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1. Introduction  

Polyamide 12 (PA12), nylon 12, is a semi-crystalline 

thermoplastic polymer renowned for its good mechanical 

properties, stability against some chemicals, and low moisture 

absorption compared to other polyamides [1], [2]. Hence, it is 

well suited for demanding applications in additive 

manufacturing, for example, laser sintering, owing to its 

excellent flowability and thermal processability to enable the 

production of complex and precise parts with strong, reliable 

mechanical properties [3], [4]. This places PA12 at the center 

of such important industries with material demand for light, 

strong parts including the automotive, aerospace and medical 

industries.  

Because of PA12 semi-crystalline nature, it offers a good heat 

resistance to avoid the material deformation when cyclic 

thermal loading is applied [5], [2]. The inherent UV stability of 

PA12 makes it suitable for compounds for outdoor applications 

such as protective coatings and textiles exposed to sunlight and 

weather conditions [6], [7]. However, in the long term it can 

undergo chain scission and surface degradation, which weakens 

mechanical performance [8], [9]. The addition of short glass 

fibers, carbon nanotubes or metal oxides in the polymer is used 

to improve the thermal and UV resistance that not only 

improves the strength but also gives resistance in the 

environment, all the while maintaining good processability 

[10], [12]. Further to the optimized processing, the high 
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temperature annealing and the energy density control further 

enhance the applicability of PA12 for high performance 

applications [13], [14]; these results show the very high 

necessity of application-specific modifications in critical areas 

for widening the applicability of PA12.  

Additive manufacturing, particularly laser sintering (LS) with 

PA12, is beneficial as it provides a homogeneous powder 

structure and controlled particle size, enabling the creation of 

parts with intricate geometries and mechanical properties [15], 

[16]. After careful optimization of the processing cycles for 

sustaining the application performance, the material exhibits 

change as isothermal and isomeric effects in the course of 

microstructural evolution [9], [17]. The material is compatible 

to fillers, e.g. the addition of glass beads or nanoclays to the 

material improves its applicability in electronics and 

automotive industries by enhancing both the thermal 

conductivity and the mechanical strength [18], [19]. 

However, environmentally friendly plasma treatment of PA12 

is a good approach in comparison to reinforcement with 

nanofillers toward solving the problem of environmental 

resistance and aspect strength limitations for PA12 surface 

properties. Ionized gases modify surface chemistry and 

morphology, wettability, adhesion, and UV and thermal 

degradation resistance for PA12 without affecting bulk 

mechanical properties [20], [21]. Such techniques can produce 

polar groups, hydroxyl or carboxyl, and enhance the surface 

energy in coatings and adhesives [22], [23]. These changes find 

applications in additive manufacturing where surface properties 

such as roughnessadhesion, and interfacial properties are 

required [24], [25].  Plasma treatments are a type of low-

temperature process that can make very good structural and UV 

improvements on the textile and film forms of PA12 while also 

improving surface functionality [26], [27]. The green nature of 

plasma treatment, avoiding harsh chemical agents, makes it 

suitable for sustainable manufacturing in the biomedical, 

electronic, and high-performance coating industries [28], [29]. 

By controlling the plasma parameters well, this technique 

optimizes the surface morphology and chemical functionality 

of PA12, enhancing its performance in demanding engineering 

contexts. 

For these reasons, the present work focuses on plasma treatment 

to improve thermal stability and resistance to UV-induced 

breakdown of PA12 so that it can show strong potential for 

harsh-environment applications where mechanical performance 

and UV-resistance are required. Although many studies have 

been performed on plasma treatment of polymeric surfaces, 

relatively few studies have been carried out on powders, e.g. 

our previous works [30], [31]. This innovative study explores 

the plasma-induced surface modification approach to improve 

the thermal and photostability of PA12, achieve optimal 

integrity of microstructure and interlayer bonding in additive 

manufacturing and ultimately produce strong, thermal satbility 

components suitable for cutting-edge application. 

2. Experimental Methods  

2.1. Materials  

Polyamide 12 is a strictly semi crystalline thermoplastic 

polymer with the repeating unit (Fig. 1). Polyamide 12 is a key 

material in advanced manufacturing due to its superior 

mechanical properties, low moisture absorption and excellent 

processability [15], [32]. 

 

Figure 1. Chemical structure of Polyamide 12. 

Unetched PA12 surfaces are compared to the natural surface of 

the material whereas 1 hour-etched surfaces are surfaces of the 

material colored with brown shades. After 2 hours, the surfaces 

have more pronounced brownish hues (see Fig. 2). These 

characteristics are the reason for the material to be regarded as 

one with the prowess for new engineering solutions. 

2.2. Plasma Treatment Technique 

Plasma treatment is an advanced surface treatment technique 

that uses ionized or activated gases to improve surface adhesion 

and wettability of P12, thereby making it more resistant to 

environmental stressors such as UV radiation and heat. The 

apparatus used for plasma treatment (Zepto from Diener 

Electronic, plasma-surface-technology, Germany, as indicated 

in Fig. 3) creates a high-energy plasma environment with the 

help of electrical discharge in a maintained gas atmosphere, for 

example, argon, nitrogen, or air. This then applies functional 

groups, like hydroxyl or carboxyl, to the PA12's surface [22], 

[33]. The procedure is well detailed in Fig. 4 and in our previous 

work. The plasma treatment operating parameters were set to a 

pressure of 0.3 mbar, max. power of 100 W, and a maximum 

duration of 1000 seconds using air as an operating gas. The 

plasma treatment was carried out on a similar quantity (5 grams) 

in Petri dishes of the same size for each patch to ensure 

consistent treatment conditions. PA12 powders were treated for 

1 h and 2 h since these treatment durations were selected based 

on our previous work [30]. The procedure is well detailed in 

Fig. 4. 

2.3. Testing and Examinations  

2.3.1. Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) was used to characterize 

the surface morphology and microstructure of PA12 at high 

resolution, providing detailed images of PA12 powder 

morphology and particle size distribution, which are vital for 

ensuring consistent mechanical performance in processes like 

LS [30]. The images display surface characteristics such as 

particle shape and roughness, which are important for the 

processability and interlayer bonding of PA12 [24], [32]. SEM 

enables 3D imaging at high magnifications, which is useful for 
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optimizing manufacturing parameters of PA12, thus ensuring 

high-quality components for industries such as automotive, 

electronics.

 

Figure 2.  Polyamide 12 surface color changes: natural (no etching), brown (1-hour etching), and darker brown (2-hour etching). 

 

Figure 3. Plasma treatment apparatus. 

 

Figure 4. Diagram illustrating the plasma treatment (PT) procedure. 
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2.3.2. Thermogravimetric analysis (TGA) 

Thermogravimetric Analysis (TGA) is an important thermal 

characterization method that is utilized to analyze the 

degradation behavior and thermal stability of PA12 under high 

temperature conditions common in additive manufacturing. The 

TGA device allows to measure the mass loss of the powder as 

a function of temperature in a controlled atmosphere and 

provides data on the thermal decomposition of PA12 and 

oxidative stability [10], [19]. This technique is important for 

understanding the aging mechanisms of PA12 during LS since 

thermal exposure can cause chain scission and microstructural 

changes that affect its durability. TGA also supports the 

strategies of recycling PA12 powders by quantifying the degree 

of thermal degradation of reused materials. By identifying 

temperature thresholds for weight loss, TGA aids in optimizing 

processing parameters to enhance PA12’s thermal resilience for 

applications in automotive, aerospace, and industrial sectors. 

2.3.3. Differential scanning calorimetry (DSC) 

The DSC apparatus measures heat flow associated with phase 

changes, such as melting and crystallization, yielding precise 

data on PA12’s melting point (around 175.0–180.0°C), 

temperature of glass transition, and crystallinity governing its 

mechanical behavior [34]. 

To quantitatively support the DSC analysis, the samples' 

crystallinities (Xc) were determined from the following [35]: 

Xc =
ΔHsample

ΔH100%
× 100%                                         (1) 

where: 

Xc =degree of crystallinity (%) 

𝛥𝐻𝑠𝑎𝑚𝑝𝑙𝑒 =measured enthalpy of fusion for the sample (J/g) 

𝛥𝐻100% =Enthalpy of fusion for 100% crystalline PA12, 

considered as 216 J/g [36]. It also supports the optimization of 

manufacturing processes to produce components with superior 

mechanical and thermal performance for the applications  of 

aerospace, automotive, and biomedical [37]. 

2.3.4. Wettability and behaviour of treated samples 

In order to examine the behaviour of the treated samples and 

water wettability, PA12 powders, untreated and treated for 1 

hour in the plasma, were mixed separately with tap water to 

evaluate their interaction with water. The attained mixtures 

were softly stirred, and were monitored for 72 hours.  

3. Results and Discussion 

3.1. Thermogravimetric Analysis (TGA) of Plasma-Treated 

PA12 

3.1.1. Sample without treatment (reference sample) 

The thermogravimetric analysis (TGA) curve for untreated 

PA12 is shown in Fig. 5. The significant weight loss starts at 

420.0°C, with a maximum thermal degradation temperature at 

449.30°C and a corresponding weight loss of 49.81%. The 

sharp single decomposition step presents the thermal 

degradation of pure PA12 because the primary content is the 

scission of the polymer backbone [33]. Residue above 600°C 

practically does not exist, showing no presence of thermally 

stable additives, which is characteristic of neat PA12. 

3.1.2. One-hour plasma treatment for PA12 

The plasma-treated PA12 sample displayed some improvement 

in thermal stability (See Fig. 5). The values were 421°C for the 

temperature at the weight lost onset, and 453.50°C for the 

extreme breakdown rate, with reduced weight loss of 45.20%. 

Higher decomposition temperature and reduced mass loss point 

to improved resistance against thermal degradation. Most of the 

energy is absorbed in modifying the surface chemistry of the 

polymer during the plasma treatment. Thus, energy is absorbed 

by the surface layers, leading to delayed decomposition by 

stabilizing the polymer chains at the surface [31]. 

3.1.3. Two-hour plasma treatment for PA12 

Extending plasma treatment to two hours confirms even more 

marked thermal stability, as shown in Fig. 5. The weight loss 

beginning (onset) increases to 425°C, and the temperature at the 

maximum decomposition rate shifts to 461.70°C, with the 

maximum reduction or weight loss now at 32.64%.  

3.1.4. Comparative analysis 

Results in Table 1 show a continuous improvement in the 

thermal stability of PA12 as the plasma treatment time 

increases. The tendencies observed in the results are typical of 

the references where the improvement of the surface 

modification and quality interface leads to higher breakdown 

temperatures and lower mass or weight loss [38]. The observed 

enhanced thermal stability is quite useful for application needs 

in elevated temperatures such as automotive and aerospace 

components. The results are also in good agreement with the 

previous work and have well demonstrated the most important 

role of surface engineering and interface quality in enhancing 

the thermal properties of polymeric materials [38]. 

To summarize, TGA results show that the air plasma treatment 

is more efficient to improve the thermal stability of PA12, 

especially for longer exposure times. This was shown by 

lowering the onset of decomposition, increasing the maximum 

decomposition temperatures and reducing the total weight loss 

of the treated powder, thus confirming that plasma treatment is 

an efficient tool for optimizing the thermal performance of 

engineering polymers. 

3.2. DSC Results  

Table 2 presents the DSC results of untreated, 1 hr, and 2 hr 

plasma-treated PA12 powders. All obtained measurements 

were at of 30.0 °C/min cooling rate and 10 °C/min heating rate. 

3.2.1. Melting temperature (Tm) 

The melting temperature (Tm) was almost unchanged for any 

of the treatment durations by plasma; it was 185.52°C for the 

untreated sample (S₀) and 186.04°C for the sample plasma-

treated for two hours (S₂). This unchanged Tm proves that the 

plasma treatment had no effect on the crystal structure of PA12 

[39]. 
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Table 1. Key TGA consequences of untreated and plasma-treated PA12 for one hour and two hours. 

Sample Onset of weight loss (°C) Max. decomp. temp. (°C) Max. weight loss (%) 

Untreated PA12 420 449.3 49.81 

1 hr plasma-treated PA12 421 453.5 45.22 

2 hr plasma-treated PA12 425 461.7 32.64 

 

Figure 5. TGA curve of untreated, one-hour plasma-treated, and two-hour plasma-treated PA12 powders. 

3.2.2. Crystallization temperature (Tc) 

The crystallization temperature (Tc) of the one-hour plasma-

treated sample (S₁) increased dramatically over the untreated 

sample: 

• Untreated PA12 (S₀): 133.31°C 

• One-hour plasma treated (S₁): 139.67°C 

• Two-hour plasma treated (S₂): 141.70°C 

This shift of Tc towards a higher value implies that plasma 

treatment increases the nucleation activity, most probably due 

to the nucleating sites induced by polar functional groups and 

surface defects; during cooling, these sites become very strong 

in nature [38]. The fast plasma-induced kinetics of 

crystallization can save time on processing and better render 

dimensional stability concerning cooling. 

3.2.3. Enthalpy of fusion (ΔH) and degree of crystallinity (Xc) 

The enthalpy of fusion (ΔH) decreases with the increase in 

plasma treatment time, lowering the overall crystallinity. 

• S₀: 90.64J/g 

• S₁: 78.55J/g 

• S₂: 73.50J/g 

Applied to each sample: 

 For S₀:   Xc  ≈  41.9% 

For S₁:Xc  ≈  36.7% 

For S₂: Xc  ≈  34.0% 

A slight decrease in the degree of crystallinity was observed, 

indicating the restriction of crystal growth. The small decrease 

in crystallinity would not result in a decrease in stiffness but 

may increase toughness and impact resistance.  

The DSC analysis reveals that plasma treatment slightly affects 

the crystalline behavior of PA12. As plasma treatment time is 

increased, higher crystallization temperatures are used with a 

slight decrease in crystallinity, while the melting temperature is 

kept constant. 

3.3. Morphological Changes with Plasma Treatment 

3.3.1. PA12 with no treatment 

Fig. 6 (a) and (b) present SEM images of the untreated PA12 at 

different scales, showing a relatively roughened and 

homogeneous surface, more clearly visible in the lower 

magnification in Fig. 6 (a). The surface is dense with no visible 

defects or irregularities and, therefore, presents a morphology 

uniform to that of as-received PA12 powder. A study [30] 

reported similar observations of the untreated PA12 particles.  

3.3.2. One-Hour Plasma-Treated PA12 

SEM images of 1 hr plasma-treated PA12 sample indicated a 

considerable change in the surface characteristics of the powder 

particles, as shown in Fig. 7(a).  Such morphological changes 

have often been demonstrated in the literature; that is, the 

accessibility of polymer surface reactivity is increased by 
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plasma exposure [30], [31]. However, at high magnifications, 

after plasma treatment, Microcracks and voids were clearly 

observed on the surface of treated particles (Fig. 7(b)). These 

pores, distributed all over the surface, are created as plasma 

enhances etching as well as activation, thereby increasing 

surface area and providing new sites for potential interfacial 

interactions. 

Table 2. DSC thermal properties of untreated and plasma-treated PA12 samples (1 and 2 hr durations). 

Sample Melting temp., 

Tm (°C) 

Cooling temp., 

Tc (°C) 

Heat of fusion, ΔH 

(J/g) 

Untreated PA12 (S₀) 185.52 133.31 90.64 

1 hr plasma-treated (S₁) 185.85 139.67 78.55 

2 hr plasma-treated (S₂) 186.04 141.70 73.50 

 

Figure 6. SEM images of untreated PA12 at (a) low magnification (300 μm) and (b) high magnification (20 μm) 

The improved homogeneity coupled with porosity is beneficial; 

while the modified surface would enhance mechanical 

properties, the pores would act as nucleating sites for 

crystallinity and also assist the easy lodging of additives. 

Studies [30], [31] showed that plasma treatment of additives led 

to better dispersion and stronger interfacial adhesion in systems 

based on PA12. 

3.3.3. Plasma treated PA12 for two hours 

Two-hour plasma treatment results in more visible cracks and 

partially split particles, as observed in the low-magnification 

SEM image in Fig. 8 (a). At higher magnification (Fig. 8 (b)), 

the initiated cracks are much larger than those in the untreated 

samples and samples treated for one hour. This extensive 

porosity and cracking result from more intense plasma etching, 

which creates a highly activated surface for adsorbing many 

species. This kind of structure should boost interfacial adhesion 

and improve properties for later PA12-based nanocomposites.  

This has been supported by our previous works [30], [31]. 

Thus, SEM analysis showed the morphological evolution of 

PA12 with increasing plasma treatment time, wherein the 

dense, homogeneous, non-porous surface of the untreated 

sample becomes progressively roughened and more porous 

after 1 and 2 hours of plasma exposure. The surface 

homogeneity is greatly improved, and a trend of development 

of porosity is shown by the treatment. The two images in each 

panel favor(a) more surface homogeneity and (b) more 

porosity. These dual effects improve the intrinsic properties of 

PA12 and, at the same time, create a very good environment for 

the nanoclay and other additives to be well dispersed in the 

polymer for applications requiring good thermal and 

photostability properties. 

3.4. Water Wettability and Dispersion Behavior of Plasma-

Treated PA12 Powders 

3.4.1. Experimental observations 

PA12 powders, both untreated and treated for 1 hour in the 

plasma, were mixed separately with tap water to evaluate their 

interaction with water. The obtained mixtures were gently 

stirred and monitored for 72 hours. Photos of the obtained 

mixtures were taken before stirring and after 1, 24, and 72 

hours, as presented in Fig. 9. The results showed a dramatic 

difference in water wettability and dispersion behavior between 

the untreated and plasma-treated powders. Untreated PA12 

aggregated and floated on the water surface, showing poor 

wettability and minimal dispersion, both before and after 

stirring. On the contrary, plasma-treated PA12 spread easily 

over the surface of water and penetrated, even before stirring. 

After stirring, the treated powder was well-dispersed, coloring 

the water, and eventually, within hours, its particles settled at 

the bottom of another container used for the experiment, while 

some floated and others remained suspended [30], [31].  
3.4.2. Mechanisms of enhanced wettability 

Introduction of (Oxygen-rich) Polar Functional Groups 

This is achieved via plasma treatment, as the reactive plasma 

species react with the PA12 surface. Increasing surface 

functionalities increases surface energy and makes the surface 

hydrophilic; there is hydrogen bonding with water molecules, 

(a) (b) 
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which then allows easy wetting and dispersion (see Fig. 10) 

[40], [41].

 

 
Figure7. SEM images of one-hour plasma treated PA12 at scales of low (300 μm) and high (40 μm). 

 

Figure 8. SEM images of two-hour plasma-treated PA12 at low (300 μm) and high (30 μm) magnifications. 

Surface Cleaning and Activation 

The plasma treatment removes surface contaminants and low-

molecular-weight fragments, generating fresh reactive chains 

on the polymer surface and therefore increasing the effective 

surface area for water interaction. This allows water molecules 

to interact more easily with the polymer [41]. This leads to 

improved wettability and dispersion. Plasma treatment can etch 

the surface of PA12, creating nano- and micro-scale roughness 

and/or porosity dimensions, further increasing wettability since 

it provides more sites for water adhesion. The chemical etching, 

together with topographical changes, lowers the value of the 

water contact angle significantly; the powder becomes more 

hydrophilic, as shown in Fig. 10 [40], [42]. Untreated PA12 

exhibits a rough, non-porous, and hydrophobic surface, 

resulting in poor interaction with water. Plasma treatment 

introduces polar functional groups and surface porosity, 

transforming the surface to hydrophilic and enabling strong 

hydrogen bonding with water molecules. 

Before Stirring: Plasma-treated PA12 disperses and starts to 

settle, whereas the untreated PA12 stays clustered at the top. 

The raised wettability and lowered surface tension of the treated 

powder let water wet and sink into the powder more easily [40].  

During and after stirring, the treated powder results in a 

uniform dispersion that colors the water; it eventually settles, or 

maybe suspends, while the untreated powder forms a milky 

suspension that floats. The enhanced dispersion and settling is 

a direct result of improved water-polymer interactions due to 

increased density brought on by surface modification induced 

by the plasma [42]. 

(a) (b) 

(a) (b) 
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Figure 9. Dispersion behavior of untreated and treated PA12 in water (a) before stirring, (b) 1 hour after stirring, (c) 24 hours 

after stirring, and (d) 72 hours after stirring.

 

Figure 10. Schematic Illustration of Plasma-Induced Hydrophilicity Mechanism in PA12.

Long-Term Behavior (72 Hours): Plasma-treated powder 

exhibits a variety of behaviors (settling, floating, suspension), 

indicating strong and stable water interaction. Untreated 

powder mostly stays at the top, confirming persistent 

hydrophobicity [30], [31].  

The role of plasma in increasing the wettability of polymers is 

already well described. It was shown by Almansoori et al. 

(2018) that the plasma treatment of PA12 powders imparts 

much superior wettability and dispersibility in water, probably 

due to the formation of polar functional groups and increased 

surface roughness [30], [31]. Primc et al. (2024) and Sant’Ana 

et al. (2021) also report that plasma treatments on polyamide 

and water contact angles decreased prominently; the 

hydrophilicity increased due to surface oxidation as well as 

surface functionalization [41], [42]. Whereas studies like that of 

Mozetič (2020) say that a combination of oxygen-rich surface 

groups with increased roughness is a prerequisite for super-

hydrophilic finishes in polymers [40]. Also, there was a report 

by Oliveira et al. (2017) that said plasma-treated polyamide 

fabrics show a big decrease in contact angle and improved water 

adsorption, which directly supports the findings of this study 

[43]. 
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3.4.3. Implications for Future Composite Design 

The improved wettability and porosity of plasma-treated PA12 

powders would greatly benefit future composite development. 

The more hydrophilic surface and porosity make it easier to 

feed and disperse nanoclay and other additives, leading to better 

interfacial bonding and, hence, improved composite behavior 

[43]. These surface modifications offer an excellent opportunity 

for designing advanced PA12-based materials with properties 

suitable for the field of chemical engineering and renewable 

applications. 

4. Conclusions  

This study demonstrated that plasma surface treatment can be a 

very effective strategy for enhancing thermal stability and 

surface morphology of PA12 without additives.  

The TGA results indicated that the sample treated with plasma 

has better thermal stability than the untreated ones. The 

obtained results demonstrated that the plasma treatment action 

raises the maximum decomposition temperature from 449.3 °C 

for the untreated PA12 to 461.7°C for the 2-hour treated 

sample, thereby indicating improved thermal stability. The 

latter would principally induce surface crosslinking and 

oxidation, leading to the former, which would later build up a 

barrier against heat as well as mass transfer. The DSC results 

revealed a quite meaningful increase in the crystallization 

temperature (Tc) from 133.3°C to 141.7°C for the 2-hour 

sample, while the melting temperature is approximately 

constant at 185 °C, accelerated nucleation due to surface defects 

induced by plasma, and polar functional groups. 

Simultaneously, the fusion enthalpy (ΔH) decreased to 

90.64 J/g and 73.5 J/g, and the crystallinity was 41.9% for the 

sample treated by plasma, since it restricted the growth of large 

and perfect crystals. 

SEM images of plasma-treated PA12 powder revealed a rough 

surface with heterogeneous pores and cracks compared to the 

untreated powder. The water wettability experiments indicated 

that the plasma treatment dramatically enhanced the 

hydrophilicity and dispersion behavior of PA12 powders in 

their aqueous environments. The plasma-treated PA12 wets 

rapidly, disperses readily, and remains stably suspended in 

water, as opposed to slow wetting and hydrophobic aggregation 

by the untreated powders. It is believed that the good hydric 

interaction is due to polar flexible groups at the surface and 

some kind of porosity development at the surface, which acts as 

an active site for hydrogen bonding with water molecules. This 

not only indicates the suitability of the plasma treatment for 

surface property adjustments but also suggests its use in 

achieving a uniform dispersion and strong interfacial adhesion 

in PA12-based composites, especially in hydrophilic nanoclay-

containing composites. 
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   X c =     Δ H sample    Δ H  100 % × 100 %


   ( 1 )


   X c =


    𝛥 H  s a m p l e =


    𝛥 H  100 % =


   X c   ≈   41 . 9 %


   X c   ≈   36 . 7 %


   X c   ≈   34 . 0 %

