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Abstract

:

This research investigates the correlation between polymer melt viscosity, tensile properties, and injection molding energy consumption for three grades of polypropylene: a virgin grade, a recycled grade, and a modified recycled grade. Cold runner and hot runner molds are considered. The experiments focus on characterizing the thermal and mechanical energy drawn by the injection molding machine during the cycle. The data collected from the experiments are used to calculate the embodied energy as a function of the polymer viscosity and processing conditions. The analysis of the relationship between polymer rheology and processing provided guidelines for the molded parts’ embodied energy and mechanical characteristics. These guidelines and estimation techniques will support sustainable design for manufacturing practices.






Keywords:


injection molding; embodied energy; sustainable manufacturing; recycled polypropylene












1. Introduction


1.1. Energy Consumption in Injection Molding


As the most widely used method of processing plastic [1], injection molding accounts for a massive amount of energy consumed yearly. Injection molding is used to efficiently manufacture complex geometries, making it a widely used manufacturing technology in many industries, ranging from consumer products and medical devices to aerospace and automotive applications. In the United States, the injection molding industry uses roughly 30 billion kWh of electricity annually. In China, the energy consumption is over 210 billion kWh [2]. Reducing energy in injection molding can have a significant economic and environmental impact due to this high usage level in today’s manufacturing landscape. These economic and environmental impacts are defined in the majority during the product design phase, hence the importance of understanding how energy is impacted by material selection and processing.



The measurement of the injection molding machine’s energy consumption allows the evaluation of the most significant drivers, allowing the design of efficient processes. The energy consumption during processing can be assessed per part as an embodied energy value, where the total energy used to produce a part is divided by the final part mass. Throughout the injection molding cycle, different machine, mold, material, and process parameters combine to define energy consumption. A recent study by Nguyen et al. emphasized the lack of reliable data for injection molding processes in life cycle analysis (LCA) [3]. Understanding each contribution requires an analysis of the significant hardware components.




1.2. Factors Affecting Energy Consumption


Different processing and design parameters have been evaluated for their effects on energy consumption in injection molding. The matrix is complex, based on product requirements, material selection, and equipment limitations. Compromises can arise between reducing energy consumption and promoting adequate mechanical properties. Research has been conducted on the factors affecting energy consumption while using virgin materials, but there is a lack of data supporting the conclusions for using recycled polymers. Table 1 displays the effects of key processing and design decisions on the energy consumption of molded parts as supported by literature.



1.2.1. Processing Parameters


Barrel heaters consume a large percentage (approximately 50%) of the total energy in the injection molding process [4,5]. During the plastication phase, the polymer resin must be melted when a molten polymer shot is built. This is accomplished by the heater bands in the barrel and the shear heating of the rotating screw. The heater bands consume electrical energy to heat the barrel to the specified melt temperature, and lower temperatures require less energy [6,7]. Optimizing the barrel melt temperature determines a tradeoff between the part quality and energy consumption. Indeed, higher melt temperature leads to lower melt viscosity, thus improving the replication of the mold geometry. Thiriez et al. observed that the energy consumption increased by 15% for the average barrel temperature rise of 20 °C for the multiple resins investigated [7]. Tranter et al. focused on the effect of process parameters on the process energy consumption, including melt temperature and mold temperature. An optimal tradeoff between power consumption and part quality was determined through direct energy measuring of the equipment and mechanical testing on the molded parts [5].



Müller et al. studied the impact of cycle time and the changes in the electronic powers throughout the process stages to determine whether certain processing conditions improve the efficiency of the injection molding process [8]. Krantz et al. showed that different process control methods, including velocity-controlled and pressure-controlled cycles, can result in different part properties and energy [9,10]. The pressure-controlled method adjusts the screw injection velocity to maintain constant nozzle melt pressure, which provides better control of the melt viscosity [9,11,12,13]. This higher level of control during injection has been correlated to better part quality [14,15,16]. Additionally, adjusting the transfer position based on the cavity pressure characteristics during injection molding increases the uniformity of enhanced part qualities [17]. While there are approaches to closed-loop process control, and some are based on pressure, in-depth investigations of the effects on energy consumption have not been conducted. The effect of injection speed on the mechanical properties of molded samples has been studied, which can provide insight into how different control strategies impact the mechanical properties [18].




1.2.2. Mold Design and Machine Type


Different machines and mold types can require different amounts of energy during processing. In general, mold types can be characterized by the runner system designs. A cold runner system contains a runner channel through which the polymer melt flows before reaching the part cavity gate [19]. This runner is molded, cooled, and ejected with the part. A hot runner system has a heated runner system in which the polymer remains molten, and the runner system is not molded with the part. The hot runner system requires extra heating elements but reduces part waste by not molding the runner system for each shot. A cold runner mold does not require additional power, while a hot runner mold requires an additional temperature controller to heat the hot drop gates and internal heated runner system. However, the embodied energy of the scrap runner system molded by a cold runner mold is absorbed by the molded part, increasing the part’s embodied energy. Because of this, although the hot runner system requires higher energy consumption, the part embodied energy may be lower than the parts molded by a cold runner design. Material savings and product quality improvement have been established using hot runner systems [20]. Demirer et al. investigated how eliminating the sprue in hot runner systems can further reduce cycle time and processing conditions, decreasing energy consumption [21]. Kazmer et al. found that the mechanical properties between hot and cold runner molded samples exhibited minimal variation, and any losses in mechanical properties could be correlated with thermal degradation of the resin due to melting temperatures and residence times being too high [22].



The size of the mold has a significant effect on energy consumption. Indeed, a larger and heavier mold will require more energy to operate. Moreover, a larger mold is typically associated with larger volumes of polymer injected into the cavities, hence higher melting energy. When considering part and mold design, all parameters that increase the injection pressure should also be expected to increase the energy requirements.



Electric injection molding machines have been reported to consume less energy than hydraulic ones [23]. Indeed, electric servo motors only consume power while running (i.e., clamp open or close, ejection system actuation, screw rotation, etc.), unlike hydraulic pumps that run continuously through the molding cycle [2,24].




1.2.3. Material Selection


Besides design and processing parameters, the properties of the polymer material selected significantly affect the process energy consumption and mechanical properties of the molded products. The use of recycled polymers has increased in popularity recently as the focus on sustainability and plastic circularity in manufacturing has been promoted. The material energy of virgin vs. recycled resins significantly differs due to the processes used to produce the functioning resin. Virgin polymers are synthesized from raw materials and provide a clean product with controlled material properties. The extraction of raw materials for the polymerization of virgin polymers is the most environmentally taxing stage of polymer manufacturing [25]. This drastically increases the embodied energy for parts molded from virgin materials. Gao et al. found that with high-speed extrusion, the embodied energy of processing 100% recycled material was >15% lower than processing virgin material by eliminating the energy required to synthesize neat polypropylene from fossil resources [12].



Injection molding of virgin materials is well established and standardized through extensive use and research. However, the results and conclusions on virgin materials cannot be directly used for recycled materials due to the unique challenges of recycled resins. While many researchers have studied the effect of repeated mechanical recycling cycles on the decay of properties for injection-molded parts, limited data are reported for polymers obtained from municipal or industrial waste streams [26,27]. Using recycled polymers in processing incurs challenges due to the contamination of waste streams and polymer chain breakdown [28,29]. Recycled resins are sourced from waste streams, which introduce a variety of contaminants into the material.



In this research, a film-grade post-industrial polypropylene waste was used and investigated to explore its possible use for injection molding. Film waste streams are hard to collect and clean due to their high aspect ratios. Film waste is a complex mix of polymers of unknown composition and is usually contaminated by organic fractions, such as food remains, and non-polymer fractions, such as paper [30]. The waste streams must be cleaned, sorted, and reprocessed into usable resin, which causes significant changes in material properties due to the mechanical and thermal degradation of the polymer chains during recycling. These challenges are often observed as rheological inconsistencies during injection molding, resulting in processing difficulties and lower mechanical properties in the molded part [31]. Incarnato et al. concluded that increased recycling operations on polymer films significantly reduced the elongation at break [32].



The layout of a design and the part wall thickness determine a majority of a product’s environmental and economic efficiency, and the ability to mold more complex designs with thinner wall thicknesses is directly related to polymer melt viscosity. Recycled materials exhibit lower viscosities, making them potentially better for molding thin-walled parts. However, a tradeoff exists for recycled materials because although the embodied energy and viscosity are lower than virgin materials, they also exhibit reduced material properties in most contexts. There is a lack of existing research on the effect of parameters and molding decisions to optimize the use of molded recycled materials, so investigating this topic will provide a more comprehensive understanding of recycled resin manufacturing, allowing for its increased usage.



This research investigates the effect of polypropylene molecular weight and melt rheology on energy consumption in injection molding. Three grades of PP with different recycling histories are considered. The embodied energy for the molded parts is examined by considering the material synthesis, recycling, and injection molding.






2. Materials and Methods


2.1. Polymer Selection and Characterization


Three grades of polypropylene were selected for this work to study the effect of their melt rheology on processing. The first resin (PP) was virgin Borealis polypropylene (BB125MO 19C24AB3, Borealis, Houston, TX, USA). The virgin material is an extrusion or blow molding grade heterophasic PP copolymer. The material was selected to compare with the recycled film waste. It should be noted that it was impossible to identify the exact commercial grade used for the film waste; hence, an assumption was made when selecting the benchmark virgin grade. The second resin (RPP) was obtained from a 100% post-industrial BOPP film waste stream (Green Isoplen X201R, SER North America LLC, Anderson, IN, USA). This material was pretreated, compounded, and pelletized by the supplier. The second resin was processed as received from the recycling facility. The third resin (MRPP) was a modified version of the RPP in which the molecular weight was further reduced through high-speed extrusion (KZW15TW-45/60MG-NH-4400-UM, Technovel, Gastonia, NC, USA) at UMass Lowell. This was performed by extruding the RPP at 4000 rpm with the temperature profile defined in Table 2.



Thermal Gravimetric Analysis (TGA, TGA 2 SF, Mettler Toledo, Greifensee, Switzerland) was performed from 0 °C to 600 °C with a ramp rate of 20 °C/min to gather polymer degradation data. Differential Scanning Calorimetry (DSC, DSC 3+, Mettler Toledo, Greifensee, Switzerland) was performed between 0 °C and 250 °C with a heating rate of 10 °C/min and a cooling rate of 5 °C/min to assess the melting behavior and capacity for crystallization of the polymers.



The melt flow rate was obtained on the Dynisco Laboratory Melt Indexer (Series 5000, Dynisco, Franklin, MA, USA) following ASTM D1238-10 [33] at 230 °C. Density testing was conducted on the density tester (MS303TS/00, Mettler Toledo, Greifensee, Switzerland) following ASTM D792 [34]. A rotational rheometer (ARES-G2, TA Instruments, Newark, DE, USA) with 25 mm stainless steel parallel plates was used to characterize the rheological properties. Disc-shaped specimens were prepared using an Xplore injection molding machine (IM 12, Xplore, Sittard, the Netherlands). Strain sweeps were conducted at 170 °C to identify a strain in the linear viscoelastic region for frequency sweeps. Frequency sweeps from 0.01 Hz to 100 Hz were performed at 170 °C with a strain percentage between 2% and 5%. The lowest frequency data point from each curve was approximated as the zero-shear viscosity, and data points at ~30Hz (200 rad/s) were considered high-shear-rate viscosity, which represented the viscosity of the material in the injection molding process.



The differences between the three materials were investigated by focusing on their chemical compositions, thermal properties, and rheology. The properties of the resins are discussed in this section before their processing behavior and correlations with energy are analyzed. Table 3 summarizes the critical material properties of the three resins investigated. Figure 1 presents the FTIR spectrum, Figure 2 presents the melting behaviors, and Figure 3 presents the viscosity change with the shear rate of the resins.




2.2. Injection Molding Setup


The injection molding machine used for these experiments was a 130-ton machine (Roboshot α-S130iB, Milacron-FANUC, Batavia, OH, USA) with a 40 mm screw diameter. A cold runner and a hot runner mold were used in the injection molding experiments. The cold runner mold was a single cavity two-plate cold runner ASTM type I tensile bar mold, with three pressure sensors, two in the runner and one in the cavity. The hot runner mold used for the experiments was a dual cavity valve gated hot runner mold, which produced two ASTM type I tensile bars in each shot. The sensor locations of the cavity pressure sensors are displayed in Figure 4, with the cold runner cavity shown in Figure 4a and one of the two identical hot runner cavities shown in Figure 4b.



The mold sensors were connected to a charge amplifier (Type 5073, Kistler, Winterthur, Switzerland). The sensor data were acquired through a data acquisition system implemented on the injection molding system with a frequency of 1000 Hz.



The temperature of the hot runner mold was controlled using a multi-zone temperature control unit (MT-12-12, Mold-Masters, Halton Hills, ON, Canada). Two of the six available heating zones on the temperature controller were used to regulate the temperatures of the individual hot runner systems and hot drop gates. These zones were set to the melt temperature of the current experimental trial and were given 30 min to thermally stabilize after being turned on. When the melt temperature was changed, an additional 30 min was given for thermal stabilization.



The injection molding process was controlled using velocity-controlled and pressure-controlled cycles. The velocity-controlled cycle used the conventional method and the standard logic provided by the Milacron-FANUC injection molding machine. The general processing conditions were determined from short-shot experiments (i.e., 95% and 80% of the fill cavity volume). The velocity-controlled process used packing pressure levels set to 80% and 60% of the injection peak. The pressure-controlled cycle used an instrumented nozzle with an integrated pressure sensor and control unit technology provided by iMFLUX, Inc (West Chester Township, OH, USA). This technology includes a pressure transducer implemented in the nozzle of the injection unit between the plastication screw and the sprue. The iMFLUX control unit overrides the conventional velocity-controlled cycle logic and applies a pressure-controlled cycle instead. For the pressure-controlled cycle, a consistent nozzle pressure value is maintained by controlling the screw velocity with a closed-loop logic. Figure 5 displays a general nozzle pressure and screw velocity curve for both the pressure-controlled and velocity-controlled cycles.




2.3. Experimental Approach


A two-level, four-factor full-factorial design of experiment (DOE) was designed to investigate correlations between mechanical properties and embodied energy for the different PP grades selected in Section 2.1. Table 4 shows the DOE plan and the levels selected for the experiments. Factors were selected considering their effects on energy consumption and melt viscosity. These factors were the screw recovery speed, barrel melt temperature, mold type, and process control method. The melt temperature and screw recovery speed levels were chosen by designing an optimal injection molding process by following the standard short-shot method and by selecting levels above and below the optimal condition while remaining in the processing window of the resin. The levels for mold type and process control method were defined by the two methods investigated.



The molding machine was operated in fully automatic mode with other parameters held constant to the values shown in Table 5. To allow process stabilization at process start-up, 60 automatic molding cycles were run, and the resulting moldings were discarded. To guarantee the stability of the molding process and the data acquisition setup, 20 molding cycles were discarded for each DOE run before collecting the first part. For each of the 16 DOE runs, 10 parts were collected for a total of 160. Then, the DOE was repeated for each of the three materials for a total of 480 parts collected for characterization.



The DOE plan was analyzed by considering different response variables, including tensile properties and energy consumption. Tensile data were gathered at room temperature using a Universal Testing System (Instron 5966, Norwood, MA, USA) following ASTM D638 [39] at a 50 mm/min strain rate. Five samples were tested from each DOE run. The modulus, yield stress, and ultimate elongation were then calculated from the stress–strain curves.




2.4. Energy Consumption Monitoring


The energy consumption during the injection molding process was monitored for the machine and the auxiliaries. Figure 6 reports the energy components that were monitored using multiple power meters.



The energy consumption of the barrel heater bands and servo motor per shot was monitored using a power meter in the molding machine. The machine’s energy consumption was divided into 3 sections: heater energy, servo motor energy, and other energy (e.g., control panel, sensor systems, and internal auxiliary functions).



The energy consumption of the external auxiliary equipment, consisting of the thermolator and hot runner temperature controller, was measured using an external power energy logger (PEL 103, AEMC Instruments, Dover, NH, USA).



Considering the energy data monitored during the process, the total injection molding energy (EIM) per shot was calculated as follows:


    E   I M     k W h   =   E   H   +   E   S   +   E   O   +   E   t h e r m   +   E   T C    



(1)




where:



EH is the energy consumption of the heater bands;



ES is the energy consumption of the servo motor;



EO is the energy consumption of other machine components;



Etherm is the energy consumption of the thermolator;



ETC is the energy consumption of the temperature controller (only for hot runner mold).



The total injection molding energy per shot in kWh was then converted to MJ and divided by the mass of each part in kg to obtain the injection molding embodied energy (EEIM). For the hot runner data, the EIM Total was divided by the part mass of both parts produced by a single shot to provide the embodied energy per part:


    E E   I M        M J   k g      =      E   I M T o t a l       P a r t W e i g h t       



(2)







For the cold runner data, the EIM Total was divided by the mass of the de-gated part, so the molded part absorbed the embodied energy of the runner system. For the cold runner mold, the volume of the feed system (runner and gate) was 75% of the cavity volume.



The analysis of the energy involved in the manufacturing of the different PP grades was further investigated by calculating the total embodied energy:


    E E   t o t a l        M J   k g      =     E E   m a t e r i a l   + E E   r e c y c l i n g   +   E E   T S E   +   E E   I M    



(3)




where EEmaterial is the energy required to synthesize the polymer, EErecycling is the energy needed to recycle the material, EETSE is the energy required for modification, and EEIM is the injection molding energy (cf. Equation (2)).



The EEmaterial for the PP was obtained from literature data taken from an Ashby plot [40]. The average PP embodied energy was estimated at 79 MJ/kg. For the RPP and MRPP, the EEmaterial was zero since it was obtained from waste materials. Conversely, the EErecycling was considered only for the RPP and MRPP. An average value of 0.24 MJ/kg was calculated from energy data monitored on the extruder during recycling by the supplier. It should be noted that this does not include the energy required for shredding and densification of the film waste before extrusion and pelletization.



A digital amperage meter was used to monitor the current drawn during the high-speed extrusion modification of the RPP to MRPP. The amperage was recorded every 15 min during processing. The twin-screw extrusion (TSE) energy consumption for the modification process (PTSE) for the three-phase TSE was obtained using Watt’s law:


     P   T S E   = V   ×   A   a v g   × p . f . ×  3    



(4)




where:



p.f. is a power factor (assumed at 1);



Aavg is the average amperage calculated from the experimentally recorded values;



V is the voltage (i.e., 180 V) used to power the extruder;



The specified mechanical energy (SME) is then calculated as follows.


  S M E      k W h   k g      =      P   T S E     Q     



(5)




where Q is the feed rate in kg/h The embodied energy for the TSE modification process is then calculated as follows:


    E E   T S E        M J   k g      = S M E      k W h   k g      × 3.6      M J   k W h       



(6)









3. Results and Discussion


3.1. Statistical Analysis of Energy Consumption


A factorial regression was conducted on the energy consumption data collected to understand the correlations between processing and design parameters on the injection molding energy consumption. The analysis separates the different energy consumption components, focusing on the servo motors and heaters.



3.1.1. Servo Motor Energy Consumption


Each DOE factor had a statistically significant effect on servo energy consumption. The melt viscosity of all the resins will be lower at the higher melt temperature set point (cf. Figure 7). With lower viscosity, the servo motor will be able to rotate the screw with less resistance and will require less energy to maintain the screw speed set point. The two control methods require different energy consumptions from the servo because the velocity-controlled cycle requires more energy during the filling stage and less during the packing stage. The pressure-controlled cycle requires more consistent energy throughout the cycle. The higher screw speed will require more energy from the servo than the lower screw speed because more energy is needed to rotate the screw at a higher speed. The hot runner mold will require more servo energy because it has a larger shot size (molding two parts) and must generate a larger molten shot during each cycle.



The percent change from each factor was the highest on the PP. The difference in flow properties and molding behaviors are more drastic with higher molecular weight. For example, the difference in behavior between the two melt temperatures is more extreme for the PP because the large molecular weight chains act significantly different at the two temperatures. With lower molecular weight species, the difference in behavior at the two melt temperatures is less distinct. Due to the PP having the highest molecular weight of the three materials, the changes observed by altering the factors investigated had the most considerable effect on melt behavior, creating a more significant distinction between the servo motor energy values.




3.1.2. Heaters Energy Consumption


Melt temperature is the only factor that significantly affected heater energy consumption (cf. Figure 8). At a higher temperature set point, the barrel heater bands must draw more energy to reach the set value. Again, a higher percentage change in heater energy consumption is observed for the PP. This is a function of molecular weight, with RPP having the second-highest percentage change and MRPP having the lowest. Because MRPP has the lowest molecular weight chains, the difference in melt behavior is the smallest between the two melt temperature set points. The opposite is true for the PP, which we assume possesses the highest molecular weight chains as suggested by the high zero-shear viscosity. The temperature set point is the only factor directly related to the heater energy. Although the screw speed is a determinant of the shear heating of the resin in the injection unit barrel, its effect was found to be statistically insignificant on the energy consumed by the heater bands.





3.2. Embodied Energy


The embodied energy of injection-molded parts is a measure of the energy consumption during the processing stages divided by the mass of the final part. First, we will consider the embodied energy from the injection molding process to evaluate the effect of material viscosity. Then, we will consider the embodied energy from all the process stages to assess the impact of using virgin, recycled, and modified materials.



3.2.1. Embodied Energy from Injection Molding


Considering the embodied energy solely from the injection molding process (cf. Equation (2)), the effect of material molecular weight and the resulting rheology on embodied energy during injection molding can be evaluated. The mold type and resin molecular weight affect the energy embodied in the molded parts from the injection molding process (cf. Figure 9).



The embodied energy increases with higher molecular weight resins, with the virgin resin having the highest embodied energy of 9.25 MJ/kg on the hot runner and 12.88 MJ/kg on the cold runner. This is due to the increased energy the machine must consume to heat and process larger macromolecules. The embodied energy of the samples molded on the hot runner system is lower than that of the cold runner system due to the increased embodied energy of the cold runner parts from the additional molding of the runner system. Although the embodied energy of the hot runner parts includes an additional amount from the temperature controller energy, the embodied energy is still lower than that of the cold runner parts. The embodied energy of the MRPP was 7.93 MJ/kg on the hot runner and 11.17 MJ/kg on the cold runner, both of which are lower than that of the RPP with values of 8.46 MJ/kg on the hot runner and 11.48 MJ/kg on the cold runner. Again, this is due to the lower-molecular-weight species requiring less energy than the machine must consume during processing.




3.2.2. Total Embodied Energy


By considering the embodied energy from all the processing stages, the polymer resin goes through to reach its final molded state, as defined by Equation (3), and the effect of the resin production, recycling, modification, and injection molding processes on the total embodied energy of the parts can be evaluated.



The total embodied energy of the PP is much higher than the embodied energies of the RPP and MRPP (cf. Figure 10). This is due to the embodied material energy that results from the refinement and production of virgin resin. The modification process embodied a large amount of energy into the MRPP parts, increasing each part’s cost and environmental impact, making its embodied energy values higher than the RPP’s. It is still seen that the parts molded by the hot runner system had lower embodied energies due to the higher energy required to mold and scrap the cold runner system. The recycled and modified resins had lower embodied energy than the virgin resin due to the lower-molecular-weight polymer chains requiring less energy. This is an interesting result because although the recycled and modified resins must undergo a recycling extrusion process that introduces more energy into each part, they still have lower embodied energy than the virgin resin due to the addition of the resin production process.





3.3. Tensile Properties


An analysis of variation (ANOVA) was conducted on the tensile data collected to understand the correlations between processing and design parameters on the molded part tensile properties. Table 6 displays the most critical determinant (XCritic) and the variance homogeneity (FMax) on the mechanical properties of each resin investigated. Figure 11 shows an example of the tensile behaviors for PP, RPP, and MRPP.



The melt temperature is the only significant effect on the yield stress for all three materials investigated (cf. Figure 12). The yield stress decreases with increased processing temperature. This behavior is due to the complex skin–core morphology common to injection-molded polypropylene [41,42]. The thickness of the oriented skin layer is inversely proportional to the polymer melt temperature because, at lower melt temperatures, the resin can develop a thicker skin layer due to the polymer melt being closer to its transition temperature [43]. Because the oriented skin layer is thicker for the samples produced at the lower melt temperature, the yield stress is higher because the increased degree of orientation in the skin layer provides more opportunity for higher intermolecular bonding and crystallization.



Figure 13 shows two samples of each material after tensile testing, one molded at the low and one at the high temperature, with all other processing factors kept constant.



This image illustrates the presence of the different skin–core morphologies between samples molded at each of the temperature conditions. The higher temperature sample has evident delamination of a thin skin layer and much higher PP elongation. The lower temperature sample has almost no delamination of its thicker skin layer and displays a much lower elongation for the PP. This shows that a thicker, highly oriented skin layer is present in the parts molded at the lower temperature condition, providing higher yield stress values. The same trends occurred for the RPP and MRPP, but the delamination was less pronounced and was not as clearly observed.



The process control method significantly affected the yield stress for only the PP and MRPP. Still, the trend that the pressure-controlled cycle provides higher yield stresses is observed for all three materials. This trend is due to the pressure-controlled cycle providing constant packing of the polymer molecules during filling because the pressure is kept fixed as the part fills, whereas the pressure spikes during filling and then evens out during packing in the velocity-controlled cycle. This distinction between control strategies provides the pressure-controlled parts with higher macromolecular orientation, resulting in the sample’s higher yield stress [11].



Both the mold design and the screw recovery speed did not have a consistent significant effect on the yield stress of the molded parts. The mold design and screw speed do not have a significant impact on the filling of the part, so these factors did not have a uniform effect on the yield stress as they were changed.




3.4. Regression Modeling for Embodied Energy


Regression modeling was conducted on the data to provide guidelines to predict injection molding embodied energy and yield stress values as a function of different viscosity parameters. Specifically, the material was introduced in the DOE as a factor using the zero-shear viscosity, viscosity at 200 1/s (i.e., average shear rate during molding), and the melt flow rate. The DOE plan (cf. Table 7) was designed also to include the mold type and melt temperature. The parameters that were previously considered as not significant (i.e., screw recovery speed and process control method) were here excluded. The DOE plan was analyzed using the following regression model:


      E E   I M   , Y i e l d S t r e s s   = C + A x + B y  



(7)




where C is the model intercept, A, B are coefficients, x is the selected material property, and y is the melt temperature. The model does not include the mold type, which was considered a categorical value in the DOE, yielding two regression models. Also, no interaction was included in the model since preliminary analysis indicated they were not statistically significant.



The fitted coefficients of determination (i.e., R2) are reported in Table 8 and Table 9 to assess the causality of each correlation for the cold runner and hot runner molds, respectively.



The regression data show that different parameters can be used to effectively predict the injection molding embodied energy of the molded parts. The molecular weight and shear viscosity factors were better for predicting the embodied energy of the hot runner parts than the cold runner parts. The in-mold viscosity values calculated from the cavity pressure sensor data show that the viscosity values were higher on average during molding with the hot runner mold. These higher values are closer to the rheological values used in the regression DOE, increasing the accuracy of the prediction models. The MFR is the worst predictor for the MRPP since the measured value was characterized by higher variation and less consistency.



The zero-shear viscosity is the best predictor for yield stress for both mold types. Worse predictions were observed when considering the viscosity at a higher shear rate due to approaching the upper limit of the parallel plate rheometer test. Overall, the R2 values are lower for the yield stress prediction equations than for the embodied energy predictions. Indeed, the effects of processing on morphology and its correlation with tensile strength are not considered by the material property factors used for the regression.



The model coefficients are plotted in Figure 14 and Figure 15, normalized by the mean of the data for the specific data set. From the analysis of the EEIM models, it can be observed that the material property factor and melt temperature are always significant for the hot runner and cold runner molds. However, the model intercept is only significant for the hot runner data sets. From the analysis of the coefficients for both EEIM and yield stress, it can be observed that B (i.e., melt temperature dependency) is always the same as expected since all models use the same data set but different values for the material property factor (x). The material property factor dependency (coefficient A) was consistent except for the high-shear viscosity.



Contour plots are reported in Figure 16 to analyze the relationship between melt temperature and material property factors in the DOE. From the plots, it can be observed that, for the design of the experiment defined in this work, the cold runner mold leads to consistently higher EEIM. Moreover, when using a hot runner, better melt stability is achieved, as demonstrated by the less evident bending of the surface plot along the melt temperature axis. In other words, using lower viscosity and temperature minimizes EEIM in the cold runner mold. In contrast, the optimum values of the hot runner mold are independent of the melt temperature.





4. Conclusions


This work investigated the effect of polymer molecular weight and rheological properties on the embodied energy and the mechanical properties of injection-molded parts. Conducting this research on three grades of polypropylene with different molecular weights allowed the evaluation of the resulting mechanical properties from different processing parameters, designs, and control strategies. By considering the material production stage the virgin material experienced, additional processing stages that the recycled and modified resins underwent, as well as the final injection molding stage that all three materials experienced, the total embodied energy of the molded parts made from each material could be appraised.



Lower heater energy consumption and embodied energy obtained when processing at lower temperatures for all three materials suggest the processing decision to mold polypropylene at lower temperature conditions. Though the energy consumption on the servo motors decreased by 2% to 4% among all three materials when increasing the barrel temperature from 210 °C to 230 °C due to reduced viscosity, the heater energy consumption increased by 14% to 17%. A lower barrel temperature of 210 °C maintained the tensile properties of the molded part as compared to parts molded at 230 °C. The barrel melt temperature set point was statistically significant on the mechanical properties. However, the change in yield stress was less than 4.5%.



The hot runner system avoids the manufacturing and discarding of the runner as compared to cold runner systems, which results in lower embodied energies in the molded parts. Though using hot runner systems requires an additional 1.5 KJ/kg embodied energy on the products, it also generates less waste in the runner and sprue and results in a 15–20% decrease in embodied energy for the molding process. However, when using hot runner systems, there is a high initial investment in tooling and machine capability. As a result, when economically possible, the decision to use a hot runner system is more sustainable and should be considered.



Finally, when using recycled materials, a high-speed extrusion modification process should be used only when the molecular weight distribution of the recycled resin is so large that processing becomes extremely difficult, and fluctuations in melt flow properties cause considerable variation in part quality. The modification process drastically increased the part embodied energy, so this modification method should only be used when necessary. Additionally, it was shown that parts molded from recycled resin have lower embodied energy than virgin parts, even when modified, and can provide superior mechanical properties, as demonstrated by comparing these recycled and virgin grades.
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Figure 1. FTIR spectrum of PP, RPP, and MRPP. 
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Figure 2. Melting curve of PP, RPP, and MRPP during DSC scans. The heating rates are 10 °C/min. 
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Figure 3. Complex viscosity curves for PP, RPP, and MRPP. 
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Figure 4. Cavity pressure sensor locations: (a) cold runner, (b) hot runner. 
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Figure 5. (a) Nozzle pressure and (b) screw velocity for pressure-controlled and velocity-controlled cycles. 
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Figure 6. Injection molding energy pathway. 
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Figure 7. Percent change in servo energy consumption from each factor for PP, RPP, MRPP (stars indicate significant factors). 
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Figure 8. Percent change in heater energy consumption from each factor for PP, RPP, MRPP (stars indicate significant factors). 
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Figure 9. Effect of material and mold type on the embodied energy from the injection molding process. 
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Figure 10. Effect of material and mold type on the total embodied energy. 
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Figure 11. Cold runner tensile curves for PP, RPP, and MRPP. 
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Figure 12. Percent change in yield stress from each factor for PP, RPP, MRPP (stars indicate significant factors). 
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Figure 13. Post-tensile-tested samples at melt temperatures 210 °C and 230 °C. 
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Figure 14. Embodied energy from injection molding regression-equation-normalized coefficients for cold runner and hot runner molds. 
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Figure 15. Yield stress regression-equation-normalized coefficients for cold runner and hot runner molds. 






Figure 15. Yield stress regression-equation-normalized coefficients for cold runner and hot runner molds.



[image: Jmmp 08 00182 g015]







[image: Jmmp 08 00182 g016a][image: Jmmp 08 00182 g016b] 





Figure 16. Contour plots for the effect of the interaction between melt temperature and material property factors on the injection molding embodied energy. 
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Table 1. Summary of factors affecting energy consumption in injection molding (↑ indicates increasing energy consumption, ↓ indicates decreasing energy consumption, - indicates the factor has no effects on energy consumption; number of arrows indicates the significance of the effects).
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Sections

	
Factor

	
Effect on Energy Consumption






	
Material

	
Viscosity (Low → High)

	
↑




	
Density (Low → High)

	
↑↑




	
Melting Temperature (Low → High)

	
↑↑↑




	
Machine and Mold Design

	
Mold Type (Cold Runner → Hot Runner)

	
↑↑↑




	
Mold Material

	
-




	
Cooling System

	
-




	
Machine Type (Hydraulic → Electric)

	
↓↓↓




	
Processing

	
Screw Recovery Speed (Low → High)

	
↑




	
Barrel Melt Temperature (Low → High)

	
↑↑↑




	
Cycle Time (Low → High)

	
↑↑




	
Injection Velocity (Low → High)

	
↑











 





Table 2. Temperature profile set for high-speed extrusion of the RPP.
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	Barrel Zone
	1
	2
	3
	4
	5
	6
	7
	8
	Head
	Die





	Set Temperature (°C)
	150
	175
	190
	190
	190
	190
	190
	190
	190
	190










 





Table 3. Characterized material properties of PP, RPP, MRPP.
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	Property
	Units
	Test Method
	PP
	RPP
	MRPP





	Density (20 °C)
	g/cm3
	ASTM D792 [34]
	0.905
	0.910
	0.907



	Melt Temp.
	°C
	ASTM C518 [35]
	167.5
	166
	189.8



	Crystallization Temp.
	°C
	ASTM C518 [35]
	123.1
	131
	118.8



	Degradation Temp.
	°C
	ASTM E1131 [36]
	426.7
	427
	423.3



	Melt Flow Rate (230 °C)
	g/10 min
	ASTM D1238-23A [37]
	1.3
	10
	>100



	Zero-Shear Viscosity
	Pa·s
	ASTM D926 [38]
	24471
	3870
	205



	High-Shear Viscosity
	Pa·s
	ASTM D926 [38]
	260
	175
	66










 





Table 4. DOE plan defined for the experiments.
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Factors

	
Levels




	
+

	
−






	
Melt Temperature (°C)

	
230

	
210




	
Screw Recovery Speed (rpm)

	
180

	
50




	
Process Control Method

	
P-Ctrl

	
V-Ctrl




	
Mold Design

	
Hot Runner

	
Cold Runner











 





Table 5. Injection molding processing parameters kept constant during the DOE experiments.
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	Parameter
	Value





	Mold Temp (°C)
	40



	Cycle Time (s)
	37



	Injection Velocity (mm/s)
	80



	Transfer Position (mm)
	7



	Cooling Time (s)
	16



	Packing Time (s)
	13










 





Table 6. Summary of the ANOVA results for the different response variables for PP, RPP, MRPP.
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Response

	
PP

	
RPP

	
MRPP




	
XCritic

	
FMax

	
XCritic

	
FMax

	
XCritic

	
FMax






	
Yield Stress (MPa)

	
Melt Temperature (p = 0.00)

	
353.17

	
Mold Type (p = 0.00)

	
681.59

	
Melt Temperature (p = 0.00)

	
53.10




	
Ultimate Elongation (%)

	
Melt Temperature (p = 0.00)

	
40.10

	
Mold Type (p = 0.00)

	
69.19

	
Melt Temperature (p = 0.534)

	
0.39




	
Modulus (MPa)

	
Melt Temperature (p = 0.00)

	
77.91

	
Mold Type (p = 0.00)

	
857.55

	
Mold Type (p = 0.00)

	
478.95











 





Table 7. Regression DOE plan.
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	Factor
	Level 1
	Level 2
	Level 3





	Material (x)
	PP
	RPP
	MRPP



	Mold Type
	Hot Runner
	Cold Runner
	-



	Melt Temperature (y)
	190
	210
	-










 





Table 8. Cold runner regression equation R2 values (%).
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	Factor
	EE IM
	Yield Stress





	MW %
	86.7
	53.4



	Zero-shear viscosity
	91.2
	82.2



	High-shear viscosity
	80.9
	40.2



	MFR
	58.2
	9.9










 





Table 9. Hot runner regression equation R2 values (%).
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	Factor
	EE IM
	Yield Stress





	MW %
	96.6
	67.5



	Zero-shear viscosity
	86.9
	91.5



	High-shear viscosity
	95.6
	54.8



	MFR
	76.3
	20.7
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