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Polyoxymethylene (POM), an excellent engineering material, shows drawbacks as a 3D 

printing material:[a] difficulties in the adhesion of the first printed layer and [b] thermal 

contractions during printing. In this work, an atmospheric pressure air plasma treatment is 

applied on a polycarbonate (PC) printing base. The effect of the plasma treatment parameters 

is studied. Chemical and morphological tests are conducted. Results shows that, in general, as 

the plasma exposure rises, so does the degree of oxidation of the PC surface and the adhesion 

of POM. However, care must be taken as thermal residual stresses may reduce adhesion. 

Finally, an increase in adhesion of up to 45% is achieved.

1 Introduction

The high-speed development of additive manufacturing (AM) today is creating a completely 

new path in the fabrication of components. Parts that have complex geometries and cavities, 

and are impossible to manufacture by traditional methods, may be produced adding layer-

upon-layer by AM.[1,2]  Although there are more than ten different types of materials for AM, 
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the most popular ones are polylactic acid (PLA), of vegetal origin, and acrylonitrile butadiene 

styrene (ABS), a petroleum derivate.[3] Nevertheless, the search for new materials continues. 

Polyoxymethylene (POM), also known as acetal, polyacetal and polyformaldehyde, is 

considered to be an engineering material that is competitive with a number of plastics (such as 

nylon) and metals, because of its light weight, low friction, low hygroscopicity, excellent 

wear resistance, outstanding dimensional stability, high tensile strength, impact resistance, 

stiffness, fatigue endurance and wide end-use temperature range.[4] In addition to its excellent 

mechanical and thermal properties, it is also chemical resistant to most solvents, chemicals 

and fuels at room temperature.[5] Although POM is similar to nylon in many respects, it is 

considered to be superior in creep resistance, fatigue endurance, stiffness and hygroscopy. 

Some physical, mechanical and thermal properties of POM are compared to those of nylon 6 

and ABS in Table 1.[4,6–10]

Property POM Nylon 6 ABS
Density 1400 kg/m3 1140 kg/m3 1040 kg /m3

Elasticity module 2.8 GPa 2.3 GPa 2.1 GPa
Creep tension 65 MPa 50 MPa 35 MPa
Flex module 2.7 GPa 2.2 GPa 2.1 GPa
Maximum elongation 30% 71% 34%
IZOD Impact (23ºC) 54 J/m 106 J/m 128 J/m

0.1 (static) 0.2 (static) 0.3 (static)Friction coefficient against 
steel 0.2 (dynamic) 0.4 (dynamic) 0.5 (dynamic)
Melting temperature 182 ºC 230 ºC 220 ºC
Flex temperature under load 110 ºC 160 ºC 88 ºC
Decomposition temperature >290 ºC >280 ºC >260 ºC
Shrinkage ratio in molding 2.2% 1.2% 0.7%

Table 1. Properties of POM, Nylon 6 and ABS.

POM has been processed traditionally by injection molding, extrusion and subtractive 

manufacturing (machining). Nevertheless, among the AM processes, fused deposition 

modeling (FDM) offers an appropriate technology for the manufacture of POM parts.[1] POM 

can be easily extruded at temperatures below 250ºC, which can be achieved with most 3D 

Page 3 of 38

Wiley-VCH

Plasma Processes and Polymers



- 4 -

printers. Also, the use of a heated printing base and an enclosure, which can be easily 

implemented in any 3D printer, will provide favorable conditions for crystallization. In 

addition, FDM is a clean and easy-to-use technology.

Nonetheless, despite the aforementioned advantages, world-renowned 3D printing companies, 

such as Stratasys and 3D systems, provide neither parts-on-demand using POM nor supply 

POM as 3D printing filament.[9,11] Apart from these industry-oriented-companies, the top 

globally recognized 3D printing filament suppliers that are oriented to 3D desktop printing are 

also providers of engineering material filaments for industrial applications, such as 

ColorFabb, Hatchbox, Filamentum, Taulman3D, 3DFilaPrint and Formfutura, but do not 

promote either POM filament within their products.[12–17] Even DuPont, the company that first 

synthesized a version of POM and that has recently bet on the emerging 3D printing filament 

market, does not include POM filament within its offer.[6] In view of this evidence, it is not 

too risky to claim that POM is not an easy material to print with consistent and reliable 

results. Only a few companies provide POM as a 3D printing filament with guarantees. They 

include Gizmo Dorks, Actifil3D, Apium and FFF World.[18–21]

Two main issues to take care of are generally mentioned by these suppliers. First, the self-

lubricating nature of POM makes the adhesion of the first printed layer on the printing base 

quite difficult to achieve.[22] To that end, it is advisable to print using a heated-base with a 

temperature that exceeds 130ºC. Thus, the deposited filament will have a temperature that is 

near the melting point, which favors the adhesion. Nevertheless, this is a rather high 

temperature that most of the desktop 3D printers cannot reach (the common maximum heated-

base temperature is 100ºC). In any case, the use of a strong adhesive (print glue, ABS slurry, 

etc.) seems to be an indispensable requirement for ensuring the first layer adhesion. Secondly, 

the printed part could experience severe dimensional changes due to thermal contraction 

during uneven cooling (an effect commonly known as warping). The caused could be that 

POM has more than three times the shrinkage ratio of ABS (see Table 1), which also is 
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affected by warping. Thus, the use of a preheated enclosure and a heated base is strongly 

recommended to overcome warping.

Considering the above-mentioned difficulties in printing POM material, this article proposes 

the use of the cold atmospheric plasma treatment in order to improve adhesion of the part’s 

first layer and, consequently, the quality of the POM printed part. In addition, Polycarbonate 

(PC) is one of the most useful plastic substrate materials due to its reduced weight, 

transparency and high shock resistance.[23,24] Atmospheric cold plasma has proven to be a 

versatile surface treatment for PC as it can modify the polymer surface without affecting its 

bulk properties.[25,26]

Many studies have shown the adhesion improvement after a plasma treatment in different 

fields, which is due mainly to modification of the solid surface (cleaning, etching or surface 

activation).[27–32] This means that plasma technology has been used widely in different 

industrial fields. However, to the best of our knowledge, there are no studies relating to 

plasma treatments and the promotion of adhesion in 3D printing. 

In this particular case, there are two peculiarities that give novelty to this work. On the one 

hand, it is remarkable that the adhesion that is intended to be promoted should not be 

permanent in time. Once the part is printed, it must be easily detached from the printing base. 

This fact makes it necessary to use special adhesives whose effectiveness is only effective at 

high temperatures (near to filament melting temperature) and not at room temperature in order 

to be able to detach de 3D printed part from the printing base. On the other hand, the filament 

that is intended to adhere to the printing base melts and solidifies while it comes into contact 

with the adhesive applied on the printing base. That is, the objective is to improve the 

adhesion between a solid material at 100 ºC (the PC printing base) and the POM filament, 

which is applied at 250 ºC in the liquid-solid state. This fact makes the plasma treatments that 

one could think to be more efficient (those that generate many adhesive chemical bonds) are 
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2 Experimental

2.1 Materials

The 3D printing of POM was undertaken on a thin PC sheet of 100x50x3 mm. This PC sheet 

was fastened to a stainless steel plate by six M4 screws in order to avoid deformation or 

movement of the PC base during the different phases of the process (plasma treatment, 3D 

printing and pull-off test) (see Figure 1).

Just before plasma treatment, the PC sheet was cleaned with isopropanol to eliminate any 

surface contamination. After plasma treatment, two layers of a roll-on adhesive (DIMAFIX) 

were applied manually.[33] The chemical composition of DIMAFIX is: Ethylalcohol (70-

80%), Isopropylalcohol (10-15%), 1-vinyl-2-pyrrolidone-vinyl acetate polymer (10-15%) and 

n-butyl acetate (1-2.5%).

The 3D printing filament chosen was POM-Tech. It was provided by FFF World and made 

from non-recycled materials.[20]

Figure 1. Sequence of the complete process: [a] PC sheet assembling, [b] Plasma treatment, 
[c] DIMAFIX application, [d] PC-sheet assembling on printer base, [e] Dollies printing (two 

for each sheet), [f] Dollies printed and [g] Pull-off test and [h] Dolly tested.

2.2 Atmospheric Pressure Air Plasma Treatment
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not effective in our particular application, since they release surface tensions, which result in a 

bad adhesion.

In this work, we have analyzed the effect of several parameters of the plasma treatment, such 

as the number of passes, the plasma jet speed, the gas flow and the plasma power, on POM 

adhesion to a polycarbonate (PC) substrate used as the printing base. To observe surface 

modifications of the PC substrate, several chemical and morphological tests were conducted. 

Finally, we used a pull-off test to assess the adhesion quality of the samples. 
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After the printing base was assembled (PC base and stainless steel plate ‒see Figure 1a‒) and 

cleaned with isopropanol, it was pre-treated by Atmospheric Pressure Plasma Jet (APPJ) 

technology (see Figure 1b).

A picture and a schematic diagram of the APPJ system that was used to treat the samples is 

shown in Figure 2a and 3, respectively. This system was developed by VITO (Flemish 

Institute for Technological Research). It consists of an Al2O3 dielectric tube between two 

cylindrical electrodes. The outer electrode is connected to high voltage during operation and 

the inner electrode is grounded.

Figure 2. [a] Plasma equipment at the University of La Rioja, [b] Ultimaker 2+ 3D printer 
and [c] TRIAX-50 (Controls) machine.

As Table 2 shows, thirteen different plasma treatments were applied. Three different flows of 

compressed air (40, 60 and 80 slm) were used as supply gas to generate plasma. In addition, 

three different levels of plasma power (300, 400 and 500 W) were used at a frequency of 75 

kHz to evaluate their effect. In all treatments, both the gap between the plasma discharge and 

the printing base (3 mm) and the track pitch of the plasma treatment (2 mm) were constant. 

Depending on the sample, the jet was moved across the entire printing base as many times as 

Table 2 indicates (passes) at different speeds (between 20 and 50 mm/s). Each treatment was 

conducted four times and the average values of the results are presented herein.

Figure 3. [a] Plasma jet and [b] its schematic diagram.

ParametersSample 
identification Passes Plasma Power 

(W)
Plasma Jet 

Speed (mm/s)
Plasma Gas 
Flow (slm)

PC 
(untreated) - - - -

S20 1 500 20 60
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S25 1 500 25 60
S30 1 500 30 60
S35 1 500 35 60
S40 1 500 40 60
S45 1 500 45 60
S50 1 500 50 60
P2 2 500 30 60
P3 3 500 30 60

W300 1 300 30 60
W400 1 400 30 60
F40 1 500 30 40
F80 1 500 30 80

Table 2. Sample identification according to the parameters of the plasma treatments.

2.3 3D Printing

After plasma treatment and before 3D printing, two layers of a roll-on adhesive (DIMAFIX) 

were applied manually (Figure 1c). The 3D printing machine that was used in this study was 

the Ultimaker 2+, which is manufactured by Ultimaker (see Figure 2b).[34] It is a high quality, 

accurate, reliable and affordable desktop 3D printer. 

As it has been mentioned in the introductory section, important issues can arise when using 

POM as a printing material. This is why a variety of factors were considered to minimize such 

problems. In order to avoid warping, the use of a preheated enclosure and a heated base at a 

temperature that exceeds 130 ºC was recommended. However, the 3D printer used in this 

work was an open-structure desktop 3D printer that was unable to reach such a high 

temperature in its printing base. Therefore, a printing base temperature of 100ºC (the 

maximum stable temperature that the printer could achieve) was established for all of the 

studied samples. The extruder temperature was 250 ºC. In addition, a methacrylate enclosure 

was built in order to provide a preheated enclosure. Along with these warping prevention 

measures, an extension of 4 mm around the first layer edges (commonly known as brim) was 

printed for all samples.

Finally, in order to test the proposed treatment, a gear like geometry was adopted to be printed 

(see Figure 1f). We consider this type of geometry to be challenging for 3D-printed, since the 
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sharp ending sections create thermal stress concentration points that promote warping. A 

transversal hole through the part was included to adapt the sample to the pull-off test. The part 

will now be known as dolly. Two dollies were printed in each printing session and on the 

same PC-steel assembly (see Figure 1f).

2.4 Pull-off test

Immediately after the 3D printing, pull-off tests of the printed dollies were conducted. This 

test was based on the ISO 4624:2003 standard (see Figure 1g and 1h). A TRIAX-50 

(Controls) machine with a 200 N load cell was used to measure the strength required to detach 

the dollies from the PC base (hereafter breaking strength) (see Figure 2c).

Each sample (PC-steel assembly with two printed dollies) was attached to the mobile platform 

of the machine. Subsequently, a hook-like tool was inserted through the dolly’s transversal 

hole. This hook was attached to the load cell. When all components were in contact with each 

other (PC-steel assembly, dolly, hook and load cell), the mobile platform moved downwards 

at 2 mm/min and the breaking strength that was recorded by the machine until the dolly 

separated from the PC printing base. The maximum value of the breaking strength was 

reached when a sudden take-off of the POM part from the PC printing base took place. This 

value was interpreted as the breaking strength of each sample. Then, the breaking strength 

force in newtons was divided by the area of the dolly (692.21 mm2) to obtain the breaking 

tensile strength in kPa. The average value of eight measurements for each treatment 

configuration was used as the breaking strength to study the adhesion.

2.5 Chemical characterization

The chemical characterization of the coatings was determined by X-ray Photoelectron 

Spectroscopy (XPS) analyses. X-ray photoelectron spectra were obtained by use of a Kratos 

AXIS Supra spectrometer with a multi-channel hemispherical analyzer and a Monochromatic 

AlKα X-ray source (225 W, 15kV, 1486.69 eV). The energy scale was calibrated using Cu 

2p3/2, Ag 3d5/2 and Au 4f7/2 at 932.7, 368.3 and 84.0 eV, respectively. The spectra were 
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acquired at a constant pass energy of 160 eV (general spectra) and 20 eV (high-resolution 

spectra). The base pressure of the instrument was below 1.33 × 10−7 Pa. Kratos ESCApe and 

CasaXPS software were used for the acquisition and analysis of the data, respectively. A 285 

eV binding energy for the C1s signal of the adventitious carbon was used to reference the 

peaks of the samples. The C1s signal of the XPS spectra of the treated samples were 

deconvoluted by means of PeakFit 4.12 (SPSS Inc.) software.

2.6 Wettability

In order to determine the effect of plasma treatments on the wettability of the PC surface of 

the studied samples, the static water contact angle (WCA) of the PC sheets of both plasma 

treated and non-treated samples was measured by the sessile drop method. 10 μl droplets of 

distilled water were dropped on the surface of each sample and the WCA was calculated by 

means of the OCA15 plus system (Dataphysics) and SCA200 software according to UNE EN 

828:2013 standard. Each value was averaged from four measurements regarding as average 

WCA value of the sample. 

2.7 SEM and AFM analysis

The surface of each sample was examined by a Scanning Electron Microscope (SEM) 

HITACHI S-2400 at an operating voltage of 18 kV. The samples that were analyzed were 

made conductive by gold-palladium sputtering before introduction to the SEM chamber to 

prevent charging, minimize radiation damage and increase electronic reflectivity during SEM 

analysis. 

Veeco Multimode Atomic Force Microscopy (AFM) was used to explore the surface 

topography of the studied samples. Areas of 20 μm × 20 μm were scanned with a scanning 

frequency of 50 Hz. The image analysis was conducted by means of NanoScope Analysis 1.4 

software.

2.8 Deformation measurement
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Plasma treatment can produce undesirable side effects on the performance of the treated 

material.[25] In this work, the appearance of geometric deformations in treated PC sheets were 

observed when the PC sheet was unscrewed from the stainless steel plate.

The application of a plasma jet at temperatures that exceed ambient temperature (around 50-

100ºC) on a PC substrate produces a temperature difference between the treated and the 

untreated surfaces that, according to Koski et al., produces a thermal stresses of a compressive 

nature.[23] They also observed that, as the energy was that was applied increased, so did the 

thermal residual stresses. Consequently, it is common to observe an increment in the sample 

curvature by the size of residual stresses (the greater the residual stresses, the higher the 

sample’s curvature). We hypothesized that the residual stresses that were produced after the 

plasma treatment could have affected the adhesion of the POM to the PC sheet during the 

printing process. In this way, the residual stresses were sized. One primary method that was 

used to quantify residual stresses on a polymer flat sheet consists of measuring the curvature 

of the samples before and after applying the deformation mechanical or thermal load.[35] Once 

the sample is free of constraints, it restores equilibrium by warping to a shape that resembles 

somewhat a circular arc.[23,36]

In our particular case, the PC sheet was unscrewed from the stainless steel plate by one of its 

ends and, after warping. Then, the arrow was measured at the opposite end by a gauge (see 

Figure 4). 

Figure 4. PC sheet deformation after constraints were released: [a] untreated PC and [b] 
F40.  

3 Result and discussion

3.1 Analysis XPS and Wettability

An XPS analysis was conducted to determine the atomic chemical composition of the PC 

surface, that is, to determine the plasma treatment’s influence on the degree of surface 
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oxidation. Table 3 shows the functional groups and binding energies that are associated with 

peaks that correspond to the deconvolution of C1s high-resolution spectra (see Figure 5) of 

the untreated and plasma treated PC samples. Both, the global spectrum and the chemical 

components were similar to those identified by other authors.[37–39]

The plasma treatment of the PC surface resulted in the emergence of new functional groups 

that were based on both oxygen (C-O, C=O, O-C=O, O-C-O, COOH) and nitrogen (C=N, C-

N). The higher was the power, the lower was the ionized gas flow or the greater was the 

exposure time (lower plasma jet speed or the greater the number of passes), the greater was 

the quantity of these groups. However, the original PC functional groups (C-C, C-H, C-O, 

CO3 y π-π*) decreased. This chemical modification was probably due to the oxidation of the 

PC surface, which was caused by both plasma energy and the oxygen from the atmosphere 

surrounding the sample. The emergence of these new functional groups was expected to be 

critical to the increase of the POM adhesion.[28]

Component
Functional 

group

Binding 

energy (eV)
Reference

A
C-C

C-H
~285 [37–39]

B C=N ~285.6 [40,41]

C
C-O

C-N
~286.5 [37–39]

D
C=O

O-C=O
287.6 - 288.6 [28,42]

E
O-C-O

COOH
289.3 - 290 [37]

F CO3 ~291 [37–39]

G π-π* ~291.7 [37–39]

Table 3. Functional groups and binding energies associated with peaks that corresponds to 
the deconvolution of C1s spectra.

Page 12 of 38

Wiley-VCH

Plasma Processes and Polymers



- 13 -

Figure 5. Deconvolutions of C1s spectra of samples: [a] untreated PC, [b] S30, [c] S20, [d] 
S50, [e] F40, [f] F80, [g] W300 and [h] P3.

In this sense, static water contact angles (WCA) were measured to determine the wettability 

of the PC surface. This property is related to the increase adhesion.[28] Figure 6 shows the 

WCA images of some analyzed samples. Depending on the plasma treatment applied to the 

PC surface, a great difference in hydrophilic character was observed. The WCA of plasma 

treated samples was lower than those of untreated PC. The surface of the untreated PC 

exhibited a WCA of 72.6º ± 2.9, whereas the WCA of the plasma treated samples ranged 

between 10-30º. That is, the plasma treatment of PC surfaces caused an increase in the 

hydrophilic character.

Figure 6. WCA of samples: [a] untreated PC, [b] S30, [c] F40, [d] W300, [e] P3 and [f] F80.

Figure 7 depicts the percentage of the oxygen-based functional groups and the WCAs for 

each plasma treatment configuration. The oxygen-based functional groups that appear in 

Figure 7 are the sum of “D” and “E” components of Table 3. In general, one can identify an 

inverse relationship between the WCA and the degree of oxidation of the PC surface. That is, 

the greater the plasma exposure (lower plasma jet speed, lower gas flow, higher power and 

higher number of passes), the greater are the oxygen-based functional groups and the lower 

the WCA (greater hydrophilicity).

Figure 7. Percentage of oxygen-based functional groups and WCAs for all the plasma 
treatments.

3.2 Adhesion

The adhesion of the 3D printed sample to the PC sheet was determined in terms of the 

breaking strength of the samples in pull-off tests. This was done to establish a relationship 
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between the degree of surface oxidation and the adhesion of samples. Figure 8 shows the 

distribution of functional groups based on oxygen (%) and the breaking strength (kPa) for the 

different plasma treatments that were analyzed in this work. The dashed line indicated the 

breaking strength of non-plasma treated sample. One can note that, with the exception of the 

F40 sample, all plasma treatments improved the POM first printed layer adhesion to the PC 

sheet in comparison to the non-plasma treated one. Sample S30 revealed an improvement in 

adhesion of 45% (breaking strength of S30: 161.14 kPa vs. breaking strength of non-plasma 

treated PC sheet: 111.43 kPa).

Considering the breaking strength distribution (adhesion) of samples in Figure 8, it can be 

seen, in general, that the higher the plasma jet speed is, the lower the breaking strength is. 

This trend is not true at very low speeds (20-25 mm/s). It must be noted that there is a limit at 

which the reduction of the plasma jet speed and the consequent increase in the exposure time 

to plasma does not guarantee an increase in the adhesion of POM. Similarly, when the plasma 

power was modified, one can see a linear tendency. In other words, the higher the plasma 

power is, the greater the POM adhesion is. Related to the gas flow, the adhesion was studied 

extensively, since different gas flows resulted in significant variations of the first printed layer 

adhesion of POM. When high gas flows were used (sample F80), the adhesion improved 

slightly as these treatments resulted in a low ionized plasma and, therefore, a low percentage 

of oxygen-based functional groups.  Low gas flows (sample F40), which lead to a highly 

energetic plasma, caused wide cracks which resulted in a high breaking strenght and, in 

consequence, leaded to a PC surface with a non-desired adhesion (see Figure 9f and 10f). In 

this particular case, the adhesion was poorer than for the non-plasma treated sample. A similar 

situation was observed when the number of passes was varied. The highest adhesion was 

reached just with one plasma pass. Therefore, an increase in plasma exposure time does not 

guarantee greater adhesion.
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Taking into account the abovementioned findings, it can be concluded that different 

relationships were observed after studying the degree of surface oxidation and the breaking 

strength of samples. In general, an increase in the degree of oxidation of the PC surface leads 

to an increase in the first printed layer adhesion of POM on the PC sheets with the exceptions 

of samples F40, P2 and P3. An explanation of these exceptions is provided below. 

Figure 8. Distribution of functional groups based in oxygen (%) and the breaking strength 
(kPa) for all the plasma treatments. 

3.3 SEM and AFM Analysis

SEM and AFM analyses were undertaken to observe the surface modifications that were 

caused by plasma treatments on PC sheets. This involved a study of the morphology of the 

treated PC sheets. Figure 9 illustrates some representative SEM images of PC sheets. It may 

be note that the lowest power plasma treatment (sample W300) caused a superficial cleaning 

in comparison to the untreated PC sheet. This may be related to the slight adhesion 

improvement of this sample. However, stronger plasma treatments (lower plasma jet speed, 

higher number of passes and lower gas flow) caused the appearance of cracks, wider and 

longer with lower gas flows (sample F40) and a greater number of passes (sample P3).

Figure 9. SEM images of samples: [a] untreated PC, [b] S30, [c] S20, [d] W300, [e] P3 and 
[f] F40.

AFM images of the representative samples analyzed are shown in Figure 10. As can be seen, 

the SEM and AFM images of the same sample were quite similar. As mentioned above, the 

most powerful plasma treatments (S20, P3 and F40) caused a superficial modification with 

some cracks. 
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Figure 10. AFM images of samples: [a] untreated PC, [b] S30, [c] S20, [d] W300, [e] P3 and 
[f] F40.

The morphological and superficial modifications that were caused by powerful plasma 

treatments seemed to damage the PC surface. However, it should be noted that the lower 

adhesion of these samples (lower than expected, if considering their high degree of oxidation) 

cannot be related only to this superficial damage. The appearance of cracks on the surface of 

the PC sheets probably was due to the creation of residual stresses by the plasma energy that 

was applied. This idea is explained further in the next section.

3.4 Deformation

In Figure 4b and 11, one can see the geometric deformations that were caused by thermal 

residual stresses on the treated PC samples. The higher curvature of the PC samples are 

associated with the most powerful plasma treatments. Specifically, samples P2, P3 and F40 

showed the greatest deformation (P2: 4.01 ± 0.37 mm; P3: 4.48 ± 1.15 mm; and F40: 6.63 ± 

2.23 mm). This result is in concordance with the work of Koski et al. who observed that, as 

the plasma exposure increased, the compressive thermal stresses on the substrate treated 

surface rose.[23] 

As was stated in previous sections, theses samples (P2, P3 and F40) showed a low adhesion, 

despite exhibiting a large number of oxygen-based functional groups (see Figure 8). 

Therefore, there is a relationship between residual stresses and adhesion properties. Koski et 

al. also related the presence of residual stresses on a PC sheet as a cause of adhesion reduction 

between a coating and its PC substrate.[23] Similarly, other authors concluded that the surface 

residual stresses of the PC substrate could affect the adhesion properties of thin films.[25,27] 

In our particular case, there also could be another deformation mechanism acting on a micro 

scale. Ram et al. exposed the impact of temperature on the magnitude and type (tensile or 

compressive) of residual stresses on PC samples.[43] They verified that changes in temperature 
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could reverse the types of residual stresses near the sample’s surface. As was explained in the 

experimental section, POM material was extruded on the substrate surface as a molten 

filament at a temperature of about 250ºC. This temperature is fairly higher than the PC glass 

transition temperature (147 ºC). Thus, the deposited filament at a high temperature could 

cause micro modifications of the surface geometry that allow stress relaxation and residual 

stresses size and type alterations. The higher the residual stresses are, prior to the POM 

filament deposition, the greater are the alterations. These could produce a reduction in 

adhesion between POM and the PC substrate. However, further investigation of this aspect is 

necessary and will be undertaken in future research.

Figure 11. Deformation distribution of PC sheet for different plasma treatments.

In view of the results, it can be concluded that samples that were exposed to powerful plasma 

treatments exhibited greater deformations of the PC sheet. This effect, together with the 

appearance of surface cracks in samples P3 and F40 made the improvement in chemical 

composition of the PC sheet insufficient to improve the adhesion of the first printed layer of 

POM.

4 Conclusions

Page 17 of 38

A deeply study had to be performed since plasma treatment that one could think to be more 

efficient (those that generate many adhesive chemical bonds) were no effective in this 

particular application, since they release surface tensions, which result in a bad adhesion. 

Finally, a plasma treatment has been successfully applied to PC sheets with the aim of 

improving the adhesion of the POM material in 3D printing. In fact, nearly all plasma 

configurations that were used in this work had a breaking strength that was higher than that of 

a non-plasma treated PC sample. 
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Sample S30, treated with 1 pass of plasma at 500 W of power, a plasma jet speed of 30 mm/s 

and an air flow of 60 slm, increased the adhesion by 45% with respect to the non-plasma 

treated PC sample (breaking strength of S30: 161.14 ± 33.86 kPa and  untreated PC: 111.43 ± 

26.93 kPa).

It is worth mentioning that, in general, the adhesive capacity improved with a decrease in 

plasma jet speed and the increase of plasma power. In contrast, the higher the number of 

passes or the lower the gas flow, the worse the adhesion was. With regard to the XPS 

analyses, it was observed that the greater the energy of the plasma treatment, the greater was 

the chemical modifications on the PC surface and a consequent increase of the oxygen-based 

functional groups. Overall, an increase in the oxidation degree of the PC surface led to an 

increase in adhesion. However, samples P2, P3 and F40, which showed the highest oxygen 

percentage in their atomic chemical composition, suffered morphological damage. This was 

evidenced by the SEM and AFM images of these samples, in which surface cracks were 

observed. However, these cracks were not considered as a sole cause for the adhesion loss, 

but as possible evidence of the appearance of thermal residual stresses. A relationship 

between the plasma exposure and the PC substrate residual stresses was found in terms of 

decrease of adhesion. 

Finally, in regards to the WCA tests, a direct relationship between the plasma exposure and 

the wettability was found. That is, the greater the degree of plasma exposure, the more 

hydrophilic was the PC surface. This relationship resulted, in general, in a higher adhesion. 

In future research, substrates that differ from PC and plasma gases that differ from 

compressed air will be tested. In addition to this, the influence on the POM adhesion of 

different printing parameters like the extruder temperature and the printing base temperature 

will be deeply study.
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Graphical Abstract

The use of polyoxymethylene as 3D printing material opens a completely new path for 

material processing due to its excellent properties. However, the adhesion of the first 

printed layer is a problem. In this way, an atmospheric pressure air plasma treatment applied 

over a polycarbonate (PC) printing base increases the adhesion of up to 45 % with respect to 

the untreated PC.   
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