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Abstract

:

The rapid printing of 3D parts with desired electrical properties enables numerous applications. Fused deposition modeling (FDM) using conductive thermoplastic composites has been a valuable approach for such fabrication. The parts produced by FDM possess various controllable structural features, but the effects of the structural features on the electrical properties remain to be determined. This study investigated the effects of these features on the electrical resistivity and resistivity anisotropy of 3D-printed ABS/CB composites. The effects of the process parameters of FDM, including the layer thickness, raster width, and air gap, on the resistivity in both the vertical and horizontal directions for cubic samples were studied because the internal structure of the printed parts depended on those process parameters. The resistivities of printed parts in different parameter combinations were measured by an impedance analyzer and finite element models were created to investigate the relationship between the resistivity and the internal structure. The results indicated that the parameters remarkably affected the resistivity due to the influence of voids and the bonding condition between adjacent fibers. The resistivity in the vertical direction ranged from 70.40 ± 2.88 Ω·m to 180.33 ± 8.21 Ω·m, and the resistivity in the horizontal direction ranged from 41.91 ± 2.29 Ω·m to 58.35 ± 0.61 Ω·m at the frequency of 1 kHz. Moreover, by adjusting the resistivities in different directions, the resistivity anisotropy of the printed parts can be manipulated from 1.01 to 3.59. This research may serve as a reference to fabricate parts with sophisticated geometry with desired electrical resistivity and resistivity anisotropy.
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1. Introduction


3D printing, also known as additive manufacturing, enables the construction of parts with complex geometries without the need for expensive molds or tools. As such, the method is potentially profitable for both scientific research [1] and commercial manufacturing [2]. With its rapid development in recent years, 3D printing has evolved from manufacturing prototypes to building functional components in numerous fields, ranging from mechanical engineering [3] and biomedical engineering [4,5,6], to electrochemical studies [7]. For applications in various fields, developing and characterizing printable materials with desired properties are currently key areas of research and development.



Materials with desirable electrical properties are indispensable for many research and industrial areas. Materials of controlled electrical resistivity can be employed for controlled electrical conduction, static charge dissipation, and lightning protection in electronics [8].Those materials often require processing before being employed and 3D printing, a useful processing method for fabrication of complex shape parts, has been used to print objects with desired electrical properties. There are currently two main approaches. In one approach, the objects are fabricated to a required geometry using insulating materials, and then conductive additives are embedded in the objects to obtain electrical conductivity [9,10,11].In the other approach, the objects are directly printed with conductive materials [12,13,14,15,16,17]. The second approach is more efficient, and its application areas include electronic sensors [18,19], paper electronics [20], light-emitting diodes [21], microbatteries [22],and electrodes [23,24].The conductive materials for 3D printing mainly comprise metal, carbon, and their polymer composites. The feedstock of polymer composites mixed with various forms of carbon has attracted considerable attention because carbon cannot be oxidized and then become nonconductive. In addition, the polymer composites are always thermoplastic and, thus, can be handled by fused deposition modeling (FDM), a widely used 3Dprinting technology. For instance, Leigh et al. reported a method to fabricate electronic sensors using low-cost 3D FDM printing by polycaprolactone (PCL)/carbon black (CB) [18]. Although the materials appeared to have low resistivity after printing, they did not evaluate the influence of the process of FDM on the resistivity of printed parts. Wei et al. revealed that the resistivity of printed parts was much higher than that of the feedstock for acrylonitrile butadiene styrene copolymer (ABS)/graphene oxide (GO) composites [15]. However, the reason why the resistivity was increased was not described in detail. To the best of our knowledge, despite the potential of these materials for various applications, few studies have specifically characterized the resistivity of 3D-printed conductive composites.



Although the resistivity of the composites is mainly determined by the conductive additives, the process technique and the process parameters are also important factors that influence resistivity [25]. For example, in the traditional injection molding, the process parameters significantly influence the electrical conductivity of molded composites [26]. Additionally, in 3D printing, FDM produces 3D objects by extruding thermoplastic materials and depositing the semi-molten materials onto a stage layer by layer. Microscopically, voids inevitability exist within the model, and adjacent fibers may not be completely fused because the material is semi-molten when deposited [27]. The process parameters considerably influence the mechanical properties [28,29,30,31] and the dimensional accuracy [32] of the printed parts. As the resistivity of the materials are also influenced by the inner microstructure, we hypothesize that the structural features affected by the process parameters also affect the resistivity of the printed parts.



Another obvious characteristic of printed parts is structural anisotropy [33], namely the structures in horizontal direction and vertical direction of printed parts inherently are different. Structural anisotropy of the printed parts of conductive composites also produces anisotropy in resistivity [18]. Especially, considering their stacked structure, printed parts provide a complete conductive path in the horizontal printing direction of the fibers. However, perpendicular to such direction, the formation of a conductive pathway is reliant on the melting between adjacent printed fiber layers [18], which is affected by the process parameters. Since the process parameters affect the internal fiber structure of the printed parts, we hypothesize that the parameters also influence the resistivity anisotropy and the relationship between the anisotropy ratio and the process parameters must be clarified to fabricate parts with controllable resistivity anisotropy.



Accordingly, this study aims to characterize the resistivity and its anisotropy of 3D-printed parts derived from ABS/CB composites. As it is proven that the resistivity of printed parts is much higher than that of the feedstock, we herein attempt to investigate how the parameters influence the internal structure and, hence, affect the resistivity and its anisotropy of 3D-printed ABS/CB parts. Based on these findings, we present a new method to fabricate 3D components of controllable resistivity and its anisotropy.




2. Materials and Methods


2.1. The Fabrication of Filaments and Printed Parts


ABS is a standard material used in 3D printers for fused deposition, and CB is a suitable filler material in conductive polymer composites. As such, ABS/CB composite pellets with 15 wt% CB, a composite with good conductive performance [34], was chosen. ABS/CB conductive composite pellets (Guangzhou Plastic Technology Co., Ltd., Guangzhou, China) were extruded into a 1.75 mm diameter filament to fit the 3D printer using a single screw extruder [35] (Supplementary Materials, Figure S1). Due to the swell phenomenon during extrusion, a discrepancy in diameter exists between the nozzle and the produced filament. A copper nozzle with an internal diameter of 1.70 mm was chosen to produce a filament with an average diameter of 1.75 mm and a standard deviation of 0.03 mm.



An open source 3D printer, Prusa i3, was used to fabricate the samples (Figure S2). The dimensions of the cubic sample are 20 mm × 20 mm × 20 mm (length × width × height). Afterwards, a series of experiments was carried out using a three-level, three-factor factorial design to study the influence of three process parameters, i.e., layer thickness (A), raster width (B), and air gap (C), on the resistivity and its anisotropy. The typical parameter value was selected as the middle level, and the two other levels were chosen on the basis of the literature [28] as shown in Table 1. Each parameter was controlled independently through the slice software (Slic3r, Version 1.0), referring to the parameter combinations of the array in Table S1. Such experimental design could obtain all possible parameter combinations. The other fixed process parameters were as follows: nozzle diameter (0.4 mm), movement speed of the nozzle during printing (100 mm/s), extrusion temperature (230 °C), hot bed temperature (110 °C), and extrusion speed (generated automatically by the slice software depending on the nozzle movement speed and material diameter). Moreover, two parameters were set for all of the samples to ensure surface smoothness, thus facilitating resistance measurement. To improve the precision and to estimate the standard deviation, three samples for each parameter combination were produced.




2.2. Resistivity Measurement


Sample resistivity was measured using an impedance analyzer (Solartron SI1260, Schlumberger, New York, NY, USA) with a general-purpose interface board (GPIB) and a computer for system control and data input/output (Figure S3). Silver-plated copper conductive rubber (Shenzhen Brilliance Rubber and Plastic Materials Co., Ltd., Shenzhen, China) with a resistivity less than 10−4 Ω·m was used as the measuring electrode. By virtue of the elasticity of the conductive rubber, excellent contact between the electrode and the sample surface was attained to reduce the contact resistivity between the sample and electrode. The test cell with the conductive rubber electrode can be seen in Figure S3b. We evaluated the contact resistivity by measuring samples with the same cross-sectional area and different heights in the test cell and it revealed that the contact resistivity was negligible compared with the resistivity of the samples.



Filament and fiber resistivities were measured using the two-electrode method, and the cubic sample resistivity was measured by the four-electrode method. Both of the measurements were conducted with a 0.5 mA drive current in sweep frequency mode in the frequency range of 1 Hz–1 MHz. For the cubic sample, the measurement was carried out in the vertical and two horizontal directions, and the mean value of the measurements in the two horizontal directions was used as the final resistivity in the horizontal direction. The vertical direction refers to the object’s building direction, namely, the growth direction during object generation. The horizontal direction includes two directions, namely, the width and length directions, and the resistivities in the two directions are identical in theory (the difference of them is less than 2% in actual measurement). The resistivity anisotropy was defined as the ratio of resistivity in the vertical direction to resistivity in the horizontal direction. The resistivity of each sample was measured thrice, and the average was obtained to decrease measuring error. In addition, conductive composites are affected by temperature; hence, measurements were performed at isoperibol (25 ± 0.3 °C) in a controlled temperature box as shown in Figure S3a.




2.3. Data Processing, Simulation,and Scanning Electron Microscopy


The data measured from different parameter combinations were analyzed using statistical software (Minitab 16, Minitab Inc, State College, PA, USA).The main effects were used to evaluate the influence of each parameter on the resistivities. Moreover, as the parameters influence the resistivity via changes in the internal structure, simulation of the relationship between the resistivity and the internal structure of 3D-printed parts was carried out using the finite element simulation software (COMSOL Multiphysics 5.2, COMSOL Inc, Stockholm, Sweden). In the simulation models, the resistivity of the fibers was the same as that of the filament. To calculate the resistivity of the models, two copper electrodes of 0.5 mm thickness were added to two sides of the simulation models. One electrode was driven by 1 A/m2 current density, and the other electrode was grounded. Finally, scanning electron microscopy (S-3400N, Hitachi, Tokyo, Japan) was used to characterize the internal structure of the printed parts.





3. Results and Discussion


3.1. Resistivities of Filaments and Printed Parts


In FDM, the filaments were heated into a semi-molten state and extruded into thin fibers from a nozzle of the 3D printer. The fibers were deposited layer by layer according to the sliced model design to build 3D models (Figure 1a). To compare the resistivity of the ABS/CB composites in different shapes, the resistivities of the filaments, fibers, and the cubic samples (Figure 1b) at frequencies of 1Hz–1 MHz were measured and are shown in Figure 1c, wherein cubic samples were fabricated by a default process parameter combination (layer thickness: 0.2 mm, raster width: 0.4 mm, air gap: 0.00 mm). The resistivities of differently-shaped parts were relatively constant from 1 Hz to 100 kHz, and then decreased gradually from 100 kHz to 1 MHz.The resistivities of the cubic samples are much higher than those of the filaments, as reported previously for ABS/GO composites [15], and the resistivities of the extruded fibers wereslightly lower than those of the filaments. In addition, the resistivities of the cubic samples significantly varied in different directions (Figure 1c), which is consistent with previous reports [18]. For instance, at a frequency of 1 kHz, the resistivities of the filaments, the fibers, the samples in the horizontal direction and the samples in the vertical direction were 29.06 ± 0.77 Ω·m, 26.55 ± 0.50 Ω·m, 42.59 ±1.94 Ω·m and 101.60 ± 6.85 Ω·m, respectively. It can,thus,be concluded that the resistivities of the cubic samples increased compared to the fibers, but the resistivities of the filaments did not increase compared to the fibers. Consequently, the possible reason was due to the internal structural features of the printed parts produced during deposition of the fibers but not to the heating and extruding process of the materials.



To investigate why the resistivity changed from fibers to the printed samples, a finite element model was established to simulate the printed structure that was created from the fibers. The cross-section of the fiber is circular when the material extrudes from the nozzle, but the fiber becomes squeezed and deformed when deposited. The fiber was modeled with two straight sides and two rounded sides [28], as shown in Figure 1a. The advantage of this model was that the mass density decrease from the solid model to the printed structure model was similar to the actual case considering the existence of voids for printed parts. Specifically, the density decreased from 1.178 g/cm3 for the ABS/CB composite filament to 1.051 g/cm3 for the printed parts and the density ratio of the printed structure to solid structure was 0.891 for simulation models. The simulation results indicated that the resistivities of the printed structure in the vertical and horizontal directions are 1.85 and 1.38 times of those of the cubic solid model, respectively, as shown in Figure 1d. In fact, the measured values were 3.83 and 1.60 times. Therefore, voids may not be only factor to determine the resistivities of cubic samples. Although using a greater void fraction in the simulation model could increase the predicted resistivity, it also unavoidably decreases the density further, inconsistent with the actual case.



The fibers extruded from the nozzle are semi-molten [27,28,36] and not completely fused. The imperfect bonding conditions between adjacent fibers may cause contact resistivity. Hence, besides voids, the influence of this contact resistivity between fiber layers on the resistivity in the vertical direction was also examined in the simulation model. As shown in Figure 1e, the resistivity indicated by the model increased with contact resistivity. The relationship between the resistivity in the vertical direction and the contact resistivity was given in Figure S4. When the contact resistivity was 3.16 × 10−3 Ω·m2, the resistivity of the deposited structure in the vertical direction was approximately3.83 times that of the solid structure, which was identical to the measured value. In addition, it can be seen in Figure 1d,e that, regardless of the presence of the contact resistivity, the resistance of the whole sample mainly emerges between the fibers rather than within the fibers. It suggests that the interlayer bonding, including the bonding area and the bonding quality, may significantly influence the resistivity in the vertical direction of the printed parts.




3.2. Influence of Process Parameters on the Resistivities of Printed Parts


The influence of three process parameters, i.e., layer thickness, raster width, and air gap (as shown in Figure 2a), was investigated by a three-level, three-factor factorial design. The resistivities of the samples (frequency = 1 kHz) in the vertical and horizontal directions were measured and shown in Figure 2b. The resistivity was higher in the vertical direction than in the horizontal direction for all of the samples. Compared with the resistivity in the horizontal direction, the resistivity in the vertical direction was more readily affected by the process parameters. Specifically, the maximum resistivity in the vertical direction was more than two times greater than that of the minimum value.



Data on the resistivity in the vertical direction were further analyzed using statistical software to determine the importance of each factor. Figure 2c shows the effect of each independent variable (A–C) on the resistivity in the vertical direction of the samples, namely average values and standard deviations. Among the three parameters, the effect of B (raster width) was much greater than those of A (layer thickness) and C (air gap). With increasing raster width, the resistivity in the vertical direction decreased significantly. With increasing the air gap, the resistivity increased slightly, and the effect of the layer thickness on the resistivity in the vertical direction was not obvious. Moreover, the optimum A, B, and C showing the lowest electrical resistivity in the vertical direction was A1B3C1 (layer thickness: 0.14 mm, raster width: 0.5 mm, air gap: 0.00 mm).



The effect of the main factors derived from the statistical analysis on the resistivity in the horizontal direction is presented in Figure 2d. A (layer thickness) exerted the greatest effect on the resistivity of the samples, with the resistivity in the horizontal direction increasing with layer thickness. C (air gap) also evidently influenced the resistivity, with the resistivity in the horizontal direction increasing with the air gap. In addition, the effect of B (raster width) on resistivity in the horizontal direction was not significant, and the optimum A, B, and C showing the lowest electrical resistivity in the horizontal direction was A1B2C1 (layer thickness: 0.14 mm, raster width: 0.4 mm, air gap: 0.00 mm).



To further explain these findings, we conducted simulation experiments to clarify the relationship between the resistivity and internal structure for simulated parts similar to the printed ones. The influence of raster width and air gap on the resistivity in the vertical direction and layer thickness and air gap on the resistivity in the horizontal direction was examined as the effect of layer thickness on the resistivity in the vertical direction and raster width on the resistivity in the horizontal direction was not obvious. The result of the simulation examining the influence of the raster width on the resistivity in the vertical direction is shown in Figure 3a. As the resistivity of the fibers remained the same in the models with different raster widths, the differences between these models were the structure. For different raster widths, the void area was the same between parallel fibers, and the difference was the bonding area between fiber layers. It appears that with increasing raster width, the bonding area increased, and this decreased the resistivity in the vertical direction. In addition, the air gap also had a significant impact on the resistivity. It is obvious that, with the increasing air gap, the void area was enlarged and this increased the resistivity in the vertical direction. Comparing Figure 3a,b, it is shown that the influence of raster width was more significant than that of the air gap, maybe indicating the effect of the contact condition was greater than voids in the vertical direction.



The simulation results for the influence of the layer thickness and the air gap on the resistivity in the horizontal direction are shown in Figure 3c,d. We can see that increasing the layer thickness and air gap enlarged the void area. As the current was passed along the fiber in the horizontal direction, the bonding condition between adjacent fibers did not significantly affect the resistivity. It appears that the voids were the main reason that impacts resistivity in the horizontal direction.



For the further investigation of the relationship between the resistivity of 3D-printed parts and their structural properties affected by the process parameters, scanning electron microscopy (SEM) was used to analyze the structural features of the printed parts as shown in Figure 4. We observed from the SEM images that the shape of deposited fibers from different process parameters was similar to that employed in the simulation models, namely, fibers with across-sectional area bound by two straight parallel sides and two rounded sides. Specifically, for images of different layer thicknesses, the void area increased and the number of layers decreased with the increase of layer thickness as indicated in Figure 4a–c. For images of different raster widths, it can be observed that the shape and area of the voids resulting from different raster widths was almost the same and that the bonding area increased with increasing raster width as shown in Figure 4d–f, and both of these observations were the same as the simulation model predictions. For images of different air gaps, the voids significantly increased with the air gap as given in Figure 4a–c, which must induce the increase of resistivities in two directions.



A feature of the actual internal structure of printed parts that was different with the simulated structure was that the actual bonding condition was not perfect between adjacent fibers, as shown in Figure 4. The imperfect bonding condition must induce the arising of the contact resistivity between adjacent fibers and increase the resistivity of the printed parts, especially in the vertical direction. In the simulation analysis, when a contact resistivity existed, the decrease of the resistivity in the vertical direction was more substantial with the increasing raster width, as shown in Figure S4c, which can explain the resistivity decrease from 154.87 Ω·m to 89.07 Ω·m when the raster width changed from 0.3 mm to 0.5 mm.



For the structure of printed parts, current in the vertical direction must pass through the adjacent fiber layers to obtain electrical conductivity. For the simulation analysis, the increase of the resistivity in the vertical direction occurs between the fiber layers, and the presence of the contact resistivity between the fiber layers increases the resistivity of the whole structure. In addition, with the increase of the raster width, the contact area between the fibers increased, and the resistivity decreased. Hence, the evidence of simulation and electron microscopy analysis could demonstrate bonding conditions, including the bonding area and bonding quality, which are the most important factors that affect the resistivity in the vertical direction. On the other hand, the current in the horizontal direction cannot only spread along the fiber, but also transmit through the adjacent parallel fibers from the structure of printed parts. The presence of voids reduces the contact of the adjacent fibers, as well as the effective cross-sectional area of the fibers and, therefore, may increase the resistivity. Both simulation and electron microscopy proved the results. Thus, voids are supposed to be the most important factor to affect resistivity in horizontal direction.



The electrical conductivity of ABS/CB is afforded by the conductive fillers and the structure of contact between carbon filler is a factor to affect the resistivity of printed parts, but the main issue we focused on were structural features within the scope of extruded fibers, and the influence of contact between carbon filler on resistivity could be found in other studies [37,38]. In addition, although the shape of the actual fibers and the bonding condition between adjacent fibers had some inconsistencies, which may be caused by inaccuracies in the positioning stage or the extrusion rates, the effect of these deviations on resistivity was slight because the fibers are relatively small in size and the error due to each fiber was averaged over a number of fibers. Therefore, there is evidence that the resistivity in the vertical direction can be adjusted by changing the raster width.




3.3. Control of the Resistivity Anisotropy of Printed Parts


The internal structure of the printed parts inherently appears anisotropic, and when the printed parts serve as a conductive medium, the resistivity is also anisotropic [18]. In the vertical direction, the current must pass through adjacent fiber layers but, in the horizontal directions, the current is not distributed only along the individual fiber but also across parallel fibers. As the process parameters influence the structure of printed parts, it also impacts the resistivity anisotropy ratios of the parts. The resistivity anisotropy ratios for the different parameter combinations are shown in Figure 5a by calculating the ratio of the resistivity in the vertical direction to that in the horizontal direction. The maximum anisotropy ratio is 3.59 and the minimum ratio is 1.47. The effect of the main factors of the anisotropy ratio for the three parameters is indicated in Figure 5b. Similar to that of resistivity in the vertical direction, the most influential parameter was the raster width, and the anisotropy ratio decreased with increasing raster width.



To further clarify the relationship between the anisotropy ratio and raster width, the anisotropy ratio for the raster width range of 0.30 to 0.70 mm at intervals of 0.05 mm was examined. It can be seen from Figure 5c that with increasing raster width, the resistivity anisotropy ratio decreased monotonically. Although the structure of the printed parts was anisotropic when the raster width was 0.70 mm, the resistivity anisotropy ratio was close to 1.0. This result suggested that the resistivity of the printed parts can be adjusted to be nearly isotropic. This indicated that although the internal structure of printed parts was inevitably anisotropic, isotropic resistivity for conductive composites can be achieved by adjusting the process parameters. The relationship between the anisotropy ratio and raster width was fitted by an exponential function as shown in Figure 5c. The correlation coefficient was 0.993. It can be concluded that the resistivity anisotropy ratio can be adjusted from 1.01 to 3.59 by directly altering the raster width. Therefore, this could be considered as a new approach to fabricate parts with complex shapes and desired resistivity anisotropy ratio. Further, although the resistivity anisotropy ratio manipulation can also be achieved by printing with two kinds of materials with different resistivities using a two-nozzle printer, the advantage of this method was that only one conductive composites and the most widely used one-nozzle printer were needed.



Since controllable and well-defined anisotropy materials are required in the construction of phantoms to test methods that evaluate medical imaging equipment, such as diffusion tensor imaging [39] and electrical impedance tomography [40], the process we detailed to manipulate resistivity anisotropy may serve as a new approach to fabricate a model by 3D printing with a complex shape and the desired resistivity anisotropy for imaging electrical anisotropy.





4. Conclusions


The aim of this study was to investigate resistivity and its anisotropy characterization of 3D-printed conductive composites. A conductive, CB-filled ABS filament for a fused filament modeling printer was created. Comparing the resistivity of the filaments and cubic samples made by 3D-printing, it can be concluded that the resistivity of the printed samples increased remarkably. Specifically, the resistivity increased from 29.06 Ω·m ± 0.77 Ω·m for the filaments to 42.59 ± 1.94 Ω·m and 101.60 ± 6.85 Ω·m for the cubic samples in the horizontal direction and the vertical direction, respectively.



The influence of process parameters, i.e., layer thickness, raster width, and air gap, on the resistivity of the 3D-printed parts was also studied. Raster width and air gap significantly affected the resistivity in the vertical direction, and layer thickness and air gap significantly affected the resistivity in the horizontal direction. It was evident that process parameters affected the internal structure of printed parts and influenced the resistivity. It also appeared that a wider raster width produced a greater bonding area, which decreased the resistivity in the vertical direction; a greater air gap produced a larger void, which increased the resistivity; increasing either the layer thickness or the air gap produced larger voids and then increased the resistivity in the horizontal direction. Hence, the resistivity of printed parts can be adjusted by carefully changing the process parameters.



The resistivity of the printed parts was anisotropic as the internal structure of the parts was anisotropic. The process parameters alter the internal structure and, thus, modify the resistivity anisotropy ratio simultaneously. This study indicates that the resistivity anisotropy ratio can be adjusted from 1.01 to 3.59 by adjusting the raster width. This feature offers an efficient and reliable method to fabricate objects with controllable resistivity anisotropy.
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Figure 1. Varied shapes and their resistivities for materials in FDM. (a) Process of FDM, the semi-molten fibers weresqueezed and deposited to form parts with the desired shape; (b) varied shapes of materials: filament, fiber, and cube; (c) resistivities of materials in different shapes and frequencies of 1 Hz–1 MHz; (d) resistivities of the models in varied structures and shapes from the simulation, including solid structure, printed structure in the vertical direction, and printed structure in the horizontal direction. In the color bars, the gradient from blue to red means that the potential increases, i.e., the resistivity increases, as the current density is the same for all of models; and (e) resistivites of the printed structure modelsin the vertical direction with different contact resistivities between fiber layers. 
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Figure 2. Effect of parameters on the resistivity of printed parts. (a) Illustration of the process parameters, including layer thickness, raster width, and air gap; (b) resistivities of printed parts in the vertical and horizontal directions for different parameter combinations from factorial design; (c) main effects on resistivity in the vertical direction, including average values and standard deviations; and (d) main effects on resistivity in the horizontal direction. 
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Figure 3. Resistivity of the simulated structure similar to the printed parts as a function of the different process parameters. In the figures, the meaning of the color bars has been illustrated in Figure 1. (a) Resistivity in the vertical direction for raster widths of 0.3, 0.4, and 0.5 mm; (b) resistivity in the vertical direction for air gaps of 0.00, 0.04, 0.08 mm; (c) resistivity in the horizontal direction for layer thicknesses of 0.14, 0.20, and 0.26 mm; and (d) resistivity in the horizontal direction for air gaps of 0.00, 0.04, and 0.08 mm. 
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Figure 4. SEM images of the internal structure of 3D-printed parts for different parameter values.(a–c) Cross-sections in the vertical direction for layer thickness 0.14, 0.20, and 0.26 mm, respectively; (d–f) cross-sections in the vertical direction for raster widths 0.3, 0.4, and 0.5 mm, respectively; and (g–i) cross-sections in the vertical direction for air gaps of 0.00, 0.04, and 0.08 mm, respectively; in (e), it is indicated that the voids existed between adjacent fibers although the air gap was set to zero and the bonding conditions between fiber layers were always imperfect. In addition, the bonding areas between fibers were always less than raster width. 
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Figure 5. Resistivity anisotropy of 3D-printed ABS/CB parts. (a) Anisotropy ratio of the printed parts in different parameter combinations from factorial design; (b) the main effects of the anisotropy ratio, including average values and standard deviations; an (c) the relationship between the anisotropy ratio and raster width ranged from 0.30 to 0.70 mm at intervals of 0.05 mm. 
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Table 1. Process parameters and their levels.







Table 1. Process parameters and their levels.







	
Parameter(Factor)

	
Level




	
1

	
2

	
3






	
A: Layer thickness (mm)

	
0.14

	
0.2

	
0.26




	
B: Raster width (mm)

	
0.3

	
0.4

	
0.5




	
C: Air gap (mm)

	
0.00

	
0.04

	
0.08
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