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Microinjection molding (μIM) is an important technique to fabricate microparts for applications in the fields of automotive and microelectromechanical systems. However, the prevailing high shear conditions in μIM are unfavorable for constructing intact electrically conductive networks because the added fillers tend to be preferentially aligned along the melt flow direction. In this work, a series of polypropylene/polyamide 6/carbon black (PP/PA6/CB) composites with a selective localization of CB in the PA6 phase were used as the model system to prepare electrically conductive microparts. The prevailing high shearing and extensional flow effects in μIM were utilized to deform CB-rich phase with an aim to in situ construct electrically conductive network, thereby improving the electrical conductivity (σ) of subsequent moldings. The results indicated that a higher σ was achieved for PP/PA6/CB microparts when compared with their PP/CB and PA6/CB counterparts, at a lower filler content (<10 wt%). The influence of blending sequence of various components (i.e., PP, PA6, and CB) and annealing treatment on the σ of microparts was also studied. This work provided an approach to the design and preparation of electrically conductive microparts that can be potentially used in high-tech sectors.
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1 INTRODUCTION
With the development of microelectromechanical systems, a substantial market has emerged for lightweight polymeric micro-components (Cao et al., 2013; Zhou et al., 2016; Zhou et al., 2017b; Nazemi et al., 2019; Zhu et al., 2019). Microinjection molding (μIM) has been geared for fabricating polymeric micro devices (Huang and Chiu, 2005; Giboz et al., 2007; Agour et al., 2016; Zhang et al., 2022). The products are characterized by an overall part weight less than several milligrams or dimension featuring at micron-scales (Whiteside et al., 2004). Thus, polymer melts experience a significant cooling effect when they come into contact with the mold cavities. Consequently, very high injection velocities and injection pressures as well as elevated temperatures are required to ensure a complete filling (Shi et al., 2019; Zhang et al., 2022), thereby leading to a significant shearing and thermal gradients within the microparts (Ameli et al., 2017).
It has been reported that the degree of orientation and disentanglement of multiwalled carbon nanotubes (MWCNTs) was increased with increasing shear rates (Pujari et al., 2009). In μIM, the prevailing shear rate as high as 105 s−1 are common which would thus lead to a significant orientation of fillers in related moldings (Zhou et al., 2016). Fernandez-Ballester et al. (2012) reported that a difference in the morphology of crystals formed in the skin and core layer was observed when polypropylene (PP) was exposed to a significant flow effect. Zhou et al. (2017a) reported that the compression molded PP/carbon composites demonstrated higher electrical conductivity (σ) and lower percolation threshold when compared with corresponding micromoldings. Under such circumstances, the prevailing high shear rates in μIM are considered unfavorable for the construction of intact filler network because fillers were subjected to strong shearing and extensional flow effects along the flow direction and impaired the formation of three-dimensional filler network. Therefore, it becomes necessary to explore new strategies to improve the σ of microparts which meet the standards for high performance engineering sectors.
Various strategies (Naficy and Garmabi, 2007; Deng et al., 2014; Zhou et al., 2017a; Salehiyan and Ray, 2018; Zhao et al., 2021) such as the use of high efficiency conductive fillers and controlling the morphology of the composites are adopted to reduce the percolation threshold of conductive polymer composites (CPCs). Regulating the morphology of immiscible blends (i.e., materials with at least two phases) and the selective localization of fillers in one particular phase or at the interface of two phases are critical for preparing CPCs with high σ (Shen et al., 2017; Zhang et al., 2019a; Zhang et al., 2019b; Hosseinpour et al., 2019). The distribution of fillers in the immiscible blend is affected by both thermodynamic and kinetic factors (Baudouin et al., 2010; Taguet et al., 2014; Hoseini et al., 2017b). From the thermodynamic perspective, the wetting coefficient (ωa) is generally adopted to estimate the distribution of fillers in the host blends. The calculation of ωa is displayed in Eq. 1.
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Here, f means filler and p means polymer phase; γx,y is the interfacial tension between x and y. When ωa < −1, fillers are located in polymer 1 (i.e., p1); when ωa > 1, fillers tend to be located in polymer 2 (p2); when −1<ωa < 1, the fillers are distributed at the phase interface (Sumita et al., 1991; Pan et al., 2016). The above shows that the interfacial interaction is a dominant factor that determines the distribution of fillers in the host substrate. Gültner et al. (2011) found that the distribution of MWCNTs could be tuned in polycarbonate/poly(styrene-co-acrylonitrile)/MWCNT (PC/SAN/MWCNT) composite by adding reactive component that had better affinity for SAN phase. The chemical reaction or strong interaction was believed to be the driving force that facilitated the migration of MWCNTs from the PC phase to SAN phase. Moreover, the kinetic factors such as the blending sequence, blending time, and shear rate also affected the distribution of conductive fillers. Zhou et al. (2021) found that by controlling the blending sequence and time, the distribution of CNTs could be mitigated to the interface of polystyrene (PS) and poly(methyl methacrylate) (PMMA) (50/50) blends, thereby resulting in a great increase of σ and dielectric constant at a filler concentration of 1.06 vol%. Furthermore, the creation of micro fibrillar structure was also adopted by researchers to reduce the percolation threshold of CPCs. Yu et al. (2013) prepared PP/polyethylene (PE)/CNTs composites by thin-wall injection molding process, and a typical continuous layered structure consisting of alternating PE/CNT and PP layers was formed within the molded samples, which was important for achieving the electromagnetic interference (EMI) shielding performance when compared with the composites with isotropic conductive networks.
In the present study, polymer composites with oriented conductive filler network structure were realized by the shear- and extensional flow induced deformation and coalescence of filler-rich phase in immiscible composites. To achieve this goal, PP/polyamide 6 (PP/PA6) blend was adopted as the model system and carbon black (CB) was used as the conductive filler. Generally, CB has a tendency to distribute within PA6 due to the higher affinity of fillers for the polar matrix. The CB-rich PA6 phase was likely deformed under the influence of high shearing conditions in μIM (Zhou et al., 2018a), and the deformed PA6/CB phase would thus form continuous CB network along the flow direction, thereby giving rise of σ for subsequent microparts. Furthermore, the effect of blending sequence and annealing treatment on the σ of PP/PA6/CB microparts was systematically conducted to elucidate their influence on the formation of filler network within micromoldings. In summary, this work provided an example to utilize the high shearing effects that are normally considered detrimental to construct conductive filler network in injection molded samples, and prepare a series of electrically conductive microparts which show promising application in automotive, electronics and microsystems among others.
2 EXPERIMENTAL
2.1 Materials
Polypropylene (PP) pellets under the trademark of PPH-T03 were purchased from Sinopec Oil and Chemical Co., Ltd. (China). The material has a melt flow index of 3.0 g/10 min (@ 230°C and 2.16 kg) and a density of 0.91 g/cm³. Polyamide 6 (Trademark: Ultramid® B3S) with a volume flow rate of 160 cm³/10 min (@ 275°C and 5 kg) was supplied by BASF. The material has a density of 1.13 g/cm3. High structure carbon black (CB) under the trademark of Ketjenblack®EC-600JD was supplied by Akzo Nobel Polymer Chemicals LLC (Chicago, IL). The highly branched CB has an electrical resistivity of 0.01–0.1 Ω cm, a density of 1.80 g/cm3, and pore volume of 480–510 cm3/100 g according to literature (Zhou et al., 2017a).
2.2 Preparation of composites
Firstly, a series of PP/CB, PA6/CB and PP/PA6/CB composites with different filler content (i.e., 1, 2, 3, 4, 5, 7, 10 and 15 wt%) were fabricated by melt blending method using a HAAKE POLYLAB OS torque rheometer. Based on a previous work, the mass ratio of PP:PA6 was set at 70:30 and the compounding process was operated at 240°C and 50 rpm for 10 min.
(i) To investigate the influence of filler concentration on the electrical conductivity of PP/PA6/CB composites and microparts, a series of filler concentrations ranging from 1 to 15 wt% were adopted. All components were compounded simultaneously at 240°C and 50 rpm for 10 min.
(ii) To investigate the effect of blending sequence of various components (i.e., PP, PA6 and CB) on the properties of PP/PA6/CB microparts, the content of CB was fixed at 7 wt% because the electrical conductivity of resulting composites and microparts was detectable which would minimize the error for measurements. The following protocols were adopted to prepare composites for molding: 1) PP, PA6 and CB were simultaneously blended in the Brabender mixer for 10 min. The obtained sample was denoted as PP/PA6/CB; 2) PP was firstly blended with CB for 5 min, then PA6 was added and compounded for another 5 min to prepare PP/PA6/CB composites. The sample was named as PP/CB+PA6; 3) PA6 was firstly blended with CB for 5 min, then PP was added and compounded for another 5 min to prepare PP/PA6/CB composites. The sample was named as PA6/CB+PP. The melt temperature was set at 240°C and the screw rotation speed was 50 rpm for the above experiments.
2.3 Preparation of samples
Dumbbell-shaped microparts were prepared using a full electric microinjection molding machine (Model: Micro Power 5, WITTMANN BATTENFELD GmbH, Kottingbrunn, Austria). The melt temperature for preparing PP/CB microparts and PA6/CB microparts were set at 190°C and 240°C, respectively. The mold temperature was 80°C, the injection velocity was 300 mm/s, and the injection pressure was 100 MPa. The micropart has a thickness of 0.3 mm, a width of 2 mm and a length of 20 mm. The schematic diagram of the prepared micropart and the regions for subsequent characterizations were presented in Figure 1. For a comparison purpose, compression molded PP/CB samples were prepared at 190°C and compression molded PP/PA6/CB samples were prepared at 240°C using a hot press (Model: YP-100 D, Shanghai Ximaweili Rubber and Plastic Machinery Limited Company, China). All compression molded samples were prepared under the pressure of 10 MPa for 10 min.
[image: Figure 1]FIGURE 1 | The diagram for the testing regions of Raman, XRD, SEM, and 2D-XRD measurements.
2.4 Characterization
2.4.1 Electrical conductivity
Samples were measured by a high resistance meter (Model: SM7110, Hioki E.E. Corporation, Nagano, Japan). The electrical conductivity (σ) was calculated as per the following equation:
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Here, ρ: volume resistivity; R: electrical resistance; L: the length of testing strip; S: the cross-sectional area. The flow direction σ was reported for injection molded samples.
2.4.2 Morphology
The morphology of the samples was observed using a scanning electron microscope (SEM, Thermoscientific Apreo S, Oxford Instruments, United Kingdom) and a transmission electron microscopy (TEM, Thermofisher, Talos F200S G2, United States).
For SEM observations, samples were cryo-fractured in liquid nitrogen. For the samples which were prepared by adopting different blending procedure, PA6 phase was etched using formic acid for 12 h. All samples were coated with a thin layer of gold prior to observations. A Leica ultramicrotome (EM UC7/FC7) was utilized to cut micropart perpendicular to the flow direction with a slice thickness of 10 nm, then followed by TEM observation.
2.4.3 Rheological measurement
The rheological measurements were performed on a dynamic rheometer (Model: MCR 302, Anton Paar, Austria). The PP/PA6/CB and PA6/CB composites were tested at 240°C and PP/CB composites were tested at 190°C. The applied strain was set at 1% and the range of frequency sweep ranged from 0.01 to 100 Hz.
2.4.4 X-ray diffraction analysis
Two-dimensional (2D) X-ray diffraction (XRD) analysis was conducted using a D8 DISCOVER diffractometer (Bruker Corporation, Billerica, MA, United States) equipped with a 2D detector (VANTEC-500) with Cu radiation. The XRD patterns were collected within a range of 0°–100° at a step size of 0.01°. XRD scans for each sample were obtained from an X-ray diffractometer (XRD, Ultima IV, Rigaku, Japan) with Cu Kα radiation (K = 0.1542 nm, where K is the wavelength). XRD patterns were collected at room temperature in a range of 2°–90° at a step size of 0.02°.
2.4.5 Tensile properties
The tensile strength of samples was measured by a universal mechanical tester (Instron 5569, Instron Corporation, United States) with a crosshead speed of 5 mm/min. Five specimens were tested for each sample to ensure the consistency of the results.
2.4.6 Raman spectral analysis
The Raman spectra were collected using a Raman spectrometer with a 532 nm laser and a Raman imaging microscope (DXR3xi, Thermo ScientificTM, United States). The wavelength range is from 50 to 3,400 cm−1.
3 RESULTS AND DISCUSSION
3.1 Effect of filler content on the electrical conductivity
The values of electrical conductivity (σ) for PP/CB, PA6/CB and PP70/PA630/CB composites as a function of filler concentration were presented in Figure 2. Figure 2A showed that both PP/CB and PP70/PA630/CB 1 wt% composites remained insulative due to the lack of conductive filler network. Notably, the σ of compression molded PP70/PA630/CB 2 wt% composite showed a significant increase when compared with that of PP/CB 2 wt%, which was related to the selective localization of CB in minor PA6 phase. In this scenario, the presence of CB-rich PA6 phase enriched the local “effective filler concentration” and it favored the formation of conductive pathways that contributed to improving the σ of PP70/PA630/CB 2 wt% composite. Moreover, the σ of PP70/PA630/CB 3 wt% composite was comparable to that of PP/CB 3 wt%, suggesting that sufficient conductive pathways were formed by CB within the host matrix. Afterward, the σ of PP70/PA630/CB composites was inferior to that of PP/CB counterparts when the filler content exceeded 3 wt%. Under such circumstances, the following factors were believed responsible for the above observations: 1) for PP70/PA630/CB composites, the possible coating of PA6 matrix surrounding CB particles due to the higher interactions between PA6 and CB likely impaired the formation of intact filler network (Hoseini et al., 2017a); 2) for PP/CB composites, the formation of well crystalline PP phase favored the migration of CB particles to the amorphous region of PP/CB composites (Abbasi et al., 2011). As a result, the enrichment of CB fillers in the amorphous phase led to an increase of σ for PP/CB composites when compared with PP/PA6/CB counterparts.
[image: Figure 2]FIGURE 2 | The electrical conductivity of PP/CB, PA6/CB and PP70/PA630/CB composites which were prepared by different methods with different CB concentrations: (A) compression molding; (B) microinjection molding.
The σ for PP/CB, PA6/CB and PP70/PA630/CB microparts as a function of CB concentration were presented in Figure 2B. The results indicated that all samples remained insulative when the concentration of CB was <5 wt%. The above finding suggested that the prevailing higher shearing and extensional flow effects in μIM reduced the probability of forming intact CB network. Moreover, the σ of PP70/PA630/CB microparts was higher than that of PP/CB and PA6/CB counterparts, when the filler concentration was <10 wt%. This also suggested that the preferred distribution of CB in the PA6 phase was favorable for the formation of conductive filler network in the host matrix, thereby giving rise of the σ. In addition, the σ of PP/CB microparts was slightly higher than that of PP70/PA630/CB microparts with further increasing CB content (≥10 wt%). In this scenario, the CB particles had formed sufficient conductive pathways within both samples, and the possible presence of PA6 matrix layer surrounding CB might lead to a reduction of σ, as reflected by the lower σ for PA6/CB 10 wt% micropart when compared with that of PA6/CB and PP70/PA630/CB counterparts.
3.2 Microstructure
The microstructure of PP/CB and PP/PA6/CB composites which were prepared by different methods was observed using SEM, as shown in Figures 3, 4, respectively. Figures 3A, B showed that CB was relatively uniformly distributed in PP, provided the presence of some CB agglomerates. Moreover, no filler network was detected at a filler content of 1 wt% and the adjacent distance among CB fillers was substantially reduced when the filler concentration reached 5 wt%, which was critical for improving σ. The morphology of PP70/PA630/CB 1 wt% and PP70/PA630/CB 5 wt% composites were presented in Figures 3C, D. Figure 3C showed that typical sea-island structure was observed in compression molded PP70/PA630/CB 1 wt% sample with the minor PA6 phase as the dispersed phase. In addition, the white dots which denoted the presence of CB fillers were mainly found in the island region and such phenomenon became more obvious with increasing CB concentration (see Figure 3D), which was a result of the better affinity of CB for the PA6 phase (Tanniru and Tambe, 2022). The observed voids on the fractured surface were indicative of the poor interfacial interaction between PP and PA6 phase. Notably, CB-rich PA6 phase became coarser and showed an irregular phase interconnection at 5 wt% CB, and the interconnection among CB-rich phase contributed to enhancing the σ of corresponding moldings (Sultana et al., 2019). The selective localization of CB fillers increased the viscosity of the dispersed PA6 phase and increased the tendency to form co-continuity structure in the immiscible blend owing to the self-networking of CB (Wu et al., 2010), as displayed in Figure 3D.
[image: Figure 3]FIGURE 3 | SEM images of compression molded PP/CB and PP70/PA630/CB composites at different filler concentrations: (A) PP/CB 1 wt%; (B) PP/CB 5 wt%; (C) PP70/PA630/CB 1 wt%; (D) PP70/PA630/CB 5 wt%.
[image: Figure 4]FIGURE 4 | (A–D) SEM images of PP/CB 5 wt% and PP70/PA630/CB 5 wt% microparts which were observed from both shear and core regions. (E) SEM image of PP70/PA630/CB 5 wt% micropart which was etched using formic acid to remove PA6 phase; schematic diagram for the microstructure evolution of (F) PP/CB and (G) PP70/PA630/CB when they were processed using μIM. (H) TEM image of PP70/PA630/CB 5 wt% micropart.
The morphology of PP/CB 5 wt% and PP70/PA630/CB 5 wt% microparts was observed using SEM, as displayed in Figures 4A–D. Figures 4A, B revealed that CB demonstrated improved state of distribution in both the shear and core layer of the microparts, which was attributed to the influence of higher shearing effect that prevailed in μIM which favored the dispersion of nano-particles (Ferreira et al., 2013; Liu et al., 2015). This in turn reduced the probability of generating CB filler network in subsequent microparts, and thus a higher CB concentration was required to construct conductive pathways within PP/CB microparts. The morphology of PP70/PA630/CB 5 wt% micropart which was observed from shear and core layers was exhibited in Figures 4D, E, respectively. Unlike compression molded PP70/PA630/CB 5 wt% composites, the results suggested that the oriented layered phase structure with CB was observed in both shear and core layers of the microparts, indicating that a severe phase deformation and coalescence of CB-rich PA6 phase occurred under the intensive shearing and extensional flow conditions of μIM (Ding et al., 2015; Zhao et al., 2020; Wang et al., 2021) which was advantageous to the improvement of σ.
The microstructure of PP70/PA630/CB 5 wt% micropart which was etched using formic acid to remove PA6 phase was shown in Figure 4E. The observation also corroborated the hypothesis that spherical PA6/CB phase would be deformed to generate interconnected continuous phase structure that resulted in the formation of intact conductive pathways along the flow direction. As a result, the σ of PP70/PA630/CB 5 wt% micropart was approximately 3 orders higher than that of PP/CB and PA6/CB counterparts.
The microstructure evolution of PP/CB and PP70/PA630/CB composites under the processing conditions of μIM was depicted in Figures 4F, G, respectively. It clearly conveyed the idea that CB particles achieved improved distribution in PP/CB microparts which impaired the formation of intact conductive pathways, whereas the selective localization of CB in the PA6 phase and the subsequent phase deformation/coalescence induced by high shearing and high extensional flow effects favored the construction of CB filler network, thereby giving rise of σ for PP70/PA630/CB micropart, as shown in Figure 2B. The microstructure among the interphase of PP and PA6/CB was observed using TEM, as shown in Figure 4H. The result revealed that CB formed intact filler network among the deformed phases, and it suggested that CB fillers would likely migrate towards the interface of PA6 domains when it reached saturation inside the PA6 phase (Zhang et al., 1998), which was also responsible for improving the σ.
The structure evolution of samples which were prepared by CM and μIM was analyzed using 2D XRD and XRD analysis, as exhibited in Figure 5. Figures 5A–D showed that regardless of filler concentration, uniform and circular bright arcs were observed for CM samples whereas such phenomenon was absent from the microparts, signifying the formation of well-developed crystals in compression molded samples due to the lack of strong shearing influence (Ding et al., 2017). The above results suggested that strong shearing and cooling effects in μIM were disadvantageous to the formation of well-developed crystals, albeit there was a shear-induced crystallization of polymer chains. The XRD pattens for both CM and microinjection molded samples were displayed in Figure 5E. The results showed that samples demonstrated nearly similar patterns with the microparts exhibiting distinct β (110) crystal peaks. In addition to β (110) peak, the intensity of XRD peaks for the microparts diminished when compared with the CM samples, suggesting that the high shear and cooling effects in μIM favored the formation of β crystals (Zhao et al., 2015; Chen et al., 2016) whereas they suppressed the formation of the other type crystal forms.
[image: Figure 5]FIGURE 5 | (A–D) 2D-XRD images of PP/CB 1 wt% and PP70/PA630/CB 1 wt% composites which were prepared by CM and μIM; (E) XRD patterns of PP70/PA630/CB 5 wt% and PP/CB 5 wt% composites which were prepared by CM and μIM.
Raman spectral analysis is one of the most useful techniques to characterize the carbon-based fillers and their composites (He et al., 2015; Simoncini et al., 2017; Bokobza, 2019). The characteristic peaks which were detected in the vicinity of 1,360 and 1,580 cm-1 were attributed to the D-band (disorder band) and G-band (graphite band or TM-tangential mode) (Abbasi et al., 2010), respectively. The ratio of peak intensity, i.e., ID/IG was normally used as an indicator to reflect the state of orientation or the perfection of carbon fillers. As depicted in Figure 6, the ID/IG for the microparts was lower than their CM counterparts, suggesting that there was a stronger filler orientation of carbon fillers in the micromolded samples. The above result indicated that the strong shear and extensional flow effects in μIM led to the disintegration of CB agglomerates and the preferably distribution along the flow direction.
[image: Figure 6]FIGURE 6 | Raman spectral analysis of PP/CB5 and PP70/PA630/CB5 composites which were prepared by CM and μIM: (A) PP/CB 5 wt% micropart; (B) CM PP/CB 5 wt% composite; (C) PP70/PA30/CB 5 wt% micropart; (D) CM PP70/PA30/CB 5 wt% composite.
3.3 Rheology analysis
Rheological analysis is useful for characterizing the percolative structure that formed within the composites (Pötschke et al., 2002). The dependence of storage modulus (G′), loss modulus (G″), and complex viscosity (η*) as a function of frequency for PP/CB and PP70/PA630/CB composites along with corresponding Han curves was presented in Figures 7, 8, respectively. The results clearly showed that both the G′ and G″ increased significantly with the addition of CB, illustrating an enhanced resistance to shear deformation and a transition of viscous liquid to elastic solid due to the formation of CB network. Additionally, Figures 7C, 8C showed that CB-containing composites showed obvious shear-thinning behavior, especially for those with high CB concentrations, further confirming that a transition from the viscous to solid state occurred with increasing filler content and this was related to the formation of filler network by the physical connection among CB particles (Yang et al., 2008; Jaber et al., 2011; Ren et al., 2014).
[image: Figure 7]FIGURE 7 | The (A) storage modulus, (B) loss modulus, (C) complex viscosity and (D) Han curves of PP/CB composites.
[image: Figure 8]FIGURE 8 | The (A) storage modulus, (B) loss modulus, (C) complex viscosity and (D) Han curves of PP70/PA630/CB composites.
Furthermore, the changes of G′ vs. G″, i.e., Han curves, for PP/CB and PP70/PA630/CB composites were given in Figures 7D, 8D, respectively. Pötschke et al. (2002) proposed that a shift and change in the slope of G′ vs. G″ indicated a change in the microstructure of filler-loaded polymer composites. Figure 7D showed that the Han curves for PP/CB composites deviated greatly when the concentration of CB was in the vicinity of 3 wt%, which was consistent with the significant increase of σ (as shown in Figure 2A). In addition, the Han curves of PP70/PA630/CB 1 wt% composite started to deviate from that of PP70/PA630 blend, suggesting that CB particles were capable of forming filler network at a relatively lower filler content when compared with PP/CB composites. Also, CM PP70/PA630/CB 1 wt% composite showed a significant increase of σ which was related to the formation of filler network. The above results indicated that the rheological percolation threshold coincided with that of electrical percolation threshold, and the use of immiscible PP/PA6 blend as the host matrix increased the efficacy of CB in forming intact filler network that was indispensable for improving σ.
3.4 The influence of blending sequence and annealing treatment
The above results showed that the selective localization of CB particles in the PA6 phase was advantageous to form intact conductive filler network, which was critical for improving the σ. To further investigate the blending sequence of various components (i.e., PP, PA6 and CB) on the evolution of microstructure and properties of corresponding micromoldings, PP and PA6 with a mass ratio of 70:30 and a CB content of 7 wt% was used as the model system. Three blending sequences were employed, as described in Section 2.2.
The σ and tensile strength of PP70/PA630/CB 7 wt% microparts were displayed in Figures 9A, B, respectively. Figure 9A showed that PP/CB+PA6 micropart exhibited the highest σ (4.6 × 10−2 S/m) among the studied systems, which was 69 times higher than PP/PA6/CB and 2.7 × 106 higher than PA6/CB+PP. In addition, Figure 9B showed that PP/PA6/CB and PP/CB+PA6 microparts showed comparable tensile strength and the tensile strength of PA6/CB+PP was minimum. Such difference in σ and tensile strength for related microparts was related to the microstructure in corresponding moldings.
[image: Figure 9]FIGURE 9 | The (A) electrical conductivity and (B) tensile strength of PP70/PA630/CB 7 wt% microparts with different blending sequences.
SEM images of microparts which were molded from PP/PA6/CB composites that prepared using different blending protocols were displayed in Figure 10. Notably, the difference in the microstructure of microparts varied greatly when different processing procedure was adopted to prepare PP/PA6/CNT composites. Figure 10 showed that the dispersed PA6 phase in PP/CB+PA6 was elongated to form fibrillar structure which was beneficial for enhancing the mechanical properties and σ of corresponding moldings (Zhang et al., 2009); in addition, the phase area of PA6 in PP/PA6/CB micropart was larger than that of PP/CB+PA6, whereas the PA6 phase in PA6/CB+PP was unevenly distributed because the selective localization of CB increased the viscosity of CB-rich PA6 phase which would significantly affect the development of microstructure when compared with PP/CB+PA6 and PP/PA6/CB counterparts. Under such circumstances, the premixing of PA6 and CB resulted in an increase of the viscosity of PA6/CB, and the subsequent blending between PA6/CB and PP would be insufficient to yield a uniformly distributed PA6/CB phase in the PP substrate. Afterwards, the deformation and coalescence of PA6/CB phase led to the uneven distribution of CB-rich PA6 phase, which was not advantageous to the simultaneous enhancement of σ and tensile strength when compared with the other samples, as displayed in Figures 9A, B, respectively.
[image: Figure 10]FIGURE 10 | SEM images of PP70/PA630/CB 7 wt% microparts with different blending sequences: (A) PP/PA6/CB; (B) PP/CB+PA6; (C) PA6/CB+PP. Herein, the right column showed the images of samples which were etched using formic acid.
Annealing treatment is considered as an effective approach to improve the performance of polymer composites (Li et al., 2015; Zhou et al., 2018b; Shi et al., 2021). Herein, the above molded samples were annealed at 150°C for 1 h. Afterwards, samples were allowed to cool down to room temperature for σ and tensile tests. The values of σ and tensile strength for ternary PP/PA6/CB microparts before and after annealing were presented in Figures 11A, B, respectively. The results suggested that both the σ and tensile strength of the annealed samples were higher than their unannealed counterparts. Specifically, the σ of annealed PP/CB+PA6 micropart reached as high as 0.106 S/m, which was the optimal among the studied systems. Meanwhile, the tensile strength was increased from 31.3 to 36.9 MPa, which indicated that the rearrangement or improved mobility of polymer chains during annealing was instrumental in modifying the state of distribution of CB and the perfection of crystals that resulted in improving the performance of resultant samples. The XRD patterns for samples before and after annealing treatment were displayed in Figure 11C. The results revealed that the peak intensity of β-crystal diminished and the characteristic peaks of α-form crystal increased after annealing treatment, which was favorable for enhancing the tensile properties; moreover, the perfection of crystals would likely lead to the formation of CB agglomerates, which also favored the improvement of σ.
[image: Figure 11]FIGURE 11 | A comparison of the (A) electrical conductivity, (B) tensile strength and (C) XRD patterns of PP/PA6/CB microparts before and after annealing at 150°C for 1 h.
4 CONCLUSION
In this study, electrically conductive microparts with carbon black (CB)-rich network was constructed in situ by using polypropylene/polyamide 6 (PP/PA6) as the host matrix, under the processing conditions of microinjection molding (μIM). The prevailing high shear rates and extensional flow fields in μIM are unfavorable for the formation of intact filler network within micromoldings, as reflected by the lower electrical conductivity (σ) of microparts when compared with their compression molded counterparts. Samples which were prepared using PP/PA6 blend as the host substrate showed higher σ at relatively lower filler concentrations which suggested a higher efficacy of constructing filler network. The blending sequence and annealing treatment also affected the development of microstructure which determined the σ and tensile strength. This work provided insights into the preparation of electrically conductive microparts with reasonable mechanical performance that demonstrate potential applications in electronics and automotive sectors among others.
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