. Tech. Anal. Surf. Interfaces Thin Films 2008, 40, 597–600. [Google Scholar] [CrossRef]

	



Blum, M.M.; John, H. Historical perspective and modern applications of attenuated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR). Drug Test. Anal. 2012, 4, 298–302. [Google Scholar] [CrossRef] [PubMed]

	



Kremer, F.; Schönhals, A. (Eds.) Broadband Dielectric Spectroscopy, 1st ed.; XXI; Springer: Berlin/Heidelberg, Germany, 2002; 729p. [Google Scholar] [CrossRef]

	



Serghei, A.; Lutkenhaus, J.L.; Miranda, D.F.; McEnnis, K.; Kremer, F.; Russell, T.P. Density fluctuations and phase transitions of ferroelectric polymer nanowires. Small 2010, 6, 1822–1826. [Google Scholar] [CrossRef] [PubMed]

	



Terzopoulou, Z.; Klonos, P.A.; Kyritsis, A.; Tziolas, A.; Avgeropoulos, A.; Papageorgiou, G.Z.; Bikiaris, D.N. Interfacial interactions, crystallization and molecular mobility in nanocomposites of Poly (lactic acid) filled with new hybrid inclusions based on graphene oxide and silica nanoparticles. Polymer 2019, 166, 1–12. [Google Scholar] [CrossRef]

	



Schick, C. Differential scanning calorimetry (DSC) of semicrystalline polymers. Anal. Bioanal. Chem. 2009, 395, 1589–1611. [Google Scholar] [CrossRef]

	



Menczel, J.D.; Judovits, L.; Prime, R.B.; Bair, H.E.; Reading, M.; Swier, S. Differential Scanning Calorimetry (DSC). In Thermal Analysis of Polymers; Menczel, J., Prime, R., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2009; Chapter 2; pp. 7–239. [Google Scholar] [CrossRef]

	



Guo, Q. (Ed.) Polymer Morphology: Principles, Characterization, and Processing; John Wiley & Sons: Hoboken, NJ, USA, 2016. [Google Scholar] [CrossRef]

	



Widjonarko, N.E. Introduction to advanced X-ray diffraction techniques for polymeric thin films. Coatings 2016, 6, 54. [Google Scholar] [CrossRef]

	



Nastuta, A.V.; Topala, I.; Grigoras, C.; Pohoata, V.; Popa, G. Stimulation of wound healing by helium atmospheric pressure plasma treatment. J. Phys. D Appl. Phys. 2011, 44, 105204. [Google Scholar] [CrossRef]

	



Tan, D.K.; Münzenrieder, N.; Maniruzzaman, M.; Nokhodchi, A. A low-cost method to prepare biocompatible filaments with enhanced physico-mechanical properties for FDM 3D printing. Curr. Drug Deliv. 2021, 18, 700–711. [Google Scholar] [CrossRef]

	



Zarei, M.; Shabani Dargah, M.; Hasanzadeh Azar, M.; Alizadeh, R.; Mahdavi, F.S.; Sayedain, S.S.; Kaviani, A.; Asadollahi, M.; Azami, M.; Beheshtizadeh, N. Enhanced bone tissue regeneration using a 3D-printed poly (lactic acid)/Ti6Al4V composite scaffold with plasma treatment modification. Sci. Rep. 2023, 13, 3139. [Google Scholar] [CrossRef] [PubMed]

	



Zarei, M.; Sayedain, S.S.; Askarinya, A.; Sabbaghi, M.; Alizadeh, R. Improving physio-mechanical and biological properties of 3D-printed PLA scaffolds via in-situ argon cold plasma treatment. Sci. Rep. 2023, 13, 14120. [Google Scholar] [CrossRef] [PubMed]

	



Vasanthan, N.; Ly, O. Effect of microstructure on hydrolytic degradation studies of poly (l-lactic acid) by FTIR spectroscopy and differential scanning calorimetry. Polym. Degrad. Stab. 2009, 94, 1364–1372. [Google Scholar] [CrossRef]

	



Bronnikov, S.; Kostromin, S.; Musteaţa, V.; Cozan, V. Polyazomethine with m-tolylazo side groups: Thermal, dielectric and conductive behaviour. Liq. Cryst. 2015, 42, 1102–1110. [Google Scholar] [CrossRef]

	



Wei, X.F.; Bao, R.Y.; Cao, Z.Q.; Yang, W.; Xie, B.H.; Yang, M.B. Stereocomplex crystallite network in asymmetric PLLA/PDLA blends: Formation, structure, and confining effect on the crystallization rate of homocrystallites. Macromolecules 2014, 47, 1439–1448. [Google Scholar] [CrossRef]








[image: Polymers 16 00240 g001] 





Figure 1. The experimental arrangement employed in this work consists of the plasma source, as well as the electrical and optical diagnostic devices. 
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Figure 2. The voltage–current waveform of the discharge being studied and used for polymer treatment, ignited in (a) He and (b) in Ar. 
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Figure 3. The charge–voltage waveform, Lissajous figure, of the discharge being studied, ignited in (a) He and (b) in Ar, used for power estimation. 
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Figure 4. The optical emission spectra of the discharge being studied and used for polymer treatment. 
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Figure 5. Three-dimensional (3D) topography images of untreated (a) and plasma treated filaments (b), respectively, images of 3D-printed untreated (un) (c) and plasma treated (pt) polymer (d). 
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Figure 6. SEM images of the PLA samples cross-sections after liquid nitrogen fracture (a–c) and after mechanical stretching (d–f), for untreated (un) and plasma exposure (in He or Ar). 
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Figure 7. The contact angle set-up (a) and the values of the CA and work of adhesion for the PLA samples, untreated and He plasma treated, both in the filament (fill) and the printed (prt) state (b). 
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Figure 8. ATR-FTIR spectra of the polymer samples, on the left side filament (fill) and on the right side the printed (prt) samples. 
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Figure 9. The evolution of dielectric permittivity with frequency at room temperature for untreated PLA-c and plasma treated PLA-He, PLA-Ar samples (a). To the right, the evolution of dielectric permittivity with a temperature at 1 kHz for untreated PLA-c and plasma treated PLA-He, PLA-Ar samples (b). The T   g   and T   m   points are marked with arrows. 
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Figure 10. The evolution of dielectric permittivity and the first derivative of permittivity versus temperature for simple PLA-c (a) and treated PLA-He (b) and PLA-Ar (c) samples. The dielectric spectra are selected at 1 MHz. The T   g   and T   m   points are marked with arrows. 
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Figure 11. First derivative of permittivity versus temperature for simple PLA-c, PLA-He, and PLA-Ar in the temperature regions of T   g   (a) and T   m   (b). The arrows indicate the numerical values of T   g   and T   m   exemplarily for PLA-He and PLA-Ar, respectively. 
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Figure 12. Representative DSC thermograms for the series of PLA during the second heating at 10 °C min    − 1   . 
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Figure 13. XRD spectra of the studied 3D-printed polymer samples: untreated (c), He, and Ar plasma-treated PLA. 
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Table 1. The values of the PLA contact angle, work of adhesion and free energy.






Table 1. The values of the PLA contact angle, work of adhesion and free energy.





	

	
Contact Angle

	
Work of Adhesion

	
Surface Free Energy

	
   x d    1

	
   x p    2




	

	
(°)

	
(mN/m   2  )

	
(mN/m   2  )

	
(%)

	
(%)




	
Sample

	
Plasma ON (s)

	
Distilled Water

	
Glycerol

	
W   12  -Water

	
W   12  -Glycerol

	
  γ  

	
  γ      d   

	
  γ      p   

	
 γ    d  / γ 

	
 γ    p  / γ 






	
PLA-c-fill 3

	
0

	
75

	
77

	
91.13

	
77.34

	
30.80

	
2.73

	
28.06

	
0.088

	
0.911




	
PLA-He-fill

	
60

	
41

	
55

	
127.29

	
100.66

	
72.21

	
0.45

	
71.75

	
0.006

	
0.993




	
PLA-Ar-fill

	
60

	
46

	
64

	
107.78

	
91.62

	
36.03

	
3.19

	
32.83

	
0.087

	
0.911




	
PLA-c-prt 4

	
0

	
54

	
58

	
115.20

	
97.13

	
38.93

	
3.45

	
35.47

	
0.088

	
0.911




	
PLA-He-prt

	
60

	
44

	
48

	
124.53

	
106.32

	
70.64

	
0.44

	
70.19

	
0.006

	
0.993




	
PLA-Ar-prt

	
60

	
50

	
53

	
118.90

	
102.53

	
40.18

	
3.56

	
36.60

	
0.088

	
0.910








1 x   d  (%) = disperse index. 2 x   p  (%) = polar index. 3 fill = PLA fillament. 4 prt = printed PLA.













 





Table 2. Numerical values for dielectric permittivity and the thermal events assessed by BDS measurements.
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Sample

	
BDS Measurements




	

	
  ϵ ′   (r.t. and f = 1 kHz)

	
T   g   (°C)

	
T   m   (°C)






	
PLA   c  

	
5.4

	
52.2

	
166.8




	
PLA    H e   

	
5.5

	
52.8

	
167.5




	
PLA    A r   

	
5.5

	
52.0

	
166.3











 





Table 3. Numerical values for the thermal events assessed by DSC measurements.






Table 3. Numerical values for the thermal events assessed by DSC measurements.





	
Sample

	
T    g    (°C)

	
T    cc    (°C)

	
T    m    (°C)




	

	

	

	
1

	
2






	
PLA   c  

	
51.6

	
103.7

	
148.7

	
164.9




	
PLA    H e   

	
53.6

	
110.1

	
151.3

	
166.6




	
PLA    A r   

	
54.7

	
112.3

	
152.3

	
167.2
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