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Abstract

:

Reducing weight not only consumes fewer resources for manufacturing but also requires less energy for transportation, thus preserving resources and reducing CO2 emissions. The latter part is of utmost importance in mobility applications. For example, in the automotive industry, the large-scale production of lightweight structural parts is becoming a main issue. An effective method to meet these requirements is foam injection moulding. In this study, physical (MuCell technology) and chemical foam injection moulding was used to produce plates made from wood-fibre- and cellulose-fibre-reinforced polypropylene, respectively. For both technologies, the used core-back method enabled precise mould opening during injection and thus allowed for variation in the plate thickness and density. The simpler short-shot technology, used only for the chemical foaming trials with differing shot volumes, provided plates with constant thicknesses. The foam structure and finally the mechanical properties of the plates depended on the filler type, the foaming method and the density. The latter was directly linked to either the plate thickness or the shot volume. Physical foaming appeared to be slightly more effective regarding the achievable density reduction (up to 37% reduction), but the physically foamed parts had worse mechanical properties at equal density than their chemically foamed counterparts. Besides the comparison of different foaming methods, this study provides the tensile, flexural and impact properties of natural-fibre-reinforced polypropylene composites over a wide density range, thus offering a good basis for evaluating weight-saving potential for various applications.
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1. Introduction


Lightweight design is a key focus in the automotive industry to lower vehicle fuel consumption, thereby reducing CO2 emissions and contributing to more sustainable mobility. As a reduction in weight is usually accompanied by decreasing performance, the production of lightweight structural parts is not an easy task. Methods yielding high weight reductions with low trade-offs in terms of mechanical performance have to be found while maintaining high output and low costs. Among other possibilities, foam injection moulding is an effective method to meet these requirements, but systematic investigations of the process parameters involved and databases for evaluating its weight-saving potential are limited.



Further reductions in the weight of parts can be achieved by substituting conventional mineral fillers such as talc or glass fibres for natural fibres due to the lower density of the latter [1]. The mechanical properties of natural-fibre-reinforced composites (NFCs) are comparable to their mineral-filled counterparts [2], and they bear the potential for a reduction in greenhouse gas emissions [3,4]. Such composites are increasingly being used in automotive interior applications, such as in door panels and dashboards [5]. The suitability of standard modifiers for tuning the mechanical properties of NFCs and their potential use in automotive interior applications have been shown in a previous study [6]. Furthermore, the presence of filler particles has been shown to improve the foaming behaviour of these compounds since the particles act as nucleating sites for foam cell formation, resulting in a higher cell density and a reduced cell size [7,8]. However, care must be taken to ensure a homogeneous distribution of the fillers in the matrix, since agglomeration of the fibres may negatively affect the foam quality [9].



Foam injection moulding (FIM) can, in general, be divided into two main categories based on the nature of the foaming agent—physical or chemical. Physical foaming, also known as microcellular injection moulding [10], is typically achieved in a four-step process via homogeneously dissolving a supercritical gas (such as N2 or CO2) in a polymer melt, which is followed by cell nucleation and then cell expansion when the melt reaches the mould cavity, where a rapid pressure drop occurs, and finally cell stabilisation [11,12]. Microcellular injection moulding is often used synonymously with the MuCell® process, which is where the supercritical fluid is injected into the melt in the plastification zone [13]. Another method to achieve physical foaming is the supercritical-gas-laden pellet injection moulding (SIFT) process [14,15], where plastic pellets are first loaded with CO2 before being fed into the injection moulding machine.



In contrast to physical foaming, chemical foaming is achieved by gas formation, which occurs by the decomposition of a chemical blowing agent [16] when the melt reaches a certain temperature. While chemical foaming has the advantage that it can be performed basically with conventional injection moulding equipment (only a shut-off nozzle is required), its main drawbacks are typically a less homogeneous bubble formation and the potential problems caused by the chemical by-products of the blowing agent [9,17], such as degradation of the polymer matrix, reduced mechanical properties or contamination of the mould surface, [18], as well as a decreased thermal stability [15]. Whether chemical or physical foaming is the preferred method depends mainly on the type of material, the geometry of the injection-moulded parts and the machine utilisation rate, i.e., the rate of material consumption. Chemical foaming tends to be favourable for unfilled polymers (because the blowing agent itself can act as a nucleating site [19]), at rather high wall thicknesses (≥4 mm) and at low material consumption/low machine utilisation. Physical foaming is, in contrast, typically preferable for parts with thin walls (≤2 mm) and at high material consumption/high machine utilisation rates. In addition, physical foaming allows for a wider processing temperature window and has a higher weight-reduction potential [20].



Another possible distinction of the available methods for foam injection moulding is based on the manner in which the mould is filled [21]: in low-pressure FIM, also known as “short-shot” FIM, the mould is partially filled with the gas-loaded melt, whereupon the expansion of the gas results in the mould becoming fully filled. In contrast, in the case of high-pressure FIM (“core-back”, “breathing mould” or “full shot” FIM), the gas-loaded melt is injected until the mould is fully filled, and the mould is subsequently opened partially, which triggers the expansion of the gas and the formation of a foamed structure. While short-shot FIM is easier to set up and does not require specific equipment, it has been demonstrated that the rapid pressure drop induced by the mould opening in core-back FIM facilitates cell nucleation and thus allows for higher cell fractions, a higher level of weight reduction and an improved stiffness-to-weight ratio [7,10,22,23].



Regardless of the method—physical or chemical FIM—the foamed parts typically exhibit a layered structure, with a foamed core layer being sandwiched between two solid skin layers [13]. This sandwich structure may result in improved specific modulus and strength values compared to solid parts [7,8,24]. Besides the obvious benefit of a reduced part weight, a further advantages of foam injection moulding compared to compact injection moulding is that it involves a reduced melt viscosity, which leads to reduced injection pressures, the possibility of using lower processing temperatures and a reduction in cycle times [25,26,27,28]. In addition, foamed parts show superior acoustic and thermal insulation properties than their compact counterparts [9]



The aim of the present study was to systematically evaluate different foam injection moulding methods regarding their weight reduction potential and achievable mechanical property profiles. Physical and chemical foaming, each with different mould opening gaps, i.e., different part thicknesses and, thus, different degrees of foaming, were investigated for two NFCs, wood-fibre- and cellulose-fibre-reinforced polypropylene.




2. Materials and Methods


2.1. Materials


The materials used for this study were a commercial wood reinforced PP composite (“PPWood”) from Borealis AG and a self-made cellulose-reinforced PP composite (“PPCell”). The base polymer in both cases was a heterophasic PP copolymer (PP-HECO) from Borealis AG with a melt flow rate (MFR) of 100 g/10 min (230 °C, 2.16 kg). PPWood contained 20 wt% of roughly cubic-shaped softwood fibres with a particle size in the 70–150 µm range and an L/D ratio of approx. 1.5 [29]. PPCell contained 20 wt% of regenerated cellulose fibres with a nominal length of 300 µm and a diameter of 10 µm. Both compounds contained 2 wt% of a maleic-anhydride-grafted PP (MA-PP) as a coupling agent. The PPCell compound was prepared at Wood K plus using a Brabender DSE20/40D twin screw extruder with a 20 mm screw diameter, where the polymer and the coupling agent were fed at the hopper, and the fibres were fed via a twin-screw sidefeeder (D = 20 mm) attached at position 11D, i.e., after the plastification zone. A throughput of 10 kg/h and a screw speed of 375 rpm were chosen. A decreasing temperature profile ranging from 210 °C in the melting zone to 180 °C at the die was used in order to keep thermal degradation of the fibres to a minimum. All materials were dried overnight at 80 °C prior to injection moulding.




2.2. Injection Moulding


2.2.1. Physical Foaming


Physical foaming was achieved by nitrogen injection according to the MuCell® process. The trials were carried out at ENGEL Austria GmbH using a hydraulic/hybrid ENGEL Duo 12060/1700 injection moulding machine with a 120 mm screw diameter. The temperature profile increased from 180 °C in the melting zone to 200 °C at the nozzle. Tool temperatures of 60 °C (“T60”) and 40 °C (“T40”) were used. After the initial gas loading of 0.3 wt% of N2 in the melt (“N03”) resulted in insufficient cavity filling at larger mould opening gaps, the loading was increased to 0.6 wt% (“N06”) for all remaining trials.



A plate tool of an 800 × 400 mm2 area with three gates distributed along the central “axis” of the plates was used. The nominal thickness of the plate tool was 2.5 mm; for the core-back trials, opening gaps of 0/0.1/0.2/0.3/0.4/0.5/0.75/1 mm were used, resulting in nominal plate thicknesses ranging from 2.5 mm to 3.5 mm. The specimens for the mechanical and microscopic characterisations were milled out of the plates using a CNC machine according to the sketch shown in Figure 1.




2.2.2. Chemical Foaming


The chemical foaming trials were performed using a Wittmann Battenfeld SmartPower 120 servo-hydraulic injection moulding machine with a 35 mm screw diameter and a 120 kN clamping force. The temperature profile increased from 145 °C near the hopper to 190 °C at the nozzle. Foaming was achieved by adding 3 wt% of a chemical blowing agent Hydrocerol® ITP845 by Clariant Masterbatches GmbH (Vienna, Austria) via an automatic dosing unit. Besides the core-back (“CB”) foaming trials with mould opening gaps of 0/0.2/0.4/0.8/1 mm (resulting in plate thicknesses ranging from 3 mm to 4 mm), additional trials in short-shot mode (“SSh”) with dosage volumes of 100%/95%/90% of the switchover volume were carried out.



The majority of the chemical foaming trials were performed using a 200 × 150 × 3 mm3 plate tool with a wedge-shaped film gate (Figure 2). Evidently, this geometry led to a different melt flow pattern than that of the geometry of the plates used for the physical foaming. Therefore, in order to investigate the influence of the gate geometry on the properties of the foamed specimens, additional core-back trials were performed using a 180 × 180 × 3 mm3 plate tool with a central gate (Figure 3).





2.3. Characterisation of the Injection-Moulded Samples


Density measurements were performed according to the Archimedes principle following EN ISO 1183-1 using a Sartorius YDK01 density kit and an analytical balance. The flexural properties were determined via a 3-point bending test according to EN ISO 178 using a Messphysik Beta 50 universal testing machine with a preload force of 5 N and a test speed of 2 mm/min. The notched and unnotched Charpy impact strengths according to EN ISO 179 were characterised using a CEAST 9050 pendulum impact tester with a 0.5 J pendulum hammer for the notched samples and a 2 J or 7.5 J hammer, depending on the impact strength, for the unnotched samples.



Tensile tests according to EN ISO 527 were performed on the physically foamed samples using a Messphysik Beta 20-10 universal testing machine with a preload force of 3 N and a test speed ranging from 1 mm/min (for the determination of Young’s modulus) to 50 mm/min (for the determination of the tensile strength). No such test was performed on the chemically foamed samples as the plates produced were not large enough to produce standardised shoulder bars.



In addition to the mechanical characterisation, the foam structure was analysed via optical microscopy of the cross-sections of the foamed samples using an Olympus BX-RLA2 reflected light microscope. For this purpose, the specimens were embedded in epoxy resin and afterwards were smoothed and polished with sandpaper with increasingly fine grit sizes, finishing with a special polishing cloth and polishing suspension.





3. Results and Discussion


3.1. Mechanical Properties


3.1.1. Physical Foaming Trials


Density versus Plate Thickness


Figure 4 shows a correlation of the densities of the foamed samples, which were taken from the plates at position P2 (cf. Figure 1), with the nominal plate thickness. Both the materials showed roughly the same trend of their density-versus-thickness curves. There was a drop in the density of approx. 10% from the compact samples to the foamed samples at equal thickness. The density of the foamed samples at the maximum thickness (3.5 mm) was approx. 30% lower (ranging from 28.6% to 30.8%) than that at the minimum thickness (2.5 mm) in all cases, which is similar to the relative difference in thickness (28.6%). Assuming a constant part weight for all the samples, a reciprocal correlation between the density and the part thickness can be expected; this was roughly the case for all the foamed specimens. In addition, the following observations were made:




	
In the compact specimens and at low foaming degrees (small mould opening gaps), the absolute density of PPWood was slightly lower than the density of PPCell. At higher foaming degrees (large mould opening gaps), this difference became negligible.



	
A lower gas loading resulted in a higher density, indicating a lower foaming degree (see the curve of PPCell_N03_T60 in Figure 4).



	
The influence of the tool temperature on the density-versus-thickness curve was negligible for PPCell, whereas for PPWood, slightly lower densities were achieved at a 40 °C tool temperature than at 60 °C (except for an outlier at a thickness of 2.6 mm).
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Figure 4. Dependence of the part density on the nominal part thickness. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i001][image: Jcs 07 00144 i002]; samples N03_T60—[image: Jcs 07 00144 i003], dashed line; samples N06_T60—[image: Jcs 07 00144 i004][image: Jcs 07 00144 i005], solid lines; samples N06_T40—[image: Jcs 07 00144 i006][image: Jcs 07 00144 i007], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 






Figure 4. Dependence of the part density on the nominal part thickness. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i001][image: Jcs 07 00144 i002]; samples N03_T60—[image: Jcs 07 00144 i003], dashed line; samples N06_T60—[image: Jcs 07 00144 i004][image: Jcs 07 00144 i005], solid lines; samples N06_T40—[image: Jcs 07 00144 i006][image: Jcs 07 00144 i007], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample.
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Tensile and Flexural Properties


Both materials showed a linear dependency of the tensile modulus and strength on the density; this trend also extended to the compact samples. There was no noticeable influence of the gas loading and tool temperature on the tensile modulus and strength. While both materials showed very similar values for the tensile modulus (cf. Figure 5, left) in relation to the density, the PPCell compound was clearly superior to the PPWood compound in terms of the tensile strength (cf. Figure 5, right). This indicates the effect of the aspect ratio of the fibres, which was approx. 30 in the case of the cellulose fibres in PPCell and approx. 1.5 in the case of the wood particles in PPWood. The effect of the fibre aspect ratio on the mechanical properties has been shown in the literature [30]. The flexural modulus (cf. Figure 6, left) and strength (cf. Figure 6, right) followed the same trends as the respective tensile properties; this was the case for all the samples. However, the flexural data, particularly the modulus, showed a significant amount of scattering, which made it difficult to assess any possible influence of the processing conditions or even the filler type.




Impact Properties


Figure 7 shows the unnotched (left) and notched (right) Charpy impact strength of PPWood and PPCell as a function of the density. The observed trends for the impact behaviour differed from the tensile and flexural properties in several aspects: While the discrepancy between the two materials was almost negligible for the tensile and flexural modulus and in the range of 25–30% in favour of PPCell in the tensile and flexural strength, the differences in the impact properties were much more significant—roughly 250–300% in the unnotched impact strength and around 100% in the notched impact strength, both in favour of PPCell. There was again a roughly linear correlation between the notched impact strength and the density, albeit with some scattering, which also extended to the compact samples. In contrast, the dependency of the unnotched impact strength on the density was not quite linear but appeared to become steeper with a higher density, i.e., lower degree of foaming. In particular, there was a significant drop in the unnotched impact strength of both materials going from the compact samples to the respective foamed samples at equal thicknesses, i.e., without mould opening (approx. –45% for PPCell and approx. –30% for PPWood). The large confidence interval of the unnotched impact strength of the compact PPCell sample should be given special consideration here because (a) the result seems to be valid, since the raw data did not contain any statistical outliers, and (b) it was the only sample with such a large amount of scattering. It should also be noted that this occurred only in the PPCell sample, which contained fibres with an aspect ratio of approx. 30, and not in the PPWood sample, whose filler particles were nearly cubic. Considering in addition that the position of the impact testing specimens in the injection-moulded plates in relation to the position of the gate (cf. Figure 1) resulted in a non-uniform flow direction, one can conclude that this scattering was the result of a non-uniform fibre orientation in the PPCell sample and that such orientation effects were significant in the compact samples but played only a minor role in the foamed samples. The latter observation is in accordance with the literature, where it has been demonstrated that the expansion of the foam cells results in fibre displacement in terms of both translation and rotation [31].



Similar to the tensile and flexural properties, no clear statement could be made regarding the influence of the gas loading and tool temperature on the impact properties in relation to the density, as the observed differences were small and in the same range as the 95% confidence intervals of the measured values.





3.1.2. Comparison with Chemical Foaming Trials


Similar to the results from the physical foaming trials, a roughly linear relation between the density and the flexural modulus and strength was observed for the chemical foaming trials. This was the case for both the materials, PPCell and PPWood, as well as for the different methods—core-back foaming with the film gate plate tool (“CB_film”) or with the central gate plate tool (“CB_cent”) and short-shot foaming with the film gate tool (“SSh_film”). The flexural properties of the chemically foamed samples at equal density were clearly superior to those of the physically foamed samples (“CB_phys”, cf. Figure 8 for PPCell). A very similar observation was made for the Charpy notched impact strength (cf. Figure 9 for PPCell), although here the differences between the results from the physical and chemical foaming appeared slightly less prominently. The respective results for the PPWood material are shown in the Appendix A (Figure A1 and Figure A2).



Besides the different foaming techniques, one should bear in mind the different injection moulding machines that were used for the physical and chemical foaming trials, respectively, and also the use of a hot-runner system (physical trials) vs. a cold-runner system (chemical trials). In any case, the fact that all the results from the chemical trials fell approximately onto the same line shows that the plate geometry—film gate or central gate—did not appear to be a major factor in the majority of cases. The large scattering of the unnotched impact strength of the “CB_cent” samples, which occurred only in this particular series and only at low foaming degrees and in the compact sample, again indicated a non-uniform fibre orientation, as was discussed for the compact PPCell sample in the physical foaming trials (see chapter Tensile and Flexural Properties).



The flexural and impact properties of the samples prepared by short-shot foaming were comparable to those prepared by core-back foaming. However, for the short-shot samples, an interpretation of the relation between the density and the mechanical properties is less reliable because of a notable density gradient in the flow direction, which resulted in significant scattering of the data.





3.2. Optical Microscopy


In order to relate the mechanical properties to the foam structure, optical microscopic images of the cross-sections of the foamed plates were taken. The foam structures of the samples from the physical (series N06_T60) and chemical (series CB_film) foaming trials at selected mould opening gaps are shown in Figure 10 (PPWood) and Figure 11 (PPCell).



While there were clear differences in the foam structure not only between the two materials but also between the chemically and physically foamed samples, the evolution of the foam structure with increasing plate thickness was quite similar in all cases. Without mould opening, the foam structure seemed to consist mainly of a relatively small number of large pores. With increasing the mould opening gap, a layered structure developed where a core layer of large pores was surrounded on both sides by an intermediate layer containing a large number of small pores and a compact outer layer. With increasing the mould opening gap, the pore size increased as well, until, in the case of PPWood, even large voids of several hundred microns were formed.



A comparison of the two materials showed that the foam structure of PPCell was, in general, much finer, i.e., containing more and smaller foam cells, than that of PPWood. Since the particle size of the cellulose fibres was much smaller than that of the wood fibres, and since both compounds contained the same weight percentage of fibres, the number of filler particles per unit volume was much higher for PPCell than for PPWood. This corresponded to a larger number of nucleating sites for pore formation, which led to the observed difference in the foam structure between the two compounds. It has been reported in the literature that a smaller particle size leads to the formation of smaller foam cells [32], which supports these observations.



For both materials, the foam structure of the chemically foamed samples was finer and more homogeneous than that of the physically foamed samples. It is plausible that the chemical foaming agent, which by itself can provide nucleating sites for pore formation [19], contributed to this effect. In addition, the thickness of the compact outer layer was visibly larger for the chemically foamed samples (approx. 400–800 µm) than for the physically foamed samples (approx. 200–350 µm). Both observations were in accordance with the superior mechanical properties of the chemically foamed samples that were discussed above.





4. Conclusions


It was demonstrated that the core-back method allowed for the precise control of the part thickness in both the physical and chemical foam injection moulding trials. The roughly reciprocal correlation between the density and the part thickness and the roughly linear correlation between the tensile or flexural properties and the density showed that a constant and reproducible foaming process was achieved in all core-back trials. The simpler short-shot method led to comparable mechanical properties in relation to the density, but the results were less reproducible, which was most likely due to an inhomogeneous density distribution along the flow path.



While physical foaming appeared to be slightly more effective regarding the achievable density reduction (up to a 37% reduction), the physically foamed parts had worse mechanical properties at equal density than their chemically foamed counterparts. This could be related to the foam structure and the thicker compact outer layer that was formed in the chemically foamed samples.



The overall mechanical properties of the cellulose-reinforced compound, PPCell, were clearly superior to the wood-reinforced compound, PPWood, particularly in terms of the impact performance, which could be related to the larger aspect ratio of the cellulose fibres and also to the more homogeneous foam structure. The collected mechanical property profiles over a wide density range can serve as a basis for further optimisation trials. These are needed in order to find optimised trade-off between weight reduction and mechanical performance and thus fully exploit the weight-saving potential of foam-injection-moulded NFC composites.
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Figure A1. Flexural modulus (left) and strength (right) of PPWood, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i037]; CB_film—[image: Jcs 07 00144 i038]; CB_cent—[image: Jcs 07 00144 i039]; SSh_film—[image: Jcs 07 00144 i040]. Solid symbols represent compact samples, open symbols represent foamed samples. 






Figure A1. Flexural modulus (left) and strength (right) of PPWood, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i037]; CB_film—[image: Jcs 07 00144 i038]; CB_cent—[image: Jcs 07 00144 i039]; SSh_film—[image: Jcs 07 00144 i040]. Solid symbols represent compact samples, open symbols represent foamed samples.
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Figure A2. Charpy unnotched (left) and notched impact strength (right) of PPWood, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i041]; CB_film—[image: Jcs 07 00144 i042]; CB_cent—[image: Jcs 07 00144 i043]; SSh_film—[image: Jcs 07 00144 i044]. Solid symbols represent compact samples, open symbols represent foamed samples. 






Figure A2. Charpy unnotched (left) and notched impact strength (right) of PPWood, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i041]; CB_film—[image: Jcs 07 00144 i042]; CB_cent—[image: Jcs 07 00144 i043]; SSh_film—[image: Jcs 07 00144 i044]. Solid symbols represent compact samples, open symbols represent foamed samples.
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Figure 1. Plate geometry used for the physical foaming trials. Blue dots indicate injection points. Specimens for bending test (marked “B”, 80 × 10 mm2) and tensile test, as well as Charpy impact test (marked “C”, 80 × 10 mm2), are shown in dark grey. Specimens for density test and optical microscopy (marked P1, P2, P3”, 20 × 15 mm2) are shown in red. 
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Figure 2. Geometry of the film gate plates used for the short-shot and core-back chemical foaming trials. Sampling positions are shown for flexural and impact testing (80 × 10 mm2) (a) and for density measurements and microscopy (20 × 20 mm2) (b). 
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Figure 3. Geometry of the central gate plates used for additional core-back chemical foaming trials. Sampling positions are shown for flexural testing (80 × 10 mm2) and density measurements (20 × 20 mm2) (a) and for impact testing (80 × 10 mm2) (b). 






Figure 3. Geometry of the central gate plates used for additional core-back chemical foaming trials. Sampling positions are shown for flexural testing (80 × 10 mm2) and density measurements (20 × 20 mm2) (a) and for impact testing (80 × 10 mm2) (b).
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Figure 5. Dependence of the tensile modulus (left) and tensile strength (right) on the density of the foamed parts. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i008][image: Jcs 07 00144 i009]; samples N03_T60—[image: Jcs 07 00144 i010], dashed line; samples N06_T60—[image: Jcs 07 00144 i011][image: Jcs 07 00144 i012], solid lines; samples N06_T40—[image: Jcs 07 00144 i013][image: Jcs 07 00144 i014], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 
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Figure 6. Dependence of the flexural modulus (left) and flexural strength (right) on the density of the foamed parts. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i015][image: Jcs 07 00144 i016]; samples N03_T60—[image: Jcs 07 00144 i017], dashed line; samples N06_T60—[image: Jcs 07 00144 i018][image: Jcs 07 00144 i019], solid lines; samples N06_T40—[image: Jcs 07 00144 i020][image: Jcs 07 00144 i021], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 
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Figure 7. Dependence of the Charpy unnotched (left) and notched impact strength (right) on the density of the foamed parts. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i022][image: Jcs 07 00144 i023]; samples N03_T60—[image: Jcs 07 00144 i024], dashed line; samples N06_T60—[image: Jcs 07 00144 i025][image: Jcs 07 00144 i026], solid lines; samples N06_T40—[image: Jcs 07 00144 i027][image: Jcs 07 00144 i028], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 






Figure 7. Dependence of the Charpy unnotched (left) and notched impact strength (right) on the density of the foamed parts. Legend: PPCell, PPWood. Compact samples—[image: Jcs 07 00144 i022][image: Jcs 07 00144 i023]; samples N03_T60—[image: Jcs 07 00144 i024], dashed line; samples N06_T60—[image: Jcs 07 00144 i025][image: Jcs 07 00144 i026], solid lines; samples N06_T40—[image: Jcs 07 00144 i027][image: Jcs 07 00144 i028], dotted lines. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample.
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Figure 8. Flexural modulus (left) and strength (right) of PPCell, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i029]; CB_film—[image: Jcs 07 00144 i030]; CB_cent—[image: Jcs 07 00144 i031]; SSh_film—[image: Jcs 07 00144 i032]. Solid symbols represent compact samples, open symbols represent foamed samples. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 
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Figure 9. Charpy unnotched (left) and notched impact strength (right) of PPCell, foamed with different methods. Legend: Core-back physical (N06_T60)—[image: Jcs 07 00144 i033]; CB_film—[image: Jcs 07 00144 i034]; CB_cent—[image: Jcs 07 00144 i035]; SSh_film—[image: Jcs 07 00144 i036]. Solid symbols represent compact samples, open symbols represent foamed samples. Error bars show 95% confidence interval. If not visible, error bars lie within the size of the used symbol for the respective sample. 
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Figure 10. Foam structure of physically ((top row); N06_T60) and chemically ((bottom row); CB_film) foamed specimens of PPWood at different mould opening gaps. Dark spots in the samples represent pores, i.e., voids. Bright spots represent pores filled with resin from the sample preparation. The red bars represent 1 mm. 
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Figure 11. Foam structure of physically ((top row); N06_T60) and chemically ((bottom row); CB_film) foamed specimens of PPCell at different mould opening gaps. Dark spots in the samples represent pores, i.e., voids. Bright spots represent pores filled with resin from the sample preparation. The red bars represent 1 mm. 
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