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Abstract

:

The current paper reports on the quantification of the effect of magnetic fields on the mechanical performance of ferromagnetic nanocomposites in situ during basic standard tensile testing. The research investigates altering the basic mechanical properties (modulus and strength) via the application of a contact-less magnetic field as a primary attempt for a future composites strengthening mechanism. The nanocomposite specimens were fabricated using filament-based 3D printing and were comprised of ferromagnetic nanoparticle-embedded thermoplastic polymers. The nanoparticles were iron particles dispersed at 21 wt.% (10.2 Vol.%) inside a polylactic acid (PLA) polymer, characterised utilising optical microscopy and 3D X-ray computed tomography. The magnetic field was stationary and produced using permanent neodymium round-shaped magnets available at two field strengths below 1 Tesla. The 3D printing was a MakerBot Replicator machine operating based upon a fused deposition method, which utilised 1.75 mm-diameter filaments made of iron particle-based PLA composites. The magnetic field-equipped tensile tests were accompanied by a real-time digital image correlation technique for localized strain measurements across the specimens at a 10-micron pixel resolution. It was observed that the lateral magnetic field induces a slight Poisson effect on the development of extrinsic strain across the length of the tensile specimens. However, the effect reasonably interferes with the evolution of strain fields via the introduction of localised compressive strains attributed to accumulated magnetic polarisation at the magnetic particles on an extrinsic scale. The theory overestimated the moduli by a factor of approximately 3.1. To enhance the accuracy of its solutions for 3D-printed specimens, it is necessary to incorporate pore considerations into the theoretical derivations. Additionally, a modest 10% increase in ultimate tensile strength was observed during tensile loading. This finding suggests that field-assisted strengthening can be effective for as-received 3D-printed magnetic composites in their solidified state, provided that the material and field are optimally designed and implemented. This approach could propose a viable method for remote field tailoring to strengthen the material by mitigating defects induced during the 3D printing process.
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1. Introduction


Magneto-active polymers (e.g., magnetostrictive) are a class of composite materials that consist of a polymer embedded with magnetisable particles, driven by a strain-induced mechanism called magnetic polarisation owing to the dipolar displacement occurring in magnetic and piezomagnetic (magnetostrictive) materials under magnetic field exposure [1,2,3,4,5,6,7] serving deformation in soft robotics and actuations [8]. Magnetostriction occurs in almost all ferromagnetic materials such as iron, cobalt, nickel and their corresponding alloys [9]. Particles exhibiting magnetostrictive behaviour are categorised into soft and hard magnetics [10]. A hard magneto-active polymer comprises particles that are magnetised by a magnetic field, with the ability to maintain magnetisation after removing the field, i.e., unloading the material.



Most of the materials are classified as ferromagnetic, paramagnetic and diamagnetic. Ferromagnetic materials have several unpaired electrons on their atoms, generating a relatively weak magnetic field. Individual or groups of atoms randomly align with each other, causing the magnetic field’s cancellation, but they are strongly affected by an external magnetic field under which the individual atoms are forced into a specific alignment, which they partially maintain after removing the magnetic field. An external magnetic field slightly attracts paramagnetic materials due to their low number of unpaired electrons on their atoms. Contrary to ferromagnetic materials, they do not sustain magnetic properties after removing the field. Such materials are considered relatively non-magnetic as their magnetic induction is three orders of magnitude lower than that in ferromagnetic materials, generally speaking. Soft ferromagnetic materials are easily magnetised, but their induced magnetism is temporary; they possess low coercive force, high permeability, and thus, minimal hysteresis. Their properties can be enhanced during manufacturing or via heating and annealing. On the other hand, hard ferromagnetic materials require a strong external magnetic field to become magnetized, possessing high coercive force and low permeability. They will maintain their magnetisation unless an opposing magnetic field de-magnetises them.



In soft magneto-active polymers, the particles cannot sustain the magnetisation after the field is removed. Both offer numerous benefits such as multifunctional design, production, and structural flexibility and tailoring [11,12]. Biomedical devices [13,14], field-assisted fabrication [15,16,17], surgical [18,19], electronics and sensing [20,21,22,23,24,25], and soft robotics/actuators/stiffening [26,27,28,29,30,31,32,33] are amongst the most common applications for magnetic composite materials. Investigations have been conducted to provide a description of the mechanical properties affected by a magnetic field [34,35]. In soft actuation, elastic magnetic elastomers tested under different field strengths exhibit relatively large viscoelastic deformation [32]. The research suggests a high potential for the exploitation of remote magnetic fields for the introduction of relatively extensive strain (and eventually deformation) in flexible and soft structures. In ciliated surfaces [26,27], high-aspect-ratio miniature pillars are controlled via a magnetic field to alter flow characteristics in fluid-structural interaction applications (e.g., aerodynamic surfaces or internal flow control). It is also noteworthy that magnetic materials deliver a set of additional features used for electromagnetic devices including transformers, sensors and magneto-thermal materials. However, the exploitation of a magnetic field for inducing polarisation mechanisms in polymer composites with relatively higher mechanical strength (and lower elongation) than soft materials, so-called rigid, has not yet been investigated. The current paper investigates the effect of static magnetic fields on the basic mechanical properties of ferromagnetic nanocomposites via quantification of tensile strength and elongation.



Many experiments and investigations have been executed to provide a quantifiable description for mechanical properties under a magnetic field, including (but not limited to) static and standard tests demonstrating uniaxial and biaxial deformation where elastic magnetic elastomers were tested, or large viscoelastic deformation in hard-magnetic soft materials. The interest in natural fibre-reinforced materials, including magneto-active polymers, is also growing, especially in the automotive industry due to the ongoing legislation in enabling global sustainability.



The current research aims to describe the magnetic-induced strains in rigid magnetic responsive polymer comprising iron particles, at the phenomenological scale, and to quantify the effect of static magnetic fields on the basic mechanical performance. Relatively high strength and stiffness, biodegradable poly-lactic acid (PLA) polymer embedded with micron-level particles has been assessed in the current research. The polymer is utilised abundantly in numerous sectors (e.g., biomedical devices and packaging), and its combination with iron particles extends its ability for applications involving conductive and magnetic lightweight materials.



A commercially available iron particle-embedded PLA filament at fixed particle loading of ~21 wt.% is used for the comparative analysis of the current research (with and without magnetic fields); however, it is noteworthy that the traditional approach of incorporating such fillers is solvent-aided dispersion, where the particles are mixed with solvents to provide better dispersion within a viscous resin, either thermoset or thermoplastic [36,37,38]. Although, specific to filament productions, extrusion techniques using numerous methods of morphologies (e.g., platelets or else) are available. It is evident that the properties exhibited in a produced filament are significantly affected by the presence of porosity and by the filler distribution [39]. Other approaches to achieve a better dispersion are physical mixing, e.g., ultrasonication, and surface functionalisation of functional fillers such as iron or ceramic. To enhance the compatibility between the inorganic fillers (e.g., iron) and organic polymer (e.g., PLA), researchers use surface hydroxylation via hydrogen peroxide treatment, followed by modification with surface active agents, e.g., silane coupling agents [40]. Such coupling agents add functional groups onto the filler particles’ surface that can form covalent bonds with the polymer. It has been widely accepted that functionalities such as electrical conductivity, magnetic permeability and dielectric permittivity increase in nanocomposites with surface-functionalised particles due to the uniform dispersion and lower void content [41]. Pivotal to the current article, iron particles are inexpensive and abundant compared to other magnetic materials, such as rare-earth elements or precious metals. The affordability makes it an attractive candidate for magnetic nanocomposite filaments. The particles can be easily dispersed within thermoplastic matrices such as PLA without impacting the polymer’s mechanical properties [42]. The magnetic characteristics of iron particles can be adjusted by modifying factors such as particle size, shape, and concentration within the composite material. This adaptability allows for optimization in the magnetic response of nanocomposite filaments for high-stress application [43].



Quantification of the basic induced properties in magnetically enhanced high-strength polymers may suggest potential for the development of a remote strengthening technology in high-strength materials. To do so, the article has been divided into sections for (1) theoretical derivation of average and localised magnetic field-induced strains in ferromagnetic particulate polymer composite, (2) the particulate composite material and its fabrication via fused deposition modelling (FDM)-based 3D printing [44], (3) magnetic field-equipped basic mechanical testing setup and field evaluation, (4) in-situ strain measurements, and (5) concluding remarks.




2. Theoretical Derivation of Transverse Magnetic Field-Induced Strains in Ferromagnetic Particle-Embedded Polymer Nanocomposite during Longitudinal and Quasi-Static Tensions


A homogenisation method for the theoretical description of a magnetic moment in ferromagnetic particulate polymer nanocomposite has been developed in our former research [16] for the case of high-temperature-softened polymer during 3D printing; however, it will be expanded upon in the current article to incorporate the effects from transversely applied magnetic fields to account for Poisson’s ratio in a longitudinally tensioned solid nanocomposite at room temperature.



The proposed formulation assumes that the iron particles are spherical with identical dimensions, distributed uniformly within a polymer matrix at 10.2 Vol.% measured using X-ray tomography (presented in Section 3). The magnetic and elastic behaviours are fully coupled, which necessitates the derivation of non-linear constitutive equations. However, to simplify the complexity associated with such non-linearity, an innovative approach is introduced to decouple the mechanical and magnetic constitutive equations. Given the inherent coupling of the magnetostrictive material, we introduce this behaviour into our model through the stress induced by the magnetic field on the composite. This is achieved by considering the Lorentz force acting on each individual iron particle. Furthermore, the Mori–Tanaka model, one of the mean-field homogenisation techniques, is utilised to investigate the effective compliance matrix of the particulate composite. Therefore, strain induced in the magnetic composite subjected to a unidirectional magnetic field is obtained by:


      {       ε x         ε y         ε z        2  ε  x y         2  ε  y z         2  ε  x z        }    =  [   S  e q    ]   {     0     0       σ z       0     0     0     }  ,   



(1)




where    σ z    is the sole stress induced by the magnetic field in the transverse (z) direction, and    S  e q     is the compliance matrix described in [16].



In the current article, quasi-static tensile tests have been conducted on the nanocomposite specimens, where mechanical load is applied longitudinally on dogbone standard test specimens, generating    σ T    stress, while static magnetic fields are applied transversely (i.e., perpendicular to the longitudinal direction) to examine the interruption caused by the field on the mechanical response. Equation (1) is then modified as follows to incorporate the effect of a transversely induced field on the longitudinal properties via Poisson’s behaviour:


      {       ε x         ε y         ε z        2  ε  x y         2  ε  y z         2  ε  x z        }    =    [   S  e q    ]   {       σ T       0       σ z  −    υ  e f f        σ T       0     0     0     }    



(2)







In Equation (2),      υ  e f f       denotes the effective Poisson’s ratio of the particulate composite. For the composites examined with a relatively low volume fraction of particles,      υ  e f f       is approximated to the Poisson’s ratio of the polymer material. Accordingly, a code has been developed and populated for the calculations (see a link to access the code under Acknowledgments).




3. Materials and Experiments


In this study, 21 wt.% iron particulate PLA filaments (diameter: 1.75 mm) supplied by Amolen were used for 3D printing tensile test dogbone specimens designed according to Standard ASTM D638 [45]. This particular filament was selected based upon two selection criteria: (i) good quality particulate polymer filament within an acceptable dimensional tolerance reliable for continuous FDM 3D-printing without the introduction of disruptions such as discontinuity during the printing, and (ii) well-dispersed micron-level particles (our observation showed that more than 70% of particles distributed in this filament are within 5–10 microns). The 21 wt.% filament type was selected as a fixed case study for our comparative analysis (with and without magnetic fields).



An FDM MakerBot Replicator 2X printer was utilised to fabricate the specimens according to the dimensions in Figure 1a. The temperatures during the 3D printing (extruder and bed temperatures) were carefully tuned to minimise the disbonding between layers and process-induced curvature in the specimens. This was achieved initially via adopting the recommended temperatures by the supplier and then via trial and error followed by optical microscopy observation of the specimens fabricated in several iterations. Our observations via optical microscopy also showed the broad range of dispersion and distribution density of iron particles in the specimen (Figure 1b,c). The agglomerated particles in mesoscale as such may reduce the mechanical strength at phenomenological levels. We did not have control of such agglomeration since the material was commercially supplied by Amolen; however, quantifications of the particles’ size were conducted. To quantify the level of the particle density, 3D X-ray computed tomography (XCT) was also conducted (results presented and discussed later in the current section).



The final parameter settings for repeatable 3D-printing of the 1.7 mm-diameter filaments using a ~0.4 mm 3D-printing nozzle diameter were:




	
Extruder temperature: 220 °C,



	
Bed temperature: 60 °C,



	
Travel Speed: 50 mm/min,



	
Z-axis travel speed: 23 mm/min,



	
Layer height: 0.20 mm.








Figure 2a presents images for the steps of the 3D printing. Faulty-produced specimens (distorted and disbonded layers) are shown in Figure 2b prior to the stage where the final setting parameters were used. Optimal quality produced specimens after implementing the final settings (control parameters identified above) are presented in Figure 2c, which were trimmed to meet the standard dimensions required for tensile testing.



Microscopic images from the 3D-printed specimens showed a nearly uniform distribution of the iron particles inside the PLA (using a VHX Digital Microscope). The particle size was broadly varied between approximately 10 and 100 microns (Figure 1b,c). The microstructural analysis performed using 3D X-ray Computed Tomography (XCT), presented in Figure 3, showed that most particles (≈70%) have a 10 micron diameter and a particle distribution quality of 10.2 Vol.%. Particles with size < 10 micron are rarely present in the filament and the printed specimens and thus have been neglected. Further analysis using I13 Diamond light-source’s 3D XCT at a 0.8 micron resolution, post-processed by ImageJ software ver. 1.54i, showed that the distribution quality observed via microscopy is maintained (approximately) through the thickness of the printed specimen.



Nine optimal specimens were produced and tested using an Instron tensile test machine with and without stationary magnetic field application. The tests were conducted under the speed rate of 40 mm/min. Two types of Neodymium magnets were used: 1–10 mm-diameter round magnets possessing magnetic intensity of approx. 0.15 T (shown in Figure 4), and 2–4 mm-diameter ones possessing an intensity of approx. 0.17 T, as measured by an SDL 900 Magnetic Meter supplied by Extech Instruments. An approximately ~300 mT maximum application was reached with 3-row 150 mT magnets in columnar placements to cover the 50 mm specimen’s gauge length, as seen in the figure (note that the increase in the field is not proportional to the increase in the number of magnets used). Thin metallic sheets were used to fix the composite magnets on two sides. The tests were also accompanied by a digital image correlation (DIC) facility for real-time surface strain measurements (at a speed of 500 frames per second). One side of the specimens was speckled for the DIC measurements.




4. Results and Discussion


4.1. Phenomenological Mechanical Response of Magnetic Field-Assisted Nanocomposite Specimens


Figure 5 shows the engineering strain–stress data for the specimens tested representing three different test categories:




	
Category 1 tests where no external magnetic field was applied,



	
Category 2 tests in the presence of a ‘weak’ magnetic field (~170 mT),



	
Category 3 tests where the ‘strong’ field was used (~300 mT).








Data from categories 1, 2 and 3 are shown with black, green and red curves, respectively.



The initial (elastic) moduli exhibited by all specimens did not show any noticeable difference with or without an external magnetic field (approx. 1.75 GPa). All specimens followed a linear and approximately similar trend with this moduli up to ~2% strains after which nonlinearity is observed at ~32 MPa for the majority of the specimens, at which the initial moduli is slightly (~28%) reduced, except for the specimen shown by a dot-dashed red line exhibiting initial nonlinearity at 0.45% (attributed to the different microstructure induced by fabrication uncertainty). Our observations showed relatively higher volumes of polymer-rich area; however, the reason behind such Vol.% disparity was not identified. Moreover, there are disparities observed in the curves. The control parameters during the fabrication were constant for all specimens except for the time at which specimens were printed, and this specific specimen was the last one produced. The filament’s multi-material distribution quality may also contribute to such disparity when printing of the material at relatively lower thermal conductivity is performed, thus affecting the quality of the specimens.



All specimens experienced yield stresses at strains > 3.2% at which the slope is reduced to zero. The specimens exhibiting disparity for the nonlinearity regime prior to yielding the strain at which they yield significantly differ from one another; however, the stress falls within the same range as that for others.



The majority of the specimens under no magnetic field (dark curves) and under weak field (green) exhibit approximately similar levels of yield stress, i.e., 44–48 MPa, at strains above 3.3% (four at 3.3%, 2 at 4.8% and 1 at 6.2%). On the other hand, the specimens under the strong field (red curves) exhibit higher yield stress and strain, i.e., >51 MPa and >3.6%, respectively, with one distinctive specimen yielding 52 MPa and 8.2% strain. Though insignificant, the strong field application in situ during the tensile testing has led to higher yield and ultimate stresses. The theoretical descriptions provided in Section 2 are for the linear elastic regime and do not provide descriptions for the effects on the yield and ultimate stresses; however, this is attributed to the field becoming more effective than the weak field for the introduction of field-induced strain energy (dominantly near the surface of the samples) and stress–strain tensors in an opposing direction to the longitudinal tensile loads. Though further investigation is required, the mechanism shall act as a compressive pre-stressing method to hinder the coalescence and creation of pores and cracks embarking at the yield point and progressing toward the ultimate stress point.



We cannot reach a definite statement over the observations from no field tests and weak field tests. However, the specimens under the 300 mT (‘strong’) field clearly exhibit an ~18% increase in yield stress compared to that in specimens without a field application. All specimens exhibited very high elongation at ultimate failure. Figure 6 shows the side view of one typical specimen after its failure and a number of typical ultimate failure points. A dramatic distortion is observed on the speckles and the specimen that invalidated the DIC data at such high strains beyond the peak strains (>8%). Therefore, a description of the effect of the field on the failure mechanism could not be provided solely based on the DIC data.



It is noteworthy that the factor of the field’s depth of penetration plays a significant role in the level of polarisation-induced strains on the relatively thick specimens examined here, as also observed as a major player in electromagnetic field-induced strains [6,46,47]. To realise this further, Figure 7 presents the 262 mT magnetic field-induced pattern developing within the magnetic composite specimens before tensile testing. It is seen that the magnetic field decays significantly when penetrating through the specimens to ~47 mT (nearly 82% reduction). Such measurements show that nearly 80% reduction in the field strength occurs at ~2 mm depth from the specimen surface, i.e., ~20% is only received at the specimen’s central axis at a depth of ~3.5 mm. This implies an apparent indication that iron particles possessing significantly higher magnetic properties than the polymer, develop a significant near-surface magnetic moment, which dissipates the field energy to strain energy.



Such phenomena may be interconnected with the poor depth of penetration, which contributes to the insignificant increase in the yield stresses under the strong field during the tensile testing (Figure 5). The other factor contributing to the reduction in the effectiveness of the field is the direction of the field with respect to the direction currently perpendicular to the loading direction. Poison’s ratio (~0.3) is the major driver (and multiplier in the stress–strain governing equation) accounting for the through-thickness polarisation-induced strain in the strains developing in the loading direction. It is anticipated that the field application in a direction parallel to the loading direction would have had a significant effect on the yield stress above 18%.




4.2. In-Situ DIC Measurements of Magnetic Field Equipped Tensile Testing


The in-situ DIC measurement was conducted on specimens with and without magnetic fields; however, the strong field was only used for such measurements since the tests with the weak field exhibited a slight change in the yield stress. As mentioned in the previous section, the specimens were elongated significantly beyond the yield point, which largely stretched their speckled surfaces (Figure 6) and therefore invalidated the DIC data post-yielding points. Therefore, the strain gradients measured by the DIC have been presented only for the linear stage of the strain–stress curves, also shown in Figure 5. The following figures present a comparative analysis of the strain data evolving under ~300 mT in the 5 mm-thickness specimens.



The evolution of shear strains across the specimen, with and without the magnetic field application, is shown in Figure 8, Figure 9 and Figure 10. As mentioned before, the DIC could only observe the initial loading conditions within the linear regime, e.g., the strain gradient was not obtained at or after a 1.5 mm displacement. The strains were varied from 0.05 mm to 0.23 mm, for both specimens with and without the magnetic fields. The specimen with no magnetic field shows a relatively uniform distribution of strains across the length and width of it (note that the noise from the background environment captured by the DIC as a coloured pattern beyond the specimen’s boundaries has been ignored in our investigations). The specimen under the magnetic fields, on the other hand, exhibits non-uniform distribution of strains evolving with the increasing applied displacement. An exchange of positive and negative strain values at regions local to the round magnets is apparent, indicating the presence of magnetic field-induced polarisation. Such effect would not be assumed to be fortuitous, given the comparative analysis with the tests without magnetic fields and the repetitive observations in other specimens; however, the effect of the polarisation on the development of alternating strains in the areas local to stationary magnets is surprising and would require further investigations. In former research by the authors, the compressive strain was developed in dielectric polymer nanocomposites when subjected to electromagnetic induction, owing to the dielectric polarisation developed by the domain walls movement [6]. It is envisaged that such phenomena might be playing a role in the introduction of the compressive strain regions; however, it would require further microstructural investigations.





5. Conclusions


The research reported on the trivial effect of a relatively low magnetic field (<1 T) transversely interrupted the longitudinally loaded, 3D-printed, rigid magnetic composites (iron particles embedded PLA) at room temperature, applied in situ during a standard quasi-static tensile loading and perpendicularly to the loading direction. Such effect has formerly been reported to be significant in such composite under high-temperature processes, such as 3D printing, where the PLA is inclined to soften. The tests were conducted under low field strengths of <1-Tesla. A theoretical formulation was derived to describe the linear elastic response in an ideally solid composite. DIC was conducted for extrinsic strain evaluations across the specimens. It was observed that despite the trivial increase in the yield and ultimate stresses (~10%), the low magnetic field induces non-linear strain variations across the width and length of the specimens, which could interfere with the evolution of the strain fields occurring at phenomenological scale, across the length. However, such field-induced extrinsic strains observed via DIC in action during the tensile loading had a minimal effect on the tensile moduli (through manipulating longitudinal strains with the Poisson ratio effects), which was also validated by the theory. The theory also overestimated the moduli by the order of 3.1 times. This would necessitate an incorporation of pores in the theoretical derivations to improve the accuracy of its solution for the 3D-printed specimens. Moreover, a trivial 10% increase at the ultimate tensile strength was observed during the tensile loading. This would suggest that the field-assisted strengthening can be effective for as-received 3D-printed magnetic composites post-processing in their solidified state if only the material and field are optimally designed and implemented to propose viable remote field tailoring for strengthening via suppressing 3D-printing-induced defects.
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Figure 1. (a) ASTM D638 specimen (dimensions in mm), (b,c) optical microscopic images of 3D-printed tensile iron particle PLA-based nanocomposites. 






Figure 1. (a) ASTM D638 specimen (dimensions in mm), (b,c) optical microscopic images of 3D-printed tensile iron particle PLA-based nanocomposites.



[image: Jcs 08 00231 g001]







[image: Jcs 08 00231 g002] 





Figure 2. (a) Typical 3D printing strategy used, (b) faulty-produced specimens with distortion and disbonding, (c) optimally produced specimens using the final 3D printing parameter settings. 
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Figure 3. Typical 3D XCT observation of the 21 wt.% iron particle-embedded PLA examined in the current research. 
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Figure 4. Magnetic field-equipped tensile test setup in situ with DIC measurement. 
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Figure 5. Strain–stress data from tensile testing of the nanocomposite samples under zero, weak and strong magnetic fields. 
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Figure 6. Typical specimen with speckled surface (for DIC measurements) at its ultimate failure point. 
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Figure 7. Magnetic field’s pattern of 2-row neodymium magnets and depth of penetration in the magnetic composite specimen; measurements showing nearly 82% reduction in the field strength over ~2 mm depth from the specimen surface, i.e., ~20% is induced at the specimen centre. 
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Figure 8. Evolution of shear strains in the specimens with and without magnetic fields during the DIC-equipped tensile tests. 
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Figure 9. Evolution of normal strains (towards the longitudinal direction) in the specimens with and without magnetic field application during the DIC-equipped tensile tests. 
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Figure 10. Shear strains developing under magnetic field application at 0.20 mm and 0.23 mm applied displacements, within ±1.00 microstrain range (±0.1%)), presenting evolving compressive strains during the tensile testing (i.e., alternating maximum strain areas—blue and red areas, dominating green areas). 
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