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Abstract

:

Metal-reinforced polymer composites are suitable materials for applications requiring special thermal, electrical or magnetic properties. Three-dimensional printing technologies enable these materials to be quickly shaped in any design directly and without the need for expensive moulds. However, processing data correlating specific information on how the metal particles influence the rheological behaviour of such composites is lacking, which has a direct effect on the processability of these composites through melt processing additive manufacturing. This study reports the compounding and characterisation of ABS composites filled with aluminium and copper particulates. Experimental results demonstrated that the tensile modulus increased with the incorporation of metal particles; however, there was also an intense embrittling effect. Mechanical testing and rheological analysis indicated poor affinity between the fillers and matrix, and the volume fraction proved to be a crucial factor for complex viscosity, storage modulus and thermal conductivity. However, a promising set of properties was achieved, paving the way for polymer–metal composites with optimised processability, microstructure and properties in melt processing additive manufacturing.
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1. Introduction


Polymer–metal composites are of particular interest for applications in which either thermal or electrical conductivity is required since polymers are not intrinsically conductive [1,2,3,4,5,6]. For instance, concern has arisen due to warpage and distortion caused by thermal expansion on polymer-based 3D-printed parts. Finite element analysis (FEA) simulations have been employed to model the mechanical and thermal behaviours of parts built through fused deposition modelling (FDM) [1,3,7]. Therefore, materials with improved thermal properties would address the final product’s potential distortion in the fabrication of large-dimension structures such as electromagnetic interference shields and antennas [1]. A combination of heat dissipation and electrical insulation is usually desired in encapsulated electronic devices, preventing a potentially jeopardising overheating situation while enabling the retention of the electrical functionality [4,8]. Moreover, inserts for injection hybrid moulds (which are manufactured through 3D printing techniques) have also proven to benefit from inorganic fillers, exhibiting improved heat dissipation and greater longevity and yielding parts with properties comparable to those produced with conventional injection moulding [9,10,11]. In this context, metal-reinforced polymer–matrix composites have become an alternative material to overcome these issues as the addition of fillers, either particles or fibres simply with conductivity greater than that of polymers, aimed at improving mechanical characteristics combined with light weight, can also impart distinct thermal, electrical, optical or magnetic properties to the material [5,7,12,13].



The effects of a number of conductive fillers on the properties of different polymer materials have been investigated, with particular emphasis on copper and aluminium powders, and various experimental approaches and numerical models have been employed to assess the thermal conductivity of such composites [14,15,16,17,18,19,20]. For instance, Rahmati and Dickens (2007) [21] and Pontes et al. (2008) [22] carried out studies on aluminium-filled 3D-printed epoxy inserts for hybrid moulds, evaluating the thermal and mechanical properties and reporting promising outcomes relative to enhancing the thermal performance of the moulds. Ranjan et al. (2023) [23] 3D-printed ABS parts to fabricate composites with aluminium metal spray reinforcement, and then applied machine learning methodologies to optimise the process variables and the flexural properties. Akrout et al. (2023) [24] investigated the structural, thermal, micromechanical and tribological properties of ABS/Cu composites for bearing applications. Compared to neat ABS, the composites showed a higher hardness and elastic modulus. Significant improvements in ABS’s mechanical and thermal properties suggest that a suitable selection of material composition and other parameters may lead to a FDM filament of great potential, yielding high-performance, functional prototypes for a wide range of applications manufactured with the FDM process [7,25].



From the point of view of the material, the acrylonitrile–butadiene–styrene copolymer (ABS) is known for its excellent mechanical and impact strengths, dimensional stability, good chemical resistance, low water absorption and high filling capacity, arising as a popular thermoplastic material of choice for FDM applications as it offers satisfactory processability and a relatively low melting temperature [5,26,27,28,29]. The manufacturing of ABS composites through additive manufacturing (AM) techniques, such as FDM, has been demonstrated [30,31,32,33,34], and melt flow index (MFI) analysis has been a popular testing choice to evaluate the flow behaviour trends of ABS composites developed for 3D printing [35,36,37,38,39,40,41]. Isa et al. (2015) [35] and Sa’ude et al. (2016) [36] studied the behaviour of ABS/copper composites, and Kumar et al. (2019) [38] carried out similar work on ABS/aluminium composites, with all of them targeting the development of materials for extrusion-based AM processes; nonetheless, their results indicated that the filler has distinct effects on MFI depending on its content, suggesting that there would be no direct dependence between the loading content and MFI. However, only knowing a material’s MFI is insufficient to process it, since this type of measurement represents the flow of a material under the pressure applied during its testing, and it does not encompass considerations due to shear conditions a polymer chain will be subjected to as it undergoes the processing stage [42,43,44]. Moreover, MFI lacks accuracy and reproducibility as it is a single-point viscosity value relative to the shear rate and applied pressure at a fixed temperature, prone to inherent measurement errors as well as experimental errors [44,45,46].



On the other hand, considering that the flowability of a polymer is inversely proportional to the dynamic viscosity, it is well known that the melt flow behaviour (MFB) is an important parameter for 3D printing as the printed parts’ precision and interlayer adhesion may be affected by both the shear thinning effect (which determines the pressure needed to push the material through the nozzle) and the temperature parameters (which will ultimately govern the mechanical properties and integrity of the printed parts) [43,47,48,49,50]. Dynamic oscillatory rheometry has been employed to determine the appropriate processing conditions for high-performance thermoplastics in the form of AM feedstock, as it provides a more comprehensive rheological profile of such materials, such as including other linear viscoelastic properties of interest, e.g., melt storage modulus (G′) and complex viscosity (η*), and it has been successfully utilised to characterise ABS composites [51,52,53,54,55,56,57].



However, there is a gap of knowledge regarding the dynamic rheological properties of ABS/metal composites [58]. Within this frame of reference, this work aims to provide a better understanding of the effect of incorporating metallic particles on the rheological and viscoelastic properties of ABS, which is essential to determine the feasibility of these polymer/metal compounds as potential candidates for thermally conductive thermoplastic composites’ AM feedstock. In this study, metal particle-reinforced ABS composites were produced through extrusion compounding and injection moulding, with aluminium and copper particles incorporated into the polymer matrix. In addition, mechanical, rheological, viscoelastic, thermal and morphological characterisation techniques were employed to evaluate the effects of the metallic fillers’ loadings on the composites’ performance, as a suitable set of properties may be challenging to achieve, especially for highly loaded systems.




2. Experimental


2.1. Materials


Commercial-grade ABS was supplied by LG Chemical under trade name TR-557I as a transparent, impact-resistant material. Aluminium powder (250 mesh, >99.7%, air-atomised) and copper powder (325 mesh, >99.0%, water-atomised) were supplied by East Coast Fibreglass.




2.2. Metallic Powders Characterisation


Aluminium and copper powder were analysed in order to determine their surface and physicochemical properties, such as specific surface area, mean particle size and crystalline structure. Surface adsorption characteristics were studied in a Quantachrome Nova 1000e unit with nitrogen 5.0 as testing gas, and the specific surface area (Asp) was calculated using the Brunauer–Emmett–Teller (BET) isothermal model. Laser scattering particle size distribution measurements were performed in a Horiba LA-950 granulometer. X-ray diffraction was carried out in a Siemens/Bruker D5000, with 2θ angle ranging from 10° to 80° at a 0.05°·s−1 step, utilising a Cu-Kα tube (λ = 1.54056 Å).




2.3. Compounding and Extrusion


Metal-reinforced composites were prepared by mixing and extruding ABS with the metallic powders in a co-rotating twin-screw Leistritz Macromatex II (⌀ 27 mm, 36:1 L/D ratio), with a temperature profile of 200–230 °C from the throat to nozzle at 30 rpm. Prior to compounding, ABS and metallic powders were dried at 80 and 110 °C, respectively, for 2 h. Following extrusion, obtained composites were pelletised. Composite formulations were designed with two variable factors at two levels; the polymer/metal weight ratios are presented in Table 1, along with the theoretical volume fractions of polymer, fABS, and the metal filler, fmet.




2.4. Injection Moulding and Processing Optimisation


An Arburg 370E Allrounder injection moulding machine (⌀ 30 mm screw) was utilised in this study with a temperature profile of 195–220 °C from the throat to nozzle. Composite pellets and virgin ABS were pre-dried at 70 °C for four hours. Specimens (ASTM D638 type I tensile, unnotched ASTM D6110 Charpy impact and ⌀ 25 mm disc) were moulded. Allowing for the increased viscosity due to the filler contents, the injection process parameters needed to be modified in order to reach an optimal moulding condition for each formulation (Table 2), preventing issues such as short shots and flashing.




2.5. Mechanical Testing


Stress–strain tensile tests were performed with injection-moulded ASTM D638 type I specimens in a Zwick Roell (Zwick GmbH & Co. KG, Ulm, DE) universal testing machine with a 10 kN loadcell and testXpert III (version 1.5) software by the same manufacturer, based on ASDM D638-14. Test speed was 5 mm·min−1, and gauge length was 50 mm. A total of 16 specimens were tested for each formulation.



Unnotched Charpy impact test was carried out based on ASTM D6110-10 in a Ceast Resil 6844 (Ceast Instron SpA, Turin, Italy) digital machine with a 4.0 J hammer. Specimens were mechanically notched so that the material remaining in the specimen under the notch was 10.16 ± 0.05 mm thick. Twelve specimens were tested for each formulation. Hardness tests were carried out on a CV Instruments Shore D Durometer (CV Instruments Ltd., Sheffield, UK) digital machine, with a test load of 5.0 kg. A total of 64 measurements were taken from each sample. For both tests, the values reported were calculated as the average of the recorded values.




2.6. Dynamic Rheology


Oscillatory dynamic rheology of the composites was studied using a Discovery HR30 rheometer (TA Instruments, New Castle, DE, USA), featuring a parallel-plate geometry fixture with ⌀ 25 mm and 1.0 mm gap. To ensure that the strain utilised was within the linear viscoelastic region, amplitude sweep tests were performed within a strain range from 0.1% to 100% at 1.0 Hz. Frequency sweep experiments, also known as small angle oscillatory shear (SAOS), were carried out within a frequency range from 100 to 0.01 Hz under a strain of 1%. In SAOS studies, the flow curves follow a power law equation, η* = K × ωn, that expresses the shear thinning parameter n, which provides a semi-quantitative measurement of the filler dispersion [52,53]. Temperature of 195 °C and nitrogen atmosphere were applied for both test modes. Three specimens of each formulation were analysed in each testing mode.




2.7. Dynamic Mechanical Thermal Analysis


Dynamic mechanical analysis (DMA) was used to investigate the storage modulus (E′) and the glass transition temperature (Tg). A DMA Q800 (TA Instruments, New Castle, US) machine was used for the analysis using single cantilever mode with a free bending length of 17.5 mm. The specimens were 12 mm wide and 2 mm thick. A 1 µm oscillation amplitude, 1 Hz oscillation frequency and 5 °C·min−1 heating rate from room temperature to 160 °C were employed. Three specimens of each material were analysed. Tg was determined as the tan(δ)DMA peak temperature.




2.8. Thermal Conductivity


The thermal conductivity (k) of specimens was measured using a H111A Heat Transfer Unit (P.A. Hilton Ltd., Andover, UK). A disc specimen (⌀ 25 mm, thickness 2 mm) was fitted between two parallel-plate copper blocks. A voltage and current of 80 V and 0.109 A were applied, and six specimens were tested. Finally, the surface temperatures were estimated according to the manufacturer’s instructions, and k (for the materials) was calculated based on Fourier’s Unidirectional Heat Transfer Law.




2.9. Scanning Electronic Microscopy


The morphology of the impact fracture surfaces was observed through a field emission scanning electron microscope (FE-SEM) (Tescan Mira 3, Tescan UK/Oxford Instruments, Cambridge, UK), with a 10 kV energy beam using the backscattered electrons (BSE) mode. Prior to analysis, specimens were mounted on a metallic stub and gold-coated for 30 s at 0.13 mbar vacuum. Combined with the FE-SEM instrument, a surface chemical composition mapping was carried out through energy dispersive spectroscopy (EDS) equipped with a silicon drift detector (SDD) to evaluate the dispersion of the metal particles within the ABS matrix.




2.10. Statistical Analyses


Analysis of variance (ANOVA), a statistical method, was employed to assess whether the metallic powder type and content were significant for the composites’ properties. All the values were analysed at a 99% confidence interval, and differences were considered significant through the p-value test when p ≤ α = 0.01. In order to determine differences between sample groups, Tukey’s HSD pairwise post hoc test was applied [11,59].





3. Results and Discussion


3.1. Physicochemical Properties of Metallic Powders


The aluminium and copper powder’s specific surface areas were estimated through the BET model [60] and were 2.14 and 3.41 m2·g−1, respectively, which are very low values and indicate an absence of porosity. The granulometric distribution data are shown in Table 3. The metallic powders presented mean particle sizes of 27.95 ± 9.59 µm (Al) and 23.55 ± 9.92 µm (Cu), which are consistent with the differences in specific surface area and material density. Both powders demonstrated a unimodal frequency distribution of particle sizes (Figure 1), with ca. 63% of their particles within the medium silt range (14.5–28.5 µm). Aluminium had 30.16% of its particles falling within the coarse silt range, while copper presented a more balanced distribution between fine silt (19.09%) and coarse silt (16.46%). It is also important to mention that the powders were synthesised through distinct processes. The aluminium powder was produced through gas atomisation, a process that usually yields fine, regular and spherical particles, while copper powder was manufactured through water atomisation, which produces particles with highly irregular morphology [61,62]. The powders’ synthesis is therefore likely related to both the specific surface area and the particle size distribution.



The XRD patterns of both powders are presented in Figure 2. The powder diffraction data were processed with Rietveld refinement using the GSAS-II software [63]. Both aluminium and copper powders were found to match the diffraction patterns for pure metallic phases recorded on the software’s database and as previously reported in the literature, confirming the absence of oxidation. Aluminium had peaks at 2θ values of 38.6°, 44.8°, 65.2° and 78.3° [63,64], and copper had peaks at 43.3°, 50.4° and 74.1° [63,65].




3.2. Mechanical Properties


Representative stress–strain tensile curves of the neat polymer and the produced composites are shown in Figure 3, and the obtained mechanical properties are presented in Table 4. In Figure 3, it is possible to observe that neat ABS presented the typical thermoplastic’s stress–strain curve, with an elastic region, a prominent yield point and ductile break at greater strains [13]. Three out of four composites presented brittle behaviour. The tensile results indicate that the polymer/metal weight ratio has a significant effect on Young’s modulus (E), tensile strength (σmax), stress at break (σB) and strain at break (εB), and that there is a significant interaction between the weight ratio and type of filler (ANOVA, p < 0.01).



The incorporation of metallic particles changed the mechanical response of ABS. The metallic particles significantly raised E for ABS-30%Al and ABS-60%Cu, whose values are close due to the similar filler volume fraction, in comparison to neat ABS (ca. 50%, p < 0.01), and for ABS-60%Al (over 250%, p < 0.01). ABS exhibited a mean yield point at σY = 43.3 MPa and εY = 3.3%, while ABS-30%Al featured yielding at σY = 32.4 MPa and εY = 2.3% followed by a ductile break at σB = 31.3 MPa and εB = 2.9%. All copper-loaded specimens failed before yielding during the tensile test, as well as all specimens of ABS-60%Al and 4 specimens out of 16 of ABS-30%Al. This reveals a major embrittling effect of the metallic filler on the matrix, representing a considerable loss in terms of toughness.



Overall, the mechanical behaviour observed under tensile loading follows a trend of increasing E and reducing εB as the filler content increases, as also reported by previous studies [1,9,41,57,66]. Moreover, E displays a linear dependence (R2 = 0.9881) upon the volume fraction of the filler, regardless of the filler’s nature (Figure 4). Young’s modulus is not subjected to particle–matrix interfacial adhesion effects because debonding is not yet observed for small loads or displacements, i.e., the range within which the modulus is measured [66]. However, Masood and Song (2004, 2005) [9,10] reported a dependency of E and σmax upon the size and content of metallic fillers: the larger the particle size, the greater the tensile modulus and strength.



Characteristics such as σmax first decreased for a 30 wt% filler content and then, with a 60 wt% metal powder, increased to ca. 90% of that of neat ABS (Figure 5), while a significant increase of σB was observed for ABS-60%Al and ABS-60%Cu. Embrittlement, increase in E and decrease in εB are typically observed for ABS/aluminium composites [41,57]. In spite of the changes in injection moulding parameters due to the composites’ increased viscosity, the injection pressure has minimal to low influence on the mechanical properties of injection-moulded ABS [67]. The most important parameter for E, σmax and εB was identified as melt temperature, with impact levels weighting between 43 and 87%, whilst injection pressure made up between 2 to 22% for the same properties [67].



Although ABS-30%Al and ABS-60%Cu have similar filler volume fractions, σmax and εB of such composites are significantly distinct (p < 0.01) and ABS-30%Al has ductile behaviour. This indicates that aluminium and copper promote distinct fracture mechanisms due to different levels of polymer–particle interface interactions. The polymer–metal interface is a crucial factor, and its integrity can be affected by the particle’s morphology and stability, impairing the stress transfer between the matrix and the filler [13,66]. Since the formulations did not contain a coupling agent to promote enhanced interface interactions, there may be insufficient bonding between the metal particle and the polymer matrix [7].



ABS-30%Al and ABS-60%Cu have σmax of 32.4 and 38.1 MPa, respectively, suggesting that the ABS–copper interface may be less weak than the ABS–aluminium one. As σmax first drops for a 30 wt% filler content and then rises with 60 wt%, metal particles likely act as defects and have a weakening effect on ABS due to the stress concentration at a lower loading, later reinforcing the matrix as barriers to crack growth at higher concentrations [13,66]. Another reason for this may lie in the non-homogeneous dispersion of voids and particles, possibly leading agglomerations to cause stress concentrations [39].



In ABS-30%Al, the poor interface bonding would cause ABS regions adjacent to the particle agglomerates to remain unaffected, withstanding a certain degree of plastic deformation. This is not observed for ABS-60%Al. The energy that can be absorbed by the ABS matrix is limited by the metal particles, leading to crack initiation and growth [68]. As the filler will not deform, it will rather debond; at the same time, the particles induce a concentration of tensile stress in the matrix, promoting multiple crazing sites [68].



The interaction between ABS and copper particles likely led the interface to stiffen neighbouring polymer segments from lower filler volume fractions, increasing the composite’s brittleness. Increasing the filler concentration leads to the formation of clusters. Moreover, polymer–particle interfaces would act as breaking sites; therefore, as these agglomerations grow with the filler content, the surface-to-volume ratio drops, decreasing the amount of breaking sites, thus leading σB to rise [13].



The resulting brittleness observed in E is endorsed by a decrease in IS, with values for ABS-30%Al and ABS-60%Al as low as 20% and 15% of that of ABS, while ABS-30%Cu and ABS-60%Cu were as low as 23% and 31% relative to the pure material (Table 4 and Figure 5). The same trend was observed for IR. Such values of IS and IR suggest a poor adhesion between the matrix and reinforcement as a low-energy cleavage path leads to reduced energy absorption through the matrix [4,66,69]. In neat ABS, a fracture is driven by two simultaneous mechanisms, shear yielding and crazing, with shear-yielding bands acting as craze terminators and rigid particulates promoting enhanced shear yielding [68].



In general, the fracture toughness of ductile matrixes such as ABS is inversely proportional to the filler content due to a poor interfacial adhesion, particle agglomeration and non-homogeneous dispersion [66,70]. However, in spite of the reduction in toughness, the copper reinforcement particles likely promoted extra mechanisms for energy dissipation under a certain range of filler content, which is possibly associated with debonding and shear yielding, hence increasing the impact strength to some extent [66,68]. This would explain why increasing the copper content to 60 wt% enhanced the toughness behaviour as it raised IS by 38% relative to the 30 wt% copper content.



This effect was not observed for the aluminium composites as ABS-60%Al presented IS 25% lower than ABS-30%Al. In this case, the higher filler volume of aluminium reinforcement possibly led particles to agglomerate and act as stress concentration points, causing the impact properties to reduce, and supporting the hypothesis that the ABS–copper interface may be stronger than the ABS–aluminium one.



The cross-section fracture surfaces resulting from the Charpy test can be observed in Figure 6. ABS specimens presented clear evidence of deformation as the impact rupture took place, displaying the typical characteristics of a ductile rupture mechanism, including the presence of whitening due to the shear flow under stress [69]. These signals were absent on all the composites. Blisters can be observed on the composites cross-sections, likely caused by the moulding process, and could relate to the reduction in impact strength. Additionally, macroscopic aluminium agglomerations can be observed within the ABS matrix. Blisters observed on ABS-30%Cu were the largest overall. The amount and size of voids could also be related to the higher impact and tensile strength of ABS-60%Cu, as the non-homogeneous dispersion of blisters and particles might act as a point that creates stress concentrations. In Charpy impact testing, both the content and type of filler were found to be significant factors, and the interaction between the weight ratio and type of filler also had significant effects (p < 0.01). In addition, all the means were statistically different.



The values obtained for Shore D hardness showed an increasing trend alike to that of E, demonstrating that the stiffening effect due to the incorporation of the metal powders was also noticeable on the composites’ surfaces. The highest hardness was recorded for ABS-60%Cu, a significant increase of 7.7% (p < 0.01) in comparison to neat ABS, which had the lowest hardness. The figures are similar to the results previously reported for ABS/aluminium composites [37,41].



Also, the decrease in impact strength due to the incorporation of a filler was found to take place in conjunction with an increase in hardness [69]. It has been suggested that the hard particle filler absorbs the load and withstands plastic deformation, thus resisting indentation [6]. In this context, the metallic particles would change the polymer matrix’s microstructure; thus, the introduction of more grain boundaries due to increasing the metal content would cause the composite to reach a greater hardness value [71].



However, the lower values of hardness recorded for the aluminium-reinforced composites relative to the copper-filled ones, in spite of the greater volume fraction of the aluminium particles, may suggest an inadequate dispersion of the filler and a poorer interface effectiveness between the ABS matrix and aluminium reinforcement. Statistical analysis of the data indicates that both the content and type of filler have significant effects on the surface hardness characteristics, and the interaction between the weight ratio and type of filler was also found to be a significant factor (ANOVA, p < 0.01). In addition, only ABS-60%Al and ABS-30%Cu displayed no significant differences (p = 0.988).




3.3. Rheological Behaviour


The complex viscosity (η*) mean values recorded at 195 °C for neat ABS and the metal-reinforced composites are presented in Figure 7 as a function of frequency (ω). There is a decrease of η* with increasing ω, representing the shear thinning behaviour of ABS and the composites. The addition of metallic fillers did not change the overall η* curve profile. Aluminium particles increased viscosity over the entire frequency range, while copper particles had a contrasting effect: ABS-30%Cu presented lower viscosity than ABS, indicating a possible plasticising effect due to the low volume fraction of Cu particles in the matrix, and ABS-60%Cu had a behaviour very close to that of neat ABS. Small amounts of a filler may reduce the viscosity as filler–filler interactions in the agglomerates would be weak and break under the shear force that orientates the flow direction [38]. At higher ω, the rate of decrease of η* is greater, which is associated with the filler being forced to orient due to the shear stresses [51].



ABS presented a shear thinning parameter n of 0.4206. The changes in n for the composites are not large, with values ranging from 0.3962 for ABS-30%Cu to 0.4496 for ABS-60%Al, indicating low influence of the particles’ dispersion on the rheological properties of ABS, which thus suggests low compatibility between the filler and polymer. In general, when there is a good interaction between the matrix and reinforcement, the slope of the η* curve tends to increase, improving the shear thinning effect [52,53,54,55,56].



The increase in η* of the ABS/aluminium composites accounts for the higher values of injection and holding pressure during the processing stage. Regarding the ABS/copper composites, despite a distinct trend of η*, in order to achieve suitable moulding conditions those parameters were adjusted, preventing the polymer melt from freezing prematurely and to keep the mould pressurised.



The dependence of melt storage modulus (G′) on ω is shown in Figure 8. The shoulder observed between 0.2 and 20 Hz can be attributed to the relaxation process of the butadiene domains within the styrene–acrylonitrile (SAN) phase. This typically represents the immiscibility of distinct phases of polymer blends and copolymers with discrete-continuous morphology [42]. The materials have nonterminal behaviour at both ends of the frequency range, which means that the long-range motion of backbone chains is hindered during flow [54].



The change in G′ at a given ω due to the type and content of reinforcement follows the same trend of change observed for η*. Modulus shifts are observed on the ordinate axis, with minimal variations in the curve behaviour and no changes in the curve slope nor plateau developing at low ω. In composites with good matrix–filler interactions, G′ rises with the filler content and develops a distinct plateau at low ω, which represents hindered chain relaxation due to the inability of filler particles to freely rotate [51,54,55]. ABS-60%Al displayed G′ values ca. four times greater than those of ABS at all frequencies. The difference of G′ between ABS and ABS-30%Al is greater at lower ω than at the higher end of the range, owing to a greater time to untangle chain entanglements at the lower end, but not enough time for chains to relax at higher ω [53]. Moreover, G′ was found to overcome the loss modulus at higher ω, suggesting a viscous-to-elastic transition taking place [55].



Reinforcing a polymer matrix tends to reduce the melt tan(δ)SAOS curve maxima, meaning a more elastic-like behaviour [52,53,54,56]. In this case, tan(δ)SAOS decreased with the incorporation of a filler due to hindrance in chain motion and relaxation during flow, as noticed for ABS-30%Al, ABS-30%Cu and ABS-60%Cu relative to ABS, with their maxima shifting to higher ω. All samples displayed a slope transition within the low-frequency range, which may be associated with the hindered mobility of polymer chains, formation of three-dimensional network structures of fillers or a change in the filler–matrix interface interaction [53]. This greatly contrasts with the data regarding η* and G′, whose maximum values were achieved with ABS-60%Al. The lack of consistency of such results might further reveal that the affinity between the ABS matrix and the metallic reinforcement is poor.



Since MFB is a crucial parameter for 3D printing, SAOS has been employed to determine the appropriate processing conditions for high-performance thermoplastic AM feedstock, such as ABS. Ajinjeru et al. (2018) [56] assessed the effects of temperature, reinforcement and angular frequency on η* of ABS and ABS/carbon fibre (ABS/CF) composites. It was reported that η* reduced with the increase in the processing temperature from 230 to 270 °C and increase in ω, but was boosted with the incorporation of carbon fibres, enhancing the shear thinning effect. Finally, the authors claimed that the AM system’s deposition temperature may have a significant impact on η*, which is crucial when selecting the screw speed of large fabrication AM (LFAM) processes [56]. The increase in viscosity causes the torque on the extrusion screw to rise as well, so that the screw load excess may perform a counterbalancing action by adjusting the temperature, enabling a wide processing window by adjusting the flow rate [56]. Moreover, higher mixing screw speeds reportedly impart increased melting shear, thus significantly enhancing the filler dispersion, which in turn improves the composites’ mechanical and thermal properties [72]. Regarding the processing temperature limits, ABS presents a main degradation step that starts from 300 °C, with an onset point at ca. 365 °C; therefore, no thermal degradation events are expected to take place within the temperature range utilised in the test [73,74].




3.4. Viscoelastic Properties


The storage modulus (E′) mean values recorded at 30 and 90 °C, the glass transition temperature (Tg) of neat ABS and the metal-reinforced composites are presented in Table 5. Representative dynamic mechanical response curves of E′ and the damping factor (tan(δ)DMA) as functions of temperature are displayed in Figure 9.



For the neat ABS matrix, E′ curve shows the glassy state plateau from 25 to 80 °C and the glass transition from 80 °C onwards. Copper-filled composites closely followed the same behaviour. On the other hand, aluminium-reinforced composites had the glass transition shifted by ca. 5 °C, with the glassy state plateau prevailing up to 85 °C and shifting the end of the glass transition to higher temperatures as well. At 30 °C, all the composites have E′ values greater than that of the pure matrix, with the lowest being 28% higher at 2636.3 MPa for ABS-30%Cu, and the highest being 115% greater at 4444.3 MPa for ABS-60%Al.



In addition, E′ was also found to have a linear dependence (R2 = 0.9881) upon the volume fraction of the filler at 30 °C, mirroring the similar trend observed for Young’s modulus. When analysing ABS and ABS/Al composites only, such linear dependence achieves R2 = 0.9972, whereas ABS/Cu composites have a positive deviation respective to the linear regression model. Comparing ABS-30%Al and ABS-60%Cu, which have similar reinforcement volume fractions, it is noticed that the latter exhibits higher E′. These observations endorse the hypothesis of a better interface bonding between ABS and copper powder than between ABS and aluminium powder [75].



Overall, the composites’ storage moduli are greater than that of ABS within the whole range of the glassy plateau, revealing that the metal reinforcement particles have a stiffening effect on the matrix, i.e., the metallic powders had a strong interlocking action in the ABS matrix, increasing the material’s stiffness [7,55,74]. This effect is more pronounced for ABS/Al composites than for ABS/Cu, as the glassy state plateau lasts longer and the E′ curves of ABS-30%Cu and ABS-60%Cu are overcome by ABS and ABS-30%Al, respectively, during the glass transition. At 90 °C, the temperature effects are evident as ABS-30%Cu displayed E′ only 5% higher than ABS, and ABS-60%Cu had its E′ reduced to 8.5% lower than that of ABS-30%Al. A possible reason for this would be a loss of effectiveness of the ABS/Cu interface due to increasing temperature [75].



The metal powders also affected the glass transition of the SAN phase of ABS, as shown in Table 5 and Figure 9. It is known that the Tg of ABS is at approximately 100 °C and relates to the glassy–rubbery transition of the SAN grafting block [25,33,39,57]. The maxima of the tan(δ)DMA curves obtained with DMA displayed the same trend of change in ascending order as exhibited by G′ and η*.



Aluminium particles hindered the motion and rotation of ABS chains and retarded the onset of the viscous component contribution, as was observed with the increase in G′, raising the Tg up to 117.8 °C for ABS-60%Al. The reinforcement introduces restrictions on the segmental mobility of interfacial SAN blocks, tending to increase the Tg due to mechanical locking [33,74]. Composites containing a 60 wt% filler have greater Tg than 30 wt% composites, owing to the confinement of the polymer within the filler particles and the consequential clamping effect [13]. An increase in the reinforcement particle size would also increase the Tg for the same loading levels [57].



ABS-30%Cu had the lowest Tg at 107.0 °C, which is a clear drop relative to 110.0 °C of ABS. This suggests that, at that filler volume fraction and with that particle size, the Cu powder had some plasticising effect into the SAN phase blocks by likely disrupting and weakening the intermolecular interactions between polymer chains, possibly due to a better dispersion of the smaller particles, likely combined with a probable loss of intensity in the polymer–metal interface bonding due to an increased free volume when the temperature was increased. This also relates to the reduction in η* and G′ observed for ABS-30%Al.



Increasing the copper content to 60 wt% Tg rose to 109.7 °C, representing a recovery of interlocking. As the Tg of ABS-60%Cu is close to that of ABS and lower than ABS-30%Al, the reinforcement loading is not the only factor affecting the glass transition, supporting the hypothesis that the ABS-copper particles’ surface interactions display an adverse response brought about by temperature elevation. Therefore, despite the possible loss of the ABS-Cu interface’s effectiveness with temperature, the size difference between aluminium and copper particles is likely related to the distinct Tg values recorded for ABS-30%Al and ABS-60%Cu.




3.5. Thermal Properties


Thermal conductivity results are shown in Figure 10. ABS has the lowest k at 0.460 W·K−1·m−1, while ABS-60%Al has the highest at 0.861 W·K−1·m−1, which is a significant increase of 87% (p < 0.01). For thermal conductivity, the filler volume fraction arises as a crucial factor since studies suggest that, beyond a minimum filling threshold, particle agglomerates would create a conductive path owing to the increased contact area, enhancing thermal conduction properties [4,6,7,71]. Increasing the filling content would reduce the space between reinforcement particles, hence increasing the probability of effective contact between neighbouring particles to form a conductive path [7].



The results obtained by Masood and Song (2004, 2005) [9,10] suggested that the composites’ thermal conductivity rose with the size and volume content of metal particles. This would indicate that copper powder at 30 wt% loading is insufficient to produce a conductive path within the polymeric matrix, and this also clarifies why ABS-30%Al and ABS-60%Cu have close values of k. In addition, the conductive path also depends upon the size of the reinforcement particles and the dispersion of voids, blisters and particle agglomerates [71]. Nikzad et al. (2011) [7] reported that volume fractions of copper particles lower than 0.10 cannot break the thermal resistance of the ABS matrix; thus, the threshold point of fmet would have to be between 0.1 and 0.2.



Contrastingly, an increase of 41% in the thermal conductivity of ABS loaded with 50 wt% Cu relative to the neat material has been described [1]. Values of k for ABS have been reported as 0.646 W·K−1·m−1 [1], 0.17 W·K−1·m−1 [4] and 0.145 W·K−1·m−1 [6]. Such differences could be explained by the distinct specimen manufacturing techniques and measurement methods in each study. In injection-moulded particulate-reinforced composites, the moulding process is believed to align the filler in the melt flow direction, and both the contact area and orientation are promoted due to the high injection pressures; thus, heat and charge transport is expected to be superior to that seen in 3D-printed parts [4]. This also could help explain the higher thermal conductivity obtained for ABS/Al composites in spite of copper’s well-known greater conductivity properties, as processing parameters such as the injection pressure had to be adjusted and accounted for the higher melt viscosity. Moreover, in general, the thermal conductivity of polymer composites depends upon various factors, e.g., filler content, filler shape and size, interfacial adhesion, resistance of the filler–polymer interface and filler structure quality within the matrix [76].



In addition, k demonstrated a linear dependence (R2 = 0.9465) upon the volume fraction of the filler, following similar trends found for Young’s and storage moduli, endorsing the results obtained by Masood and Song (2005) [10]. When analysing ABS and ABS/Cu composites only, the linear regression model yields R2 = 0.9999. There are no significant statistical differences between ABS and ABS-30%Cu (0.027 W·K−1·m−1, p = 0.263), or between ABS-30%Al and ABS-60%Cu (0.006 W·K−1·m−1, p = 0.985). In addition, results indicate that both the content and type of filler have significant effects on k, and the interaction between the type of filler and weight ratio was also found to be a significant factor (ANOVA, p < 0.01).




3.6. Morphological Characterisation of the Composites


The SEM fractographies of the cross-section fracture surfaces resulting from the Charpy impact test are shown in Figure 11, allowing an assessment of the dispersion and agglomeration of the two metal powders within the ABS matrix. Aluminium particles were observed to be larger than copper particles. Moreover, the size of the aluminium particles in the composites seems bigger than when first introduced in the mixture at the processing stage. This suggests that this metal has a stronger filler–filler interaction, allowing a greater mobility in the molten matrix during the processing stages and a trend to aggregate, forming non-homogeneously dispersed agglomerations.



The quality of metal particle dispersion can also be verified through an elemental analysis that unveils the chemical composition of a surface through EDS mapping, as shown in Figure 12. Comparing ABS-30%Al and ABS-60%Cu and considering their comparable filler volume fraction fmet, the copper particles appear to manifest a better dispersion than aluminium particles. This supports the hypothesis of a better interaction of ABS with copper rather than with aluminium, resulting in a more effective polymer–filler interface. At lower filler contents, the composites contain a higher proportion of the ABS matrix compared to reinforcements. This hinders the contact between the metal particles in ABS, endorsing the dependency of thermal conductivity upon the content and volume ratio of the filler.



When undergoing a high strain rate test such as the impact one, polymer chains are subjected to extreme stresses until they undergo rupture, leading to the nucleation of microvoids in the matrix. SEM imaging enabled a further insight into the impact fracture surfaces (Figure 11), supporting the observations based on Figure 6 since indications of a plastic deformation during an impact rupture are once again clearly seen for neat ABS but not for the composites [69,74]. The occurrence of fibrils further endorses the extent of the plastic deformation in ABS, as the growth and propagation of the macroscopic crack (notch) is thought to be accompanied by the formation of additional plastic microcracks [74]. The SEM fractographies show clear differences between the aluminium- and copper-reinforced composites (Figure 11). The lack of bonding between the ABS matrix and aluminium particles becomes evident as there are considerable gaps (debonding) surrounding the Al filler. Moreover, hollow spaces (cupules), previously occupied by particles that were pulled out during the impact test, are visible. On the other hand, Cu particles display less debonding but are embedded in the ABS matrix, which is evinced by polymer segments attached to filler particles, instead of signs of pull-out as a result of the impact test. However, both composites present a layered structure comprising small aligned steps on the fracture surface, which indicates shear yielding [77].



Additionally, aluminium and copper composites presented distinct distributions of microvoids and crazes along the matrix. In the case of ABS/Al composites, cracks were initiated from microvoids on the weak matrix–filler interface and they coalesced towards the neighbouring particles, resulting in failure propagation through reinforcement debonding and pull-out and the formation of cupules [74,77,78]. On the other hand, in the case of ABS/Cu composites, metal particles plastically bridged the crazes due to their adherence to the matrix, preventing them from spreading and becoming cracks and favouring the nucleation of microvoids [77,79,80]. These effects are likely due to the different nature of each reinforcement as well as their particular characteristics and may have a significant impact on the mechanical properties of the composite, as its failure mode is affected by the wettability of the filler by the matrix [81,82]. In this sense, according to Ryder et al. (2018) [83], water-atomised metal particles, such as the copper ones in this study, are non-spherical, morphologically irregular and rough, which improves interfacial interactions between reinforcement particles and the polymer matrix.





4. Conclusions


Metal-reinforced thermoplastic composites are suitable materials for applications requiring special thermal, electrical or magnetic properties, enabling one to benefit from properties that usual polymer materials lack. Making these composites into filament wires for feedstock could potentially lead to high-performance, functional prototypes for a wide range of applications that could be manufactured with additive manufacturing (AM) processes, which would enable these materials to be quickly shaped into any design. Dynamic rheology is crucial to determine the appropriate processing conditions for AM feedstock as melt flow behaviour (MFB) is an important parameter for 3D printing. ABS composites reinforced with aluminium and copper particles were produced and injection-moulded and then characterised regarding their mechanical, rheological, viscoelastic and thermal properties.



Tensile testing revealed that the Young’s modulus increased with the metal particle incorporation and followed the law of mixtures, displaying a linear dependence upon the filler volume fraction. However, there was an embrittling effect, evinced by the lower elongation at break and impact strength owing to a poor matrix–filler interface unable to properly transfer load.



Small angle oscillatory shear (SAOS) supported the low affinity between ABS and the metallic fillers as the complex viscosity (η*) did not exhibit an enhancement of the shear thinning effect, with Al particles causing η* to rise. DMA results unveiled that changes in viscoelastic properties are mainly due to the mechanical locking of backbone chains by filler particles.



Below Tg, ABS/Cu composites behave similarly to ABS/Al; however, as they undergo the glass transition, the copper filler acts as a plasticising agent, with composites featuring characteristics closer to those presented by neat ABS both in SAOS and DMA.



Thermal conductivity (k) was improved with the incorporation of the metals, especially aluminium, due to its lower density relative to copper, indicating that k also follows the law of mixtures and depends on the filler volume fraction. SEM imaging confirmed the poor interaction between the ABS matrix and aluminium and copper fillers (as debonding and pull-out were observed) and disclosed that the metals were associated with different fracture mechanisms.



Overall, the attained set of mechanical, rheological and viscoelastic properties offers a promising opportunity to optimise the processing–property relationship in spite of the poor matrix–filler interface, which can be improved using higher mixing speeds, considering the wide processing window available. Therefore, the obtained materials are potential candidates for metal-reinforced thermoplastic composites that could be processed through AM technologies.
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Figure 1. Frequency and cumulative distributions of particle sizes of aluminium and copper powders obtained with laser scattering granulometry. Frequency (solid line) and cumulative (dotted line) distributions of particle sizes obtained with laser-scattering granulometry. 
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Figure 2. X-ray diffraction patterns of the metallic powders. 
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Figure 3. Representative stress–strain tensile curves of ABS and composites. 
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Figure 4. Young’s modulus linear dependency upon reinforcement volume fraction. 
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Figure 5. Interaction plots of selected mechanical properties of ABS/aluminium (green) and ABS/copper (orange) composites as functions of the metal powder content. 
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Figure 6. Representative fractographies from the Charpy impact test for (a) ABS, (b) ABS-30%Al, (c) ABS-60%Al, (d) ABS-30%Cu and (e) ABS-60%Cu; notches can be observed on the top of each cross-section. 
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Figure 7. (a) The curves of η* as a function of oscillation frequency; (b) the power law linear model for η*, and the values of shear thinning parameter obtained from the linearisation of η*. 
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Figure 8. Curves of (a) melt storage modulus G′ and (b) melt loss tangent tan(δ)SAOS as functions of the oscillation frequency. 
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Figure 9. Effect of the metallic fillers on (a) storage modulus E′ and (b) damping factor tan(δ)DMA of ABS. 
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Figure 10. (a) Interaction plot of thermal conductivity of ABS and composites as a function of weight ratio; (b) relative thermal conductivity of the composites. 
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Figure 11. Representative SEM fractographies: (a) ABS, (b) ABS-30%Al, (c) ABS-60%Al, (d) ABS-30%Cu and (e) ABS-60%Cu. Notches can be observed on the bottom of each cross-section. Arrows indicate regions of matrix–particle adherence with bridging in ABS/Cu composites. 






Figure 11. Representative SEM fractographies: (a) ABS, (b) ABS-30%Al, (c) ABS-60%Al, (d) ABS-30%Cu and (e) ABS-60%Cu. Notches can be observed on the bottom of each cross-section. Arrows indicate regions of matrix–particle adherence with bridging in ABS/Cu composites.



[image: Designs 07 00133 g011]







[image: Designs 07 00133 g012] 





Figure 12. Dispersion of aluminium and copper particles within the composites’ matrix obtained with EDS surface chemical composition mapping. 
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Table 1. Metal powder contents for the composites prepared.
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	ABS [wt%]
	Al [wt%]
	Cu [wt%]
	fABS
	fmet





	ABS-30%Al
	70
	30
	-
	0.855
	0.145



	ABS-60%Al
	40
	60
	-
	0.627
	0.373



	ABS-30%Cu
	70
	-
	30
	0.951
	0.049



	ABS-60%Cu
	40
	-
	60
	0.848
	0.152







wt% = 100 × (phase mass)/(total mass).













 





Table 2. Injection moulding parameters employed for process optimisation.
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	ABS
	ABS-30%Al
	ABS-60%Al
	ABS-30%Cu
	ABS-60%Cu





	Injection Pressure [bar]
	805
	1050
	1890
	900
	1070



	Holding Pressure [bar]
	500
	500
	1600
	500
	500



	Mould Temperature [°C]
	50 ± 5
	50 ± 5
	50 ± 5
	50 ± 5
	50 ± 5



	Cooling Time [s]
	30
	30
	45
	30
	30










 





Table 3. Surface adsorption characteristics and granulometry distribution of the metallic powders.
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Aluminium

	
Copper






	

	
Specific surface area

	
2.14 m2·g−1

	
3.41 m2·g−1




	
Mean size ± SD

	
27.95 ± 9.59 µm

	
23.55 ± 9.92 µm




	
Mode size

	
27.88 µm

	
21.41 µm




	
Diameter on 10%

	
17.17 µm

	
13.34 µm




	
Diameter on 50%

	
26.69 µm

	
21.69 µm




	
Diameter Frequency

	
Very fine silt (3.5–7.0 µm)

	
-

	
0.49%




	
Fine silt (7.0–14.5 µm)

	
6.21%

	
19.09%




	
Medium silt (14.5–28.5 µm)

	
62.98%

	
63.27%




	
Coarse silt (28.5–57.0 µm)

	
30.16%

	
16.46%




	
Very fine sand (57.0–115.0 µm)

	
0.64%

	
0.69%











 





Table 4. Mechanical performance of injection-moulded ABS composites and respective standard deviations.






Table 4. Mechanical performance of injection-moulded ABS composites and respective standard deviations.





	

	
ABS

	
ABS-30%Al

	
ABS-60%Al

	
ABS-30%Cu

	
ABS-60%Cu






	
Young’s Modulus (E) [MPa]

	
1885.0

	
2837.5 A

	
4784.4

	
2329.4

	
2853.1 A




	
±18.97

	
±227.84

	
±47.04

	
±16.52

	
±18.52




	
Yield Strength (σY) [MPa]

	
43.4

	
32.4

	
-

	
-

	
-




	
±0.36

	
±0.54

	
-

	
-

	
-




	
Strain at Yield (εY) [%]

	
3.3

	
2.3

	
-

	
-

	
-




	
±0.04

	
±0.07

	
-

	
-

	
-




	
Tensile Strength (σmax) [MPa]

	
43.4

	
32.4 B

	
39.4 C

	
33.7 B

	
38.1 C




	
±0.36

	
±0.67

	
±2.36

	
±1.71

	
±1.56




	
Stress at Break (σB) [MPa]

	
31.9 D

	
31.3 D

	
39.4 E

	
33.7 D

	
38.1 E




	
±3.64

	
±1.08

	
±2.36

	
±1.71

	
±1.56




	
Strain at Break (εB) [%]

	
5.2

	
2.9

	
1.0 F

	
1.6 F

	
1.5 F




	
±1.44

	
±0.58

	
±0.12

	
±0.11

	
±0.09




	
Impact Strength (IS) [kJ·m−2]

	
13.71

	
2.70

	
2.03

	
3.12

	
4.30




	
±0.304

	
±0.090

	
±0.072

	
±0.092

	
±0.081




	
Impact Resistance (IR) [kJ·m−1]

	
139.33

	
27.40

	
20.67

	
31.72

	
43.68




	
±3.088

	
±0.912

	
±0.731

	
±0.931

	
±0.825




	
Shore D Hardness

	
78.1

	
79.4

	
83.3 G

	
83.2 G

	
84.1




	
±0.78

	
±0.98

	
±1.27

	
±0.66

	
±0.69








Values of average and standard deviations for σY and εY of ABS-30%Al refer to 12 specimens, as 4 specimens out of 16 presented a brittle fracture. All specimens of ABS-60%Al, ABS-30%Cu and ABS-60%Cu presented a brittle fracture during tensile testing; thus, no values of σY and εY are recorded. A,B,C,D,E,F,G Means that share a letter have no statistical differences.













 





Table 5. Dynamic mechanical responses of ABS and its composites.
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ABS

	
ABS-30%Al

	
ABS-60%Al

	
ABS-30%Cu

	
ABS-60%Cu






	
E′ (30 °C) [MPa]

	
2064.5

	
2878.0

	
4444.3

	
2636.3

	
3259.3




	
±40.7

	
±190.7

	
±206.6

	
±164.7

	
±153.1




	
E′ (90 °C) [MPa]

	
1097.8

	
1820.0

	
3201.3

	
1155.7

	
1666.0




	
±41.2

	
±49.1

	
±178.1

	
±30.2

	
±42.9




	
Tg [°C]

	
110.0

	
114.1

	
117.8

	
107.0

	
109.7




	
±0.61

	
±1.50

	
±1.82

	
±0.21

	
±0.52
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