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Abstract

:

In injection molding, the reduction of ejection forces is a process relevant aspect to improve the production rates. For this purpose, CrN and CrAlN films were sputtered on cylindrical and quadratic AISI H11 cores of an injection mold in order to investigate their influence on the resulting ejection forces to demold polypropylene test components. Within this context, the ejection forces of the PVD coated cores were compared to those of uncoated cores made of AISI H11. For both the cylindrical and quadratic cores, the as-deposited CrN and CrAlN films exhibit higher ejection forces than the uncoated cores due to the increase of the roughness profile after sputtering. It is known that the ejection forces are directly related to the surface roughness. In order to ensure comparable surface conditions to the uncoated surfaces, and to demonstrate the potential of PVD coated mold surfaces when reducing the ejection forces, the coated surfaces were mechanically post-treated to obtain a similar roughness profile as the uncoated cores. The combination of a PVD deposition and post-treatment ensures a significant reduction of the ejection forces by 22.6% and 23.7% for both core geometries.
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1. Introduction


Among the different plastic processing techniques, injection molding is widely used for the cost-effective mass production of components with complex geometries [1]. The cyclic process comprises sequences of mold closing, melt injection, packing to compensate the shrinkage, cooling, and demolding of the plastic part [2]. Within this context, the cooling process can take up to three-fourths of the total cycle, depending on the processed plastic [3]. Consequently, the reduction of the cooling time is a decisive approach to decrease the overall cycle time and thus, to attain higher production rates [3]. A promising strategy is obtained by decreasing the ejection force during demolding, as it allows to downsize the dimension of the ejection system within the mold in order to utilize the attained space for an expansion of the cooling circuit [4]. Furthermore, the lower ejection forces result in a reduction of the mechanical stress on the demolded components, so that the part can be released without risking damages after a shorter cooling time. Finally, the ejection force is correlated to the shrinkage of the processed plastics and the friction condition between the mold material and the plastic [4]. After a shorter cooling time, the shrinkage has reached lower values, thus further reducing the ejection forces. Process-related parameters such as the mold temperature, injection pressure, holding pressure, and holding time as well as material-related thermal and physical properties have an impact on the extent of shrinkage, which in turn influences the contact pressure of the molded part on the mold core [5]. The frictional component of the ejection force is affected by deformative and adhesive friction mechanisms between the part and the mold core [6]. The adhesion mechanism is a rather complex phenomenon and related to different physical bonding mechanisms between the mold surface and the molded plastic [7]. Consequently, the surface energy of the mold surface takes, besides the surface finishing, a crucial role on the friction behavior.



The modification of the mold surface in order to decrease the adhesion between the mold and the molded plastic component is one approach to reduce the ejection force. An established method is to apply release agents such as waxes, soaps, or silicones onto the mold in order to reduce the sticking of adherent polymers, hence reducing the ejection force and removing the injected part without any damage [8,9]. However, the release agents are non-permanent and only effective for eight to ten injection molding cycles [9]. Another approach is to deposit a permanent film with a hydrophobic behavior onto the mold. In this context, sol-gel-coatings, applied by means of wet chemistry deposition, chemically adsorbed fluorocarbon films, hexamethyldisiloxane films deposited in a low-pressure plasma process as well as polytetrafluoroethylene-based films have proven to reduce the ejection force [10,11,12,13,14]. However, the drawback of these film systems is the poor adhesion behavior to the mold surface at high tribological loads and the low wear resistance against abrasive mechanisms. For instance, the injection of polyamides (PA) together with glass fibers has an abrasive effect on the tool surface [15].



A more promising solution to reduce the adhesion to plastics and to increase the resistance against wear and corrosion is realized by the deposition of PVD films [16,17,18]. In this regard, the influence of different PVD film systems on the ejection force was investigated by several research studies in application-related experiments [19,20,21]. Sasaki et al. coated titanium nitride (TiN), chromium nitride (CrN), tungsten carbon carbide (WC/C), and diamond-like carbon (DLC) on mold cores with a cylindrical geometry and investigated the ejection behavior when removing polypropylene (PP) and polyethylene terephthalate parts [19]. Martins et al. investigated the influence of DLC and tungsten disulfide (WS2) films and determined the ejection forces when demolding polylactic acid and polystyrene (PS) parts from a cylindrical core insert [21]. In both studies a reduction of the ejection forces by using the PVD films was observed, but no reasonable explanation for this behavior was given by the authors. A similar approach was conducted by Burkard et al., who deposited CrN, TiN, WC/C, and titanium aluminum nitride (TiAlN) on cylindrical mold cores and determined the ejection forces when demolding components of PA, polycarbonates, and acrylonitrile butadiene styrene, as well as polyoxymethylene [20]. They noted that the ejection behavior is influenced by the pairing of PVD film and processed plastic, so that the general use of one specific film system to reduce ejection forces of different plastics is not applicable. Sorgato et al. investigated the influence of the wetting behavior and static friction coefficient of DLC and chromium titanium niobium nitride (CrTiNbN) films on the ejection force when demolding PS, PA, and polyoxymethylene (POM) [22]. They observed the highest ejection force for coated molds with a high roughness and low viscosity molten plastics, while the uncoated surface with a low roughness and high viscosity molten plastics favored lower ejection forces. Therefore, the conclusion was drawn that the molten plastic replicates the mold topography during the filling and, consequently, results in a mechanical interlocking between mold surface and processed plastic part. For this reason, the required force to initiate the sliding of the solidified plastic part is increased. Additionally, the deposition of PVD films on molding tools is also beneficial to reduce the cavity pressure for molten plastics. Within this context, Lucchetta et al. reduced the cavity pressure up to 8% using aluminum oxide (Al2O3), DLC, or silicon oxide (SiOx) as mold coatings [23].



Most of the studies mentioned investigated the ejection behavior of coated mold core inserts with a cylindrical geometry. However, a quadratic mold geometry is of particular importance because injected plastic parts comprises of angular and straight shapes as well. In this regard, the shrinkage is influenced by the core shape and hence behaves differently when using alternative geometries. The contact pressure applied by the shrinkage is homogenously distributed on the cylindrical core, while the contact pressure is higher at the edges and corners for the quadratic core. Therefore, a comparison of PVD coated mold cores with different geometries is highly relevant from an application-oriented perspective. In a previous work, tribological performance of different PVD film systems against PP counterparts was investigated. Among the different systems, CrN and chromium aluminum nitride (CrAlN) exhibited a low friction against PP. The Cr-based nitrides were marked by the lowest surface energies with a very low polar content [24]. In theoretical calculations, CrN and CrAlN exhibited lower work of adhesion to PP in comparison to Al2O3 and DLC films, so that a lower friction was ensured. For this reason, these films were coated on cylindrical and quadratic mold cores in order to investigate their influence on the ejection forces under real load conditions. The coated core inserts were used under realistic process conditions by processing PP, using an injection molding machine.




2. Materials and Methods


2.1. Mold Core Geometries and Deposition of CrN and CrAlN Films


Heat treated AISI H11 steel was used for the mold cores as it is widely used, due to its high toughness, high-temperature strength, and high thermal shock resistance, as a tool steel for injection molds in plastics processing [25]. A cylindrical and quadratic geometry were chosen for the mold cores in order to compare the ejection behavior of the uncoated as well as the CrN and CrAlN coated mold cores. The cylindrical core has a 36 mm diameter at the bottom and a height of 20 mm. The quadratic mold has an upper site with 29.3 × 29.3 mm2 and is also 20 mm high. The recommended draft angle to ensure the demolding of the molded part is material-specific and usually ranges from 0.5° to 3° for plastics [26]. In this case, a draft angle of 1° was applied on the mold cores. The corners and edges were rounded with a radius of 2 mm. Both mold cores had a clearance hole of 20.0 mm for the ejector pin. The cylindrical specimen geometry was used to exclude the influence of the shrinkage behavior of a box-shaped component on the ejection forces measured in this contribution. In order to compare the results, the core geometries were adjusted to a contact surface area of ~2000 mm2 between the ejected specimen and core, since the contact area affects the magnitude of the ejection force. An injection mold with a single cavity and a conical cold runner was used to produce the injection molding components. A wall thickness of 2 mm was provided for both specimen geometries in order to ensure a comparable shrinkage potential of the components. Figure 1 shows the geometry of the mold cores and specimens used. The cylindrical core was manufactured by turning, while the quadratic core was milled. After being machined, the cores were quenched and tempered to a hardness of 7.0 ± 0.3 GPa and sequentially wet barrel finished, using ceramic grinding media for 6 h.



The deposition of the CrN and CrAlN films was carried out by using the industrial magnetron sputtering device CC800/9 Custom (CemeCon AG, Würselen, Germany). Two Cr targets and two AlCr20 targets, consisting of aluminum and 20 chromium plugs, each with a target size of 500 × 88 mm2, were mounted on the cathodes. For the CrN deposition, the Cr targets were operated with a cathode power of 4 kW and the substrate holder was biased with a voltage of −90 V. Ar and Kr were used as process gases and injected with a flow rate of 300 and 50 sccm into the chamber. The flow rate of N was set to 50 sccm and the working pressure of 400 mPa was N controlled. For the CrAlN deposition, the AlCr20 targets were powered with 5 kW and a bias voltage of −120 V was applied on the substrate holder. In this case, the flow rate of Ar, Kr, and N was set to 120, 80, and 300 sccm. The working pressure was 500 mPa and N controlled. The deposition time was set to 5520 and 21,240 s for CrN and CrAlN, resulting in a film thickness of approximately 2.6 and 3.0 µm, respectively.



The chemical composition was determined to be 58.4 at.-% Cr and 41.6 at.-% N for CrN and 13.1 at.-% Cr, 36.0 at.-% Al, and 50.9 at.-% N for CrAlN by using the energy dispersive X-ray spectroscopy (EDS) with the silicon drift detector x-act (Oxford Instruments, Abingdon, UK). In x-ray diffraction experiments at the beamline BL9 of the synchrotron radiation source DELTA [27], the phase composition was identified to be the dominant cubic CrN and hexagonal Cr2N for the CrN film as well as the dominant cubic CrAlN and hexagonal AlN for the CrAlN film. Figure 2 shows the morphological structure and phase composition of the CrN and CrAlN films. It is worthwhile to mention that the Fe reflections origin from the AISI H11 substrate. In nanoindentation tests using a Berkovich diamond tip in continuous stiffness mode, the hardness values of 20.6 ± 1.9 GPa for CrN and 21.7 ± 1.9 GPa for CrAlN were measured.



In general, the PVD deposition of nitridic monolayers results in an increase of the surface roughness due to the crystalline growth and locally spread defects [28,29]. In order to investigate the influence of the PVD films on the ejection forces of PP, a comparable surface condition to the uncoated cores needs to be considered. For this reason, the coated surfaces were mechanically post-treated with diamond grains D126 with a grain size of 106 to 125 µm for approximately 15 min. The carrier material consisted of a polyurethane foam with a thickness of 1.5 mm, which was bonded to a steel sheet. The cutting speed was set to 50 m/min and a pressure force of 10 ± 2 N was applied.




2.2. Surface Characterization of Coated Cores and Injection Molding Experiments


The surface roughness of the CrN and CrAlN coated molds was analyzed by employing the confocal 3D microscope µsurf (NanoFocus, Oberhausen, Germany). The roughness analysis was carried out according to ISO 4287 and ISO 4288. Within this context, the roughness profiles Ra, Rz, Rk, and Rpk were determined in order to have a broader base of roughness parameters. In addition, the topography was investigated by scanning electron microscopy (SEM) using a FE-JSEM 7001 (Jeol, Akishima, Japan).



The ejection force measurements were carried out with the injection molding machine Allrounder 270 S (Arburg, Lossburg, Germany). The molding cores were mounted on the molding plate. The measuring system consisted of a load cell, which was placed between the ejector bolt and ejector plate. The demolding was carried out by an ejector pin, which was attached to the ejector plate and pierced through the center of the molding cores. This setup was chosen as it was simple to realize, but it needs to be taken into account that the entire system friction of the ejector plate and ejector pin as well as their mass inertia contribute to the measured force and thus need to be taken into consideration as well. A semi-crystalline PP with a MFR value of 7.5 g/10 min is used for the injection molding tests. The processing parameters were adjusted according to the manufacturer’s specifications for the respective plastic and are summarized in Table 1.



The force-time curves were measured during the ejection. Figure 3 shows the characteristic force-time curve during the demolding step. Within this context, the distance is calculated by multiplying the demolding time and ejector speed. It can be clearly observed that the measured force signal consists of the initial demolding process and a constant force component resulting from the inner friction of the entire ejector system. The experiments were evaluated by determining the maximum of the ejection force. In this regard, the system-related force component was determined with a reference cycle without injecting the plastic in order to subtract the value from the measured ejection force. For each core variant, a total amount of 50 injection molding cycles were carried out successively to calculate the average value of the ejection force. The data acquisition was started after reaching a stable operating state of the system to avoid an influence of start-up effects on the measurements.





3. Results and Discussion


3.1. Surface Roughness of the Coated Cores without a Mechanical Post-Treatment


The topography of the uncoated and as-deposited coated mold cores was analyzed by determining the roughness parameters using a confocal 3D microscope. The average mean roughness Ra, mean roughness depth Rz, core roughness depth Rk, and reduced peak height Rpk are visualized in Figure 4 and Figure 5. In addition, SEM analyses of the topography of the cylindrical and quadratic core in each surface condition were conducted (see Figure 6 and Figure 7). It is noted that the quadratic cores are marked by a lower surface roughness when compared to the roughness of the cylindrical cores. In case of the uncoated cores, the cylindrical core has a Ra = 0.90 ± 0.04 µm and Rz = 5.65 ± 0.03 µm, while the quadratic variant has lower values of Ra = 0.20 ± 0.01 µm and Rz = 1.28 ± 0.09 µm. A similar behavior is also observed for the roughness parameters Rk and Rpk. The different surface topographies of the cylindrical and quadratic cores are ascribed to the different machining techniques used to process the cores. Due to the geometry, the cylindrical core was manufactured by turning and the quadratic core by milling. The machining techniques are distinguished by different cutting mechanisms, thus leading to different surface finishes. The distinctive topographical structures of the cylindrical and quadratic core are clearly visible on the SEM micrographs. In general, the deposition of the CrN and CrAlN films lead to a roughness increase for both mold geometries [24,30,31,32]. This behavior is typical for the deposition of nitridic monolayers, since roughness asperities disturb the direct trajectory of impinging sputtered materials and generate a shadow for the homogenous film growth [29]. This so-called shadow effect results in film growth defects and consequently in a roughness increase [28]. The formation of such growth defects is clearly notable on SEM micrographs at higher magnification for both the cylindrical and quadratic mold cores. For the cylindrical cores, the deposition of the CrN film leads to a roughness increase with values of Ra = 1.22 ± 0.02 µm and Rz = 7.35 ± 0.16 µm, while CrAlN results in values of Ra = 1.16 ± 0.01 µm and Rz = 7.26 ± 0.08 µm. In case of the quadratic molds, the CrN coated cores have a roughness of Ra = 0.27 ± 0.01 µm and Rz = 1.79 ± 0.10 µm, whereas the CrAlN variant has values of Ra = 0.26 ± 0.01 µm and Rz = 1.85 ± 0.10 µm. A roughness increase of the PVD coated cores are also noted for the roughness parameters Rk and Rpk.




3.2. Ejection Forces of Coated Cores without a Mechanical Post-Treatment


The maximum ejection forces when demolding the PP parts from the uncoated and coated cores are shown in Figure 8. It is noted that the cylindrical cores exhibit lower ejection forces compared to the quadratic cores. This fact is mainly attributed to the different shrinkage behavior of the molded part on the mold cores and the different roughness profiles. The shrinkage of the molded PP part results in higher contact pressures at the edges and corners, whereas the contact pressure is homogenously distributed onto the cylindrical core. Moreover, the cylindrical cores have a higher surface roughness than the quadratic variant. The higher roughness favors an increase of the deformative friction component. The roughness asperities hinder the sliding and plough the softer counterpart during the ejection process, thus leading to a higher friction. Both mechanisms need to be taken into account when comparing the ejection behavior of the mold cores with different geometries.



With regard to the coated cores, CrN and CrAlN have an identical impact on the ejection forces. The CrN coated cylindrical core shows an ejection force of 707 ± 149 N, whereas the CrAlN coated mold exhibits a lower value of 564 ± 3 N. In case of the quadratic cores, a similar relation is observed when considering only the mean values of the ejection forces. The CrN and CrAlN coated cores with a quadratic geometry are marked by an ejection force of 753 ± 123 and 674 ± 276 N. However, the coated cores are marked by higher ejection forces than the uncoated variant. Among the different surface systems, the uncoated cylindrical and quadratic mold cores exhibit the lowest ejection forces of 520 ± 107 and 596 ± 147 N when compared to the as-deposited CrN and CrAlN coated cores.




3.3. Influence of the Surface Roughness on the Ejection Forces


The different roughness profiles of the cylindrical and quadratic cores need to be considered for the ejection behavior, since the roughness asperities lead to an increase of the deformative friction component [7]. According to Sorgato et al., the molten plastic part replicates the mold topography during the filling, so that roughness asperities result in a mechanical interlocking between mold surface and processed plastic part [22]. As a consequence, a higher force is required to overcome the deformative friction component in order to initiate a sliding of the solidified plastic part. Therefore, the as-deposited CrN and CrAlN mold cores are marked by a rougher surface with distinctive roughness asperities, which result in a higher deformative friction component. This behavior is particularly noted when plotting the ejection forces against the surface roughness. Figure 9 shows ejection forces plotted against the roughness parameter Ra. For the cylindrical and quadratic cores, it is noted that the ejection force increases at higher Ra values. A similar behavior is observed for the roughness parameter Rz in Figure 10 as well as Rk and Rpk (not shown here). The influence of the roughness profile on the ejection force was already investigated in several works. Sasaki et al. varied the arithmetical mean roughness Ra from 0.016 to 0.689 µm for uncoated cylindrical cores and measured the ejection forces when demolding PP, polymethyl methacrylate (PMMA), and polyethylene terephthalate (PET) parts [19]. They noted that the ejection force increases with an increasing roughness Ra from 0.092 to 0.689 µm and ascribed this fact to the higher deformative friction caused by the roughness asperities. However, they measured the highest ejection force for the mold with the lowest roughness Ra of 0.016 µm and suggested that the adhesive friction mechanism contributes to higher ejection forces at lower surface roughness values. A similar influence of the roughness on the ejection force of molded PP parts was further noted by Pontes et al. [33]. In contrast, Chen et al. analyzed the adhesion behavior of CrN and DLC coated cores with a varying roughness Ra from 0.010 to 0.080 µm by using a specially designed adhesion force tester [34]. At these low Ra values, they noted that the adhesion force decreases for CrN and DLC films with a higher surface roughness and assigned this behavior to the lower adhesion. According to Pouzada et al., a region of an optimal surface roughness of the core favors the reduction of the ejection force [6]. Therefore, it can be concluded that a deposition of CrN and CrAlN films leads to a roughness increase, which contributes to a higher deformative friction component and consequently to higher ejection forces.




3.4. Influence of the Adhesion Behavior on the Ejection Forces


Besides the deformative friction component, the adhesive friction has also a significant influence on the magnitude of the ejection force. However, determining the adhesive friction component is highly challenging and difficult to implement in real applications. In a more theory-based approach, the work of adhesion of CrN, CrAlN, and uncoated AISI H11 with PP was determined [24]. For this purpose, surface energies as well as disperse and polar components were determined in contact angle measurements and used to calculate the work of adhesion. Within this context, the AISI H11 substrate has the lowest work of adhesion of 53.4 mN/m, while the CrN and CrAlN films exhibit slightly higher values of 55.8 and 57.1 mN/m. For polycarbonate (PC) and PMMA, Bobzin et al. observed a lower wettability for CrAlN against the plastic melts in comparison to uncoated AISI H11 [35]. Figure 11 shows the plot of ejection forces against the work of adhesion with PP. For the uncoated cores, it is noted that a low work of adhesion favors low ejection forces. In contrast, the CrN and CrAlN films have higher works of adhesion and consequently exhibit higher ejection forces. However, this relation is not linear, as the CrAlN film is marked by a higher work of adhesion with lower ejection forces when compared to CrN. On the one hand, the range of the work of adhesion of the three surface conditions is very narrow, so that the adhesion does not have a significant impact. On the other hand, the surface roughness is too high, so that the adhesive friction mechanism is less decisive for the magnitude of the ejection force, whereas the deformative friction component is the dominant mechanism.




3.5. Ejection Forces of Mechanically Post-Treated CrAlN Coated Cores


In order to be able to compare the PVD coated core surfaces with the uncoated reference, a mechanical post-treatment of the PVD films is necessary to reduce the surface roughness. For this purpose, the CrAlN coated cores are considered, as they exhibit lower ejection forces when compared to the CrN coated cores. The mechanical post-treatment of the surfaces successfully reduces the roughness to comparable values. The roughness parameters Ra, Rz, Rk, and Rpk of the mechanically post-treated CrAlN cores are shown in Figure 12 and Figure 13. It is clearly visible that the post-treated CrAlN coated cores exhibit comparable roughness values. Due to the post-treatment, the CrAlN coated cylindrical core has lower roughness values of Ra = 0.96 ± 0.01 µm and Rz = 5.32 ± 0.27 µm. The post-treated CrAlN coated quadratic core has also lower values of Ra = 0.17 ± 0.01 µm and Rz = 1.21 ± 0.14 µm. Lower values are also observed for the roughness parameters Rk and Rpk. The roughness reduction of the CrAlN coated cores is ascribed to the removal of the growth defects, as the SEM micrographs show in Figure 14. Moreover, it is visible that the surface of the post-treated coated surfaces is smoother.



After adjusting the roughness to a similar surface quality as the uncoated cores, the mechanically post-treated CrAlN cores were mounted in an injection molding machine to determine the change of the ejection forces in comparison to the uncoated cores. Within this context, lower ejection forces were observed for the post-treated CrAlN coated cores. Figure 15 shows the relative change of the ejection forces of the as-deposited and post-treated CrAlN cores in comparison to the ejection forces of the uncoated cores. It can be noted that the ejection forces of the CrAlN coated cylindrical and quadratic cores are reduced to values by −23.7% and −22.6%. This behavior is ascribed to the reduction of the roughness asperities, which ensure an interlocking between the mold surface and plastic part. By weakening this interlocking mechanism, the required force to initiate the sliding of the plastic part is reduced and the magnitude of the adhesive friction component is more decisive for the ejection force. Consequently, a post-treatment of PVD coated cores with a low adhesion against PP is essential in order to reduce the ejection force in injection molding processes.





4. Conclusions and Outlook


CrN and CrAlN films were deposited on cylindrical and quadratic AISI H11 mold cores by means of direct current magnetron sputtering to investigate the effect of the Cr-based nitrides on the ejection force when demolding PP parts from the core. Regardless of the core geometry, an identical influence of the surface condition on the ejection force was observed. Within this context, CrN and CrAlN films exhibited higher ejection forces than the uncoated AISI H11 core. This behavior is ascribed to the roughness increase resulting from the PVD deposition, which leads to an increase of the deformative friction. Since the surface roughness of the cores play a significant role for the deformative friction mechanism, a subsequent treatment of the PVD coated surfaces is essential to minimize the roughness and, consequently, to reduce the ejection forces. A promising attempt to adjust the roughness profile of PVD coated cores is achieved by a proper post-surface treatment. Within this context, a polishing strategy was successfully employed to reduce the surface roughness of CrAlN coated cores to comparable values as obtained by the uncoated cores. The post-treatment of the CrAlN coated surfaces ensured a reduction of the ejection forces by 23.7% and 22.6% for the cylindrical and quadratic cores. Therefore, a combination of the deposition of a CrAlN film and a subsequent post-surface treatment has proven to be an auspicious approach to reduce the ejection forces in injection molding processes.



To reduce the effort for the post-treatment process in further investigations, a smart pre-treatment strategy should be considered, such as for example micromilling. By micromilling high-speed tool steel, it is possible to obtain a surface finish with very low Ra values down to 20 nm [36]. Hence, micromilling can be used to locally adjust the friction condition of surface areas under high contact pressure applied by the shrinkage. Using micromilled surface structures have proven to be a suitable approach to adjust the friction condition [37]. If the adhesive friction mechanism is considered, the magnitude of the force that breaks the bonds between the mold surface and molded plastic is strongly affected by the pairing of PVD film and plastic part. Therefore, further investigations, concerning the adhesion behavior of different PVD films with diverse plastic materials, need to be carried out in order to identify pairings with a low adhesion. In conclusion, the consideration of the deformative and adhesive friction component is fundamental to understand the interaction mechanisms during the ejection of the molded plastic components.
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Figure 1. Mold cores and specimens with cylindrical and quadratic geometry. 
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Figure 2. SEM micrographs of the (a) morphological structure and (b) XRD pattern of the CrN and CrAlN films. 
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Figure 3. Force-time curve of an exemplarily chosen demolding processes of a polypropylene (PP) part from a CrAlN coated quadratic core. 
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Figure 4. Average mean roughness Ra and mean roughness depth Rz of uncoated as well as as-deposited CrN and CrAlN coated cores. 
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Figure 5. Core roughness depth Rk and reduced peak height Rpk uncoated as well as as-deposited CrN and CrAlN coated cores. 
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Figure 6. SEM micrographs of the core’s surfaces with a cylindrical geometry. 
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Figure 7. SEM micrographs of the core’s surfaces with a quadratic geometry. 
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Figure 8. Ejection forces of uncoated and CrN and CrAlN coated molds. 
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Figure 9. Ejection forces plotted against the average mean roughness Ra. 
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Figure 10. Ejection forces plotted against the average mean roughness depth Rz. 
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Figure 11. Ejection forces plotted against the work of adhesion with PP. 
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Figure 12. Average mean roughness Ra and mean roughness depth Rz of uncoated and post-treated CrAlN coated cores. 
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Figure 13. Core roughness depth Rk and reduced peak height Rpk of uncoated and post-treated CrAlN coated cores. 
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Figure 14. SEM micrographs of the post-treated core’s surfaces with a cylindrical and quadratic geometry. 
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Figure 15. Relative change of the ejection forces by the as-deposited (as-depos.) and post-treated (post-tr.) CrAlN films compared to the polished reference surface. 
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Table 1. Process parameters for the injection molding experiments.
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	Parameter
	Unit
	Value





	Mold wall temperature
	°C
	60



	Melt temperature
	°C
	220



	Injection speed
	cm3/s
	40



	Packing pressure
	MPa
	35



	Packing time
	s
	10



	Cooling time
	s
	60



	Ejector speed
	mm/s
	10
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