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Abstract

:

Warpage is a typical defect for injection-molded parts, especially for crystalline parts molded by rapid heat cycle molding (RHCM). In this paper, a prediction method is proposed for predicting the warpage of crystalline parts molded by the RHCM process. Multi-layer models were established to predict warpage with the same thicknesses as the skin-core structures in the molded parts. Warpages were defined as the deformations calculated by the multi-layer models. The deformations were solved using the classical laminated plate theory by Abaqus. A model was introduced to describe the elastic modulus with the influence of temperature and crystallinity. The simulation process was divided into two procedures, before ejection and after ejection. Thermal stresses and thermal strains were simulated, respectively, in the procedure before ejection and after ejection. The prediction results were compared with the experimental results, which showed that the average errors between predicted warpage and average experimental warpage are, respectively, 7.0%, 3.5%, and 4.4% in conventional injection molding (CIM), in RHCM under a 60 °C heating mold (RHCM60), and in RHCM under a 90 °C heating mold (RHCM90).
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1. Introduction


Rapid heat cycle molding (RHCM) is a special injection molding technology used to mold parts with a high surface quality without extending the cycle time [1]. Some defects in the plastic parts produced by conventional injection molding (CIM) can be solved by RHCM, such as flow mark, silver mark, jetting mark, weld mark, exposed fibers, short shot, etc. [2]. However, RHCM is not a nostrum for all the defects in injection-molded parts. Warpage is one of the defects that cannot be solved by RHCM [3].



Warpage is a distortion where the shape or dimension of a molded part deviates from that of the intended design [4]. It is caused by the residual stresses in the molded part after ejection, which mainly result from the non-uniform shrinkage of the polymer in different positions of the molded part [3]. Unfortunately, non-uniform shrinkage is inevitable due to the inhomogeneous temperature history of polymer in different positions, inhomogeneous pressure distribution, etc. [5]. In particular, in injection-molded crystalline parts, the inhomogeneous condition of polymer will introduce more complex crystallization than in static crystallized parts. The complex crystallization will introduce more complicated shrinkage and greater warpage [6,7].



Some researchers have discussed the influences of the processing parameters on the warpage of CIM parts through experiments [8,9,10,11,12], and the warpage has been optimized based on experimental results [13,14,15,16,17]. These works have provided guidance to reduce the warpage of injection-molded parts. However, the guidance is usually not universal to all parts. The prediction of warpage by computer will solve the issue of universality. Some methods have been introduced and developed to predict the warpage of CIM parts [18,19,20], and some of them have been introduced into commercial software, such as Moldflow and Moldex 3D. The large warpage is considered as the main defect of RHCM parts [21]. Unlike the conventional injection molding (CIM) process, the RHCM process employs a dynamic mold temperature control strategy based on rapid mold heating and cooling [22]. In RHCM, the mold temperature is heated to a relatively high preset value before melt injection and remains constant during the filling and packing phases. On gate solidification, the mold is rapidly cooled to allow the solidification and the demolding of the polymer part [23], as shown in Figure 1. The different temperature histories in the mold introduce various thermal and shear histories to the polymer. Stratification is the most distinguishable feature in the inhomogeneous distribution of process parameters in molten polymer during molding and the microstructure in the molded parts after molding. The different crystal morphology of each layer introduces different mechanical properties. The layers with different mechanical properties will complicate the warpage of RHCM parts. The warpage prediction of RHCM parts is difficult because Moldflow cannot set multi-layer material and crystallinity. Therefore, it will be very meaningful to propose a prediction method to accurately predict the warpage of crystalline parts molded using the RHCM process.



In this paper, a prediction method is proposed to calculate the warpage of RHCM parts based on multi-layers, according to the common skin-core structure in the molded parts [3] and the layer distribution of pressure and temperature along the thickness during the molding process. The thicknesses of the multi-layers were determined as the thicknesses of the skin-core structure in the molded parts, measured using a polarizing microscope (PLM). A model was introduced to describe the elastic modulus with the influence of temperature and crystallinity [24]. Finally, the predicted results were compared with the warpage information of the parts obtained using a 3D laser scanner.




2. Experimental


2.1. Part Preparation


A semi-crystalline iPP (T30S, Zhenhai branch of Sinopec Corp, Ningbo, China) was used to mold parts. The parameters of the polymer were as follows: melt flow index (MFR) of 2.5 g/10 min, melting point of 167 °C, density of 0.91 g/cm3, and an isotactic index greater than 94%. An injection molding machine (MA3800/2250, Haitian International Holdings Ltd., Ningbo, China) was employed to produce CIM and RHCM parts with a size of 280 × 180 × 2.5 mm, as shown in Figure 2.



The same RHCM mold was used in this study as in an earlier study [25]. Electrical heating rods and cooling tunnels were deployed in the stationary mold, which could be rapidly heated by electric heating before filling and cooled by circulating water after filling. Meanwhile, the moving mold only had regular cooling tunnels. The heating of the electrical heating rods was controlled by an MTS-32II mold heating temperature controller (Beijing CHN-TOP Machinery Group Co Ltd., Beijing, China), the heating rods and heating temperature controller were all turned off. Parts were molded under the following process conditions: melt temperature of 220 °C, injection pressure of 90 MPa, packing pressure of 50 MPa, cooling time of 30 s, and coolant temperature at room temperature (20 °C). CIM was conducted at room temperature. Room temperature is usually 20 or 25 °C according to the literature [22,25,26,27]. Combined with the actual room temperature, the mold temperature was 20 °C in this study. The iPP used in this experiment was a fast crystallizing polymer, and its crystallization temperature ranged from 20 to 120 °C [28,29]. The mold temperature was determined by the microscopic morphological structure, which had a significant difference between 60 and 90 °C [25,27]. The stratification in the microstructure of parts can be better observed and analyzed. Combined with the room temperature at the time of the experiments, the mold temperatures containing large differences were determined to be 20, 60, and 90 °C; the parts molded under 60 and 90 °C were marked as RHCM60 and RHCM90, respectively.




2.2. Polarizing Microscope Experiment


Samples with dimensions of 8 × 8 × 2.5 mm were taken from the center of the molded parts, as shown in Figure 3. The location was determined mainly by avoiding the weld mark. Thin slices of specimens were cut along the thickness direction of samples and observed using a polarizing microscope (U-FMP, Olympus Corporation, Tokyo, Japan). The thickness of each layer was investigated on the PLM results along the thickness direction.




2.3. WAXD Experiment


Wide-angle X-ray diffraction (WAXD) was employed to determine the crystallinity of each layer. The samples were polished with coarse and fine sandpaper to the location range of each layer. WAXD was conducted on an X-Pert PRO X-ray diffraction instrument (PANalytical B. V., Almelo, The Netherlands) with an X-ray source of Kα radiation from a Cu target (λ = 0.154056 nm), a voltage of 40 kV, and a current of 40 mA. Its diffraction angle 2θ ranged from 10° to 40°. The crystallinities were calculated using X’Pert HighScore Plus.




2.4. 3D Scanning


The warpages of the molded parts were measured using a 3D laser scanner (Faroarm, Faro, FL, USA). The surface of the part was set as the reference plane and the thickness direction of the part was set as the z direction. The warpage was defined as the difference between the maximum value in the z direction of the molded part and the reference plane. Five parts molded under the same molding conditions were chosen to be scanned, and the average of the warpages was taken as the measured warpage for discussion. The measured warpage was compared with the prediction results to verify the accuracy of the prediction method.





3. Methodology


Shear stratification and temperature stratification usually appear in a polymer during injection molding [30], and multi-layer structures always appear in the molded parts along the thickness direction [31]. A multi-layer structure is always introduced by the fountain flow due to the thin-walled, large-plane part characteristics. In the fountain flow, the temperature and shear of the polymer usually show stratification distribution. The solid area, liquid melt area, and two-phase area of the polymer will appear in the cavity during the filling process [30]. The whole polymer presents five areas along the thickness direction, namely the upper solid area, upper two-phase area, liquid melt area, lower two-phase solid area, and lower solid area. Additionally, skin-core structures will appear in the parts molded by CIM and RHCM [30,31,32].



Polypropylene can be considered an intercalated homogeneous material based on the Eshelby equivalence principle [33] and the Mori–Tanaka method [34]. The crystals produced during crystallization are considered to be inclusions, and the amorphous phase is considered to be the matrix. Furthermore, the multi-layers of the parts are divided according to the crystal morphology of the parts along the thickness direction. The different crystal morphology of each layer introduces different mechanical properties, e.g., modulus and strength [35,36,37]. The inhomogeneous distribution of mechanical properties and temperature will introduce non-uniform shrinkage and result in warpage of the parts.



A multi-layer model was established to predict the warpage of injection-molded parts, because the stratification is the most distinguishable feature in the inhomogeneous distribution of process parameters in a molten polymer during molding and the microstructure in the molded parts after molding. In the model, the overall shape and dimensions were the same as those of the part. However, the model was divided into five layers along the thickness direction, namely the upper skin layer, upper shear layer, core layer, lower shear layer, and lower skin layer, as shown in Figure 4. The thicknesses of the layers in the model were the same as those of the parts.



Warpages were defined as deformations of the molded parts. The deformations in the multi-layer model were solved using the classical Laminated Plate Theory [38] by Abaqus. The layers with different mechanical properties were treated as layers with different angles during the solving simulation. The crystallinities of each layer in the model were obtained by measuring the corresponding positions of molded parts with WAXD. The mechanical properties of each layer necessary for prediction were calculated using the following model describing the elastic modulus with the influence of temperature and crystallinity [24].


        E  θ  =  E 0  ⋅ e x p   − b   θ −  θ 0             E 0  = a ⋅ e x p     c w   1 − w            



(1)




where θ0 is the reference temperature (room temperature); E0 is the elastic modulus at the reference temperature; a, b, and c are material parameters; w and θ are the crystallinity and service temperature, respectively. The same material was used to mold the part as in our past study, and the parameters were introduced [39].



The complex crystallization is inevitable due to the inhomogeneous temperature history, which will introduce more complicated shrinkage and greater warpage. The internal thermal stress of the part cannot be released by the mold constraint before ejection. The part produces warpage due to internal thermal stress release after ejection. The simulation process was divided into two stages: before ejection and after ejection. In the simulation before ejection, temperature histories were summarized from the simulation results of heat transmission between the polymer and mold. Additionally, the thermal stresses were simulated under shape restriction, where the shape was same as the cavity. In the simulation after ejection, temperature histories were summarized from the simulation results of heat transmission between the polymer and atmosphere, and the deformation was calculated from the thermal strains simulated without deformation restriction.



The simulations before ejection were conducted under the initial conditions with the temperature of the moving mold at 20 °C; the temperature of the stationary mold at 20, 60, and 90 °C; a melt temperature of 220 °C. Thermal load was introduced by the density variations because of the temperature dropping during the molding process, and the density variations were described by a modified two-domain Tait equation of state [20,40,41,42] in this paper.


  V   T , P   =  V 0   T    1 − C ln   1 +  P  B  T        +  V 1    T , P    



(2)




where V(T,P) is the specific volume at temperature T and pressure P; V0 is the specific volume at atmospheric pressure; C is a constant, whose value is 0.0894; B is the pressure sensitivity of the material.



In the simulation after ejection, the simulation results of the parts in the first stage were introduced as the initial conditions. The thicknesses of each layer were determined by the data measured in PLM, and different mechanical properties were introduced in each layer. The mold restriction was removed, and the parts were cooled at room temperature. Additionally, the centers of the parts were fixed. Thus, the simulation results of warpage were obtained.




4. Results and Discussion


4.1. Multi-Layer Structure of Injection-Molded Parts


4.1.1. Skin-Core Structures Investigated by PLM


The typical skin-core structures of the molded parts were obtained by morphology investigation with PLM along the thickness direction under different process conditions, as shown in Figure 5. The thicknesses of the layers changed with each different molding process, as shown in Table 1. The upper skin layer of each injection-molded part was near to the stationary side with heating rods.



The thicknesses of the layers were almost symmetrical along the thickness direction in the skin-core structures of the CIM parts. The mold temperature of the stationary side was the same as that of the moving side. Therefore, the temperature distribution of polymer in the cavity was symmetrical and introduced symmetrical skin-core structures.



The thicknesses of the layers were obviously asymmetrical in the skin-core structures of the RHCM parts, introduced by the different temperatures between the stationary side and the moving side of the mold. Since the upper skin layer of the part was near the stationary side with heating rods, the thicknesses of the upper layers were smaller than those of the lower layers. The thicknesses of the upper skin layer and the lower skin layer in RHCM90 were 221 and 289 μm, respectively, a change by 30.8%. The thicknesses of the upper shear layer and the lower shear layer in RHCM90 were 252 and 491 μm, respectively, a change by 94.8%. The thickness variation in the upper and lower shear layers was three times greater than that in the upper and lower skin layers. The asymmetrical distribution of the layer thicknesses will introduce greater warpage.




4.1.2. Crystallinity of Each Layer


The position range of each layer in the molded parts was divided according to the crystal morphology observed in PLM. The distances x from the upper surface of the sample were set as the positions of certain layers to conduct the WAXD investigation, and 0.1, 0.4, 1.2, 2.0, and 2.4 mm were considered to be the positions of the upper skin layer, upper shear layer, core layer, lower shear layer, and lower skin layer, respectively. The crystallinity diffraction pattern of each layer obtained by WAXD is shown in Figure 6. The crystallinity of each layer could be calculated from the crystallinity diffraction pattern using X’Pert HighScore Plus. The calculated results of the crystallinities are shown in Table 2.



The crystallinities of the layers were almost symmetrical along the thickness direction in the skin-core structures of the CIM parts, with the same pattern as the thicknesses of the layers. The crystallinity increased from 35.10% in the lower skin layer to 43.50% in the core layer, a change by 23.9%.



The crystallinities of the layers were asymmetrical in the skin-core structures of the RHCM parts, also with the same pattern as the thicknesses of the layers. The crystallinity in RHCM90 increased from 38.15% to 47.51% in the lower skin layer vs. in core layer, a change by 24.5%. The crystallinity difference of the RHCM parts was smaller than that of the CIM parts. However, the crystallinity in the lower skin layer was much smaller than that in the upper skin layer. The crystallinity changed by 12.0% from that in the upper skin layer to that in the core layer, which is only half of the value from in the lower skin layer to that in core layer. The asymmetrical distribution of crystallinities would also introduce greater warpage.





4.2. Temperature Histories of Polymer


The temperature histories of polymer in the layers were obtained by conducting a heat transmission simulation on the representative position, and the results are shown in Figure 7.



Figure 7a shows that the temperature histories are symmetrical along the thickness direction of the parts in CIM due to the temperature of the stationary side being the same as that of the moving side. Meanwhile, in RHCM, the temperature histories of polymer in the layers are asymmetrical along the thickness direction. The asymmetry increases with the increase in mold temperature, and the difference in the temperature histories between different layers will also increase. In RHCM60, the temperature difference at the ejecting time (the specific time is 30 s) between the upper and lower skin layers is 10 °C. In RHCM90, the temperature difference at the ejecting time between the upper and lower skin layers increases to 20 °C. The core layer temperature will also increase with the increase in heating temperature. The temperature of the core layer at the ejecting time in CIM is about 80 °C, but those in RHCM60 and RHCM90 increase to 90 and 95 °C, respectively. The higher temperatures will introduce higher crystallinities, as shown in Section 4.1.




4.3. Warpage Prediction


The multi-layer structures always appear in the molded parts along the thickness direction due to the inhomogeneous temperature history. The different crystal morphology of each layer introduces different mechanical properties. The layers with different mechanical properties will complicate the warpage of the part. Stratification is the most distinguishable feature in the inhomogeneous distribution of process parameters in molten polymer during molding and the microstructure in the molded parts after molding. However, the effect of stratification is ignored in the usual warpage simulation. The warpage prediction was conducted with and without the influence of crystallinity to verify the significance of the introduction of the model describing the elastic modulus with the influence of temperature and crystallinity. In the prediction without the influence of crystallinity, the elastic modulus was a function of temperature. The predicted results with different molding conditions are shown in Figure 8, where results with crystallinity are shown in Figure 8a–c and results without crystallinity are shown in Figure 8d–f. The maximum value of warpage appears very near to one of the corners of the parts. Numbers 1, 2, 3, and 4 are used to mark the different corners for further discussion.



From Figure 8a–f, it can be seen that the total predicted warpage ranges of the parts under different conditions are −0.02~3.29, −0.07~13.00, −0.02~18.40, −0.01~3.11, −0.01~8.07, and −0.01~13.40 mm, respectively. The results show that the warpage is influenced by the crystallinity, and the predicted warpage with crystallinity is larger than that without crystallinity, especially in the parts molded using the RHCM process. The maximum values of warpage in the CIM parts are 3.29 and 3.11 mm with and without crystallinity, respectively, a change by 5.8%. The maximum values of warpage of the RHCM60 parts are 13.00 and 8.07 mm, a change by 61.1%. The maximum values of warpage of the RHCM90 parts are 18.40 and 13.40 mm, a change by 37.3%. Therefore, bigger errors will occur if crystallinity is not considered in warpage prediction of the crystalline parts molded by the RHCM process.



The predicted warpage increases as the heating temperature increases, and the warpage with crystallinity is more sensitive to heating temperature than that without crystallinity. The maximum value of warpage with crystallinity gradually increased from 3.29 mm for the CIM to 18.40 mm for the RHCM90, an increase of 459.3%. The maximum value of warpage without crystallinity gradually increased from 3.11 mm for the CIM to 13.40 mm for the RHCM90, an increase of 330.9%.




4.4. Comparation of Warpages of Experiment and Prediction


The parts were molded under the aforementioned conditions, and warpages were measured by a 3D laser scanner. The parts and the scanned results are shown in Figure 9. The maximum warpage also appears at one of the corners of the parts. Numbers 1, 2, 3, and 4 are used to mark the different corners for further discussion, with the same marking method as in the prediction.



The maximum values of warpage are shown in Figure 10, including the data of experiments and predictions with crystallinity and without crystallinity. The predicted warpage with crystallinity is much closer to the experimental warpage. The average errors of the four corners between the predicted warpage and average experimental warpage are 0.23, 0.44, and 0.81 mm, respectively, in CIM, RHCM60, and RHCM90, with respective deviations of 7.0%, 3.5%, and 4.4%. The maximum errors are 0.35, 1.30, and 2.12 mm, respectively, with deviations of 10.1%, 10.0%, and 11.2%. The difference is mainly due to the crystallinity of each layer in the simulation. The crystallinities of each layer in the model were obtained by measuring the corresponding positions of molded parts with WAXD. However, the crystallinity measured with WAXD cannot accurately represent the actual crystallinity of the layer. In addition, experimental errors, characterization errors, etc., which have an impact on the distribution of the model’s multiple layers and the mechanical properties of each layer during warpage prediction.



The predicted warpage without crystallinity deviates more from the experimental warpage in the parts molded by the RHCM process than that with crystallinity. The average errors of warpage prediction of CIM are 0.23 and 0.22 mm with and without crystallinity, respectively, with a difference of 4.5%. The small difference is mainly due to the symmetrical distribution of thickness and crystallinity. However, the difference is much greater between the warpage prediction with and without crystallinity for parts molded by the RHCM process. The average errors of the warpage prediction of RHCM60 are 0.44 and 4.71 mm with and without crystallinity, respectively, with a difference of 970.5%. Additionally, the average errors of warpage prediction of RHCM90 are 0.81 and 5.00 mm, with a difference of 517.3%. They are mainly introduced by the asymmetrical distribution of thickness and crystallinity, as discussed previously.





5. Conclusions


This paper presented a novel method for predicting the warpage of crystalline parts molded using the RHCM process. A multi-layer model was established based on the stratification in the polymer temperature during molding and in the microstructure of parts after molding. A model was introduced to describe the mechanical properties with the influence of temperature and crystallinity. Finally, experimental warpage was measured using a 3D scanner to verify the predicted warpage. According to the results obtained in this study, the following conclusions can be drawn: (1) The microstructure and temperature are symmetrical along the thickness direction in CIM and are asymmetrical in RHCM. (2) The predicted warpage is influenced by the crystallinity, and the warpage predicted with crystallinity is larger than that predicted without crystallinity, especially in the parts molded by RHCM. (3) The predicted warpage increases as the heating temperature increases, and the warpage with crystallinity is more sensitive to heating temperature than that without crystallinity. (4) The predicted warpage with crystallinity is much closer to the experimental warpage than that without crystallinity, which shows that it is very important to consider crystallization in warpage prediction. (5) The proposed method can predict the warpage of crystalline parts molded by RHCM, and its predicted results agree well with the warpage measured on molded parts using a 3D scanner. In general, the proposed method is accurate and effective. It is a potential candidate technology for the quantitative prediction of the warpage of plate parts and for optimizing the molding process for manufacturing.







Author Contributions


J.L. and S.J. proposed the method of warpage prediction; S.J. conceived and designed the experiments; X.X. and B.Z. were responsible for injection molding experiments; J.B. and W.L. were responsible for the PLM and WAXD testing of molded parts; J.B. and X.P. were responsible for the simulation analysis; S.J. analyzed the results; J.L. wrote the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation (grant no.51875525) and by the Natural Science Foundation of Zhejiang Province (grant nos. LY20E050100, LY19E050004, and LY19E050009).




Acknowledgments


The authors would like to acknowledge the financial support from the National Natural Science Foundation (grant no.51875525) and by the Natural Science Foundation of Zhejiang Province (grant nos. LY20E050100, LY19E050004, and LY19E050009).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nian, S.-C.; Huang, M.-S.; Tsai, T.-H. Enhancement of induction heating efficiency on injection mold surface using a novel magnetic shielding method. Int. Commun. Heat Mass Transf. 2014, 50, 52–60. [Google Scholar] [CrossRef]

	



Huang, M.-S.; Tai, N.-S. Experimental rapid surface heating by induction for micro-injection molding of light-guided plates. J. Appl. Polym. Sci. 2009, 113, 1345–1354. [Google Scholar] [CrossRef]

	



Wang, X.; Zhao, G.; Wang, G. Research on the reduction of sink mark and warpage of the molded part in rapid heat cycle molding process. Mater. Des. 2013, 47, 779–792. [Google Scholar] [CrossRef]

	



Fitzharris, E.R.; Watanabe, N.; Rosen, D.W.; Shofner, M.L. Effects of material properties on warpage in fused deposition modeling parts. Int. J. Adv. Manuf. Technol. 2018, 95, 2059–2070. [Google Scholar] [CrossRef]

	



Nian, S.-C.; Wu, C.-Y.; Huang, M.-S. Warpage control of thin-walled injection molding using local mold temperatures. Int. Commun. Heat Mass Transf. 2015, 61, 102–110. [Google Scholar] [CrossRef]

	



Chang, R.Y.; Tsaur, B.D. Experimental and theoretical studies of shrinkage, warpage, and sink marks of crystalline polymer injection molded parts. Polym. Eng. Sci. 1995, 35, 1222–1230. [Google Scholar] [CrossRef]

	



Hakimian, E.; Sulong, A.B. Analysis of warpage and shrinkage properties of injection-molded micro gears polymer composites using numerical simulations assisted by the Taguchi method. Mater. Des. 2012, 42, 62–71. [Google Scholar] [CrossRef]

	



Guo, K.-Q.; Huang, H.-X. Cellular Structure and Warpage of Microcellular Injection Molded Electrical Boxes Fabricated at Higher Injection Speeds. Acta Polym. Sin. 2019, 50, 850–856. [Google Scholar]

	



Izadi, O.; Silani, M.; Mosaddegh, P.; Farzin, M. Warpage and bending behavior of polymer–metal hybrids: Experimental and numerical simulations. Int. J. Adv. Manuf. Technol. 2018, 98, 873–885. [Google Scholar] [CrossRef]

	



Sánchez, R.; Aisa, J.; Martinez, A.; Mercado, D. On the relationship between cooling setup and warpage in injection molding. Measurement 2012, 45, 1051–1056. [Google Scholar] [CrossRef]

	



Sun, X.; Zeng, D.; Tibbenham, P.; Su, X.; Kang, H.-T. A new characterizing method for warpage measurement of injection-molded thermoplastics. Polym. Test. 2019, 76, 320–325. [Google Scholar] [CrossRef]

	



Xie, Z.; Wu, X.; Giacomin, A.J.; Zhao, G.; Wang, W. Suppressing shrinkage/warpage of PBT injection molded parts with fillers. Polym. Compos. 2018, 39, 2377–2384. [Google Scholar] [CrossRef]

	



Fernandes, C.; Pontes, A.J.; Viana, J.C.; Gaspar-Cunha, A. Modeling and Optimization of the Injection-Molding Process: A Review. Adv. Polym. Technol. 2018, 37, 429–449. [Google Scholar] [CrossRef]

	



Kitayama, S.; Onuki, R.; Yamazaki, K. Warpage reduction with variable pressure profile in plastic injection molding via sequential approximate optimization. Int. J. Adv. Manuf. Technol. 2014, 72, 827–838. [Google Scholar] [CrossRef]

	



Sudsawat, S.; Sriseubsai, W. Warpage reduction through optimized process parameters and annealed process of injection-molded plastic parts. J. Mech. Sci. Technol. 2018, 32, 4787–4799. [Google Scholar] [CrossRef]

	



Wang, X.; Li, H.; Gu, J.; Li, Z.; Ruan, S.; Shen, C.; Wang, M. Pressure analysis of dynamic injection molding and process parameter optimization for reducing warpage of injection molded products. Polymers 2017, 9, 85. [Google Scholar] [CrossRef]

	



Yasin, S.B.M.; Mohd, N.F.; Mahmud, J.; Whashilah, N.S.; Razak, Z. A reduction of protector cover warpage via topology optimization. Int. J. Adv. Manuf. Technol. 2018, 98, 2531–2537. [Google Scholar] [CrossRef]

	



Li, X.; Wei, Q.; Li, J.; Yang, J.; Guan, J.; Qiu, B.; Xu, J.; Wang, X. Numerical simulation on crystallization-induced warpage of injection-molded PP/EPDM part. J. Polym. Res. 2019, 26, 1–11. [Google Scholar] [CrossRef]

	



Nguyen, T.K.; Hwang, C.J.; Lee, B.-K. Numerical investigation of warpage in insert injection-molded lightweight hybrid products. Int. J. Precis. Eng. Manuf. 2017, 18, 187–195. [Google Scholar] [CrossRef]

	



Sun, X.; Su, X.; Tibbenham, P.; Mao, J.; Tao, J. The application of modified PVT data on the warpage prediction of injection molded part. J. Polym. Res. 2016, 23, 86. [Google Scholar] [CrossRef]

	



Li, X.P.; Zhao, G.Q.; Guan, Y.J. Characteristic of rapid heating cycle moulding and warpage analysis of products. Plast. Rubber Compos. 2011, 40, 425–432. [Google Scholar] [CrossRef]

	



Wang, G.; Zhao, G.; Guan, Y. Thermal response of an electric heating rapid heat cycle molding mold and its effect on surface appearance and tensile strength of the molded part. J. Appl. Polym. Sci. 2012, 101, 1339–1352. [Google Scholar] [CrossRef]

	



Crema, L.; Sorgato, M.; Zanini, F.; Carmignato, S.; Lucchetta, G. Experimental analysis of mechanical properties and microstructure of long glass fiber reinforced polypropylene processed by rapid heat cycle injection molding. Compos. Part A Appl. Sci. Manuf. 2018, 107, 366–373. [Google Scholar] [CrossRef]

	



Li, J.; Zhu, Z.; Li, T.; Peng, X.; Jiang, S.; Turng, L.-S. Quantification of the Young’s modulus for polypropylene: Influence of initial crystallinity and service temperature. J. Appl. Polym. Sci. 2020, 137, 48581. [Google Scholar] [CrossRef]

	



Li, J.; Zheng, W.; Jiang, S.; Chai, G. An experimental study of skin layer in rapid heat cycle molding. Polym. Plast. Technol. Eng. 2014, 53, 488–496. [Google Scholar] [CrossRef]

	



Guilong, W.; Guoqun, Z.; Huiping, L.; Yanjin, G. Analysis of thermal cycling efficiency and optimal design of heating/cooling systems for rapid heat cycle injection molding process. Mater. Des. 2010, 31, 3426–3441. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, H.; Xu, F.; Jiang, S.; Zheng, W. β-Crystal formation in isotactic polypropylene due to rapid heat cycle molding. Polym. Adv. Technol. 2015, 26, 1312–1319. [Google Scholar] [CrossRef]

	



Zhao, P.; Yang, W.; Wang, X.; Li, J.; Yan, B.; Fu, J. A novel method for predicting degrees of crystallinity in injection molding during packing stage. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2019, 233, 204–214. [Google Scholar] [CrossRef]

	



Guo, J.; Narh, K.A. Computer simulation of stress-induced crystallization in injection molded thermoplastics. Polym. Eng. Sci. 2001, 41, 1996–2012. [Google Scholar] [CrossRef]

	



Zhou, Y.; Deng, H.; Yu, F.; Bai, H.; Zhang, Q.; Chen, F.; Wang, K.; Fu, Q. Processing condition induced structural evolution in the alternating multi-layer structure during high speed thin-wall injection molding. Polymer 2016, 99, 49–58. [Google Scholar] [CrossRef]

	



Maeda, K.; Yamada, K.; Yamada, K.; Kotaki, M.; Nishimura, H. Structure and fracture toughness of thin-wall polypropylene moulded at different injection speeds. Thin Walled Struct. 2018, 125, 12–20. [Google Scholar] [CrossRef]

	



Li, J.; Yang, S.; Turng, L.-S.; Zheng, W.; Jiang, S. Comparative study of crystallization and lamellae orientation of isotactic polypropylene by rapid heat cycle molding and conventional injection molding. e-Polymers 2017, 17, 71–81. [Google Scholar]

	



Ogden, R. Proceedings of the Royal Society A: Mathematical. Phys. Eng. Sci. 1972, 326, 565. [Google Scholar]

	



Mori, T.; Tanaka, K. Average stress in matrix and average elastic energy of materials with misfitting inclusions. Acta Metall. 1973, 21, 571–574. [Google Scholar] [CrossRef]

	



Liparoti, S.; Speranza, V.; Sorrentino, A.; Titomanlio, G. Mechanical properties distribution within polypropylene injection molded samples: Effect of mold temperature under uneven thermal conditions. Polymers 2017, 9, 585. [Google Scholar] [CrossRef]

	



Ponçot, M.; Addiego, F.; Dahoun, A. True intrinsic mechanical behaviour of semi-crystalline and amorphous polymers: Influences of volume deformation and cavities shape. Int. J. Plast. 2013, 40, 126–139. [Google Scholar] [CrossRef]

	



Van Drongelen, M.; van Erp, T.B.; Peters, G.W.M. Quantification of non-isothermal, multi-phase crystallization of isotactic polypropylene: The influence of cooling rate and pressure. Polymer 2012, 53, 4758–4769. [Google Scholar] [CrossRef]

	



Jones, R.M. Mechanics of Composite Materials; CRC Press: Boca Raton, FL, USA, 1998; ISBN 156032712X. [Google Scholar]

	



Li, J.; Li, T.; Jia, Y.; Yang, S.; Jiang, S.; Turng, L.-S. Modeling and characterization of crystallization during rapid heat cycle molding. Polym. Test. 2018, 71, 182–191. [Google Scholar] [CrossRef]

	



Bondarenko, E.V.; Motavkin, A.V.; Skorodumov, V.F. PVT Properties of crystalline polymers. Comparison of Theoretical Predictions and Experimental Data. Fibre Chem. 2014, 46, 228–230. [Google Scholar] [CrossRef]

	



Pignon, B.; Tardif, X.; Lefèvre, N.; Sobotka, V.; Boyard, N.; Delaunay, D. A new PVT device for high performance thermoplastics: Heat transfer analysis and crystallization kinetics identification. Polym. Test. 2015, 45, 152–160. [Google Scholar] [CrossRef]

	



Rodgers, P.A. Pressure–volume–temperature relationships for polymeric liquids: A review of equations of state and their characteristic parameters for 56 polymers. J. Appl. Polym. Sci. 1993, 48, 1061–1080. [Google Scholar] [CrossRef]








[image: Polymers 13 01814 g001 550] 





Figure 1. The RHCM process. 
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Figure 2. Shape and dimensions of the experimental part. 
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Figure 3. Experimental sample. 
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Figure 4. The multi-layer model with five layers. 
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Figure 5. Polarized micrographs of parts under different processes. 
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Figure 6. Crystallinity diffraction pattern of parts with different molding conditions by WAXD: (a) CIM, (b) RHCM60, (c) RHCM90. 
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Figure 7. Simulated temperature histories in the thickness direction under different processing conditions: (a) CIM, (b) RHCM60, and (c) RHCM90. 
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Figure 8. The total predicted warpage results of the parts (unit: m): (a–c) prediction with crystallinity; (d–f) prediction without crystallinity. (a,d) CIM; (b,e) RHCM60; (c,f) RHCM90. 
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Figure 9. Warpage information of real parts measured by a 3D laser scanner under different molding conditions: (a) CIM, (b) RHCM60, (c) RHCM90. 
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Figure 10. The maximum values of warpages of experiment and prediction: (a) CIM, (b) RHCM60, (c) RHCM90. 
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Table 1. The thickness of each layer under different processes.
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	Layer
	CIM (μm)
	RHCM60 (μm)
	RHCM90 (μm)





	Upper skin layer
	310
	252
	221



	Upper shear layer
	272
	268
	252



	Core layer
	1345
	1385
	1247



	Lower shear layer
	263
	322
	491



	Lower skin layer
	310
	273
	289
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Table 2. Crystallinity of each layer under different processes.
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	Thickness Position x (mm)
	CIM
	RHCM60
	RHCM90





	0.1
	35.24%
	40.28%
	42.41%



	0.4
	37.34%
	42.43%
	44.83%



	1.2
	43.50%
	45.56%
	47.51%



	2.0
	36.96%
	40.82%
	42.93%



	2.4
	35.10%
	37.60%
	38.15%
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