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Soft magnetic composites (SMCs) offer a promising alternative to electrical steels and soft ferrites in high performance motors and power electronics. They are ideal for incorporation into passive electronic components such as inductors and transformers, which require a non-permanent magnetic core to rapidly switch magnetization. As a result, there is a need for materials with the right combination of low coercivity, low magnetic remanence, high relative permeability, and high saturation magnetization to achieve these goals. Iron nitride is an attractive soft magnetic material for incorporation into an amine/epoxy resin matrix. This permits the synthesis of net-shaped SMCs using a “bottom-up” approach for overcoming the limitations of current state-of-the-art SMCs made via conventional powder metal processing techniques. In this work we present the fabrication of various net-shaped, iron nitride-based SMCs using two different amine/epoxy resin systems and their magnetic characterization. The maximum volume loading of iron nitride reached was ∼77% via hot pressing, which produced SMCs with a saturation magnetic polarization (Js) of ∼0.9 T, roughly 2–3 times the Js of soft ferrites.
Keywords: soft magnetic composite (SMC), iron nitride, epoxy resin, magnetometry, net-shaped, hot pressing, toroid
1 INTRODUCTION
Soft magnetic composites (SMCs) are composed of micro- or nanometer-sized particles of a soft magnetic material coated with an insulating binder, which are then consolidated at high pressure or incorporated into a matrix (Shokrollahi, 2007; Périgo, 2018; Silveyra, 2018). They offer a promising alternative to both costly rare earth permanent magnets and electrical steels and soft ferrites in both motors (Guo, 2023) and power electronics (Rodriguez-Sotelo, 2020). The isotropic nature of SMCs is ideally suited for use in rotating electrical machines. However, standard soft magnetic materials do not perform efficiently in motors reaching rotational speeds of over 20,000 rpm. At high rotational speed, standard soft magnets lose energy to eddy currents due to material conductivity. Silicon steel exemplifies this behavior as a conductive soft magnetic material but still finds wide application. Alternatively, high performing motors can be made using rare earth permanent magnets, but they do not meet the US Drive Electronics and Electrical Technology Team goal to reduce the cost of electric drive motors to $3.3/kW by 2025 (“Electrical and Electronics Technical Team Roadmap” 2017). Barriers to the reduction of cost include size, weight, and power requirements for motor components as well as the cost of raw materials. The manufacturing cost of SMCs is low and they are highly amenable to advanced manufacturing and net-shaping into complex geometries, which further reduces manufacturing costs. SMCs are ideal materials for incorporation into passive components of power electronics such as inductors (Sugawa, 2013; Yun, 2016; Yan, 2017), which require a soft magnetic core to reach high power densities (Silveyra, 2018). These components must rapidly switch magnetization in order to increase the performance and store more energy in the form of magnetic flux density. In these situations, low electrical losses, low Hc (coercivity, <1000 A/m), low Mr (magnetic remanence), high µr (relative permeability) and high Ms (saturation magnetization) are desired. As Ms increases, the maximum field at which the device can operate increases, which in turn can have a positive impact on the size, weight and power of the component required for the device, since large Ms values allow miniaturization. Currently available soft magnetic materials are unable to meet these needs, so there is still significant room for advancement in SMCs, and therefore additional improvements in electrical machine performance to be realized. Using a bottom-up approach in which the soft magnetic material is first milled with the amine component of the composite, then cross-linked with the epoxy component, results in custom functionalization of the particles. The composite is then fabricated in a variety of geometries as opposed to relying on conventional pressing techniques limited in size and shape. Our final objective is to create SMCs with high magnetic material loading (and therefore high Ms) and improved magnetic properties over current state-of-the-art SMCs.
Soft magnetic composites avoid the eddy current losses seen with standard soft magnetic materials by means of an insulating matrix which increases resistivity, but this comes at the expense of μr and Ms as the volume fraction of soft magnetic material decreases or distance between magnetic domains increases. Phase separation and aggregation can lead to heterogeneity in matrixed systems and degrade performance, which can be avoided with matrix-free systems (Watt, 2018). Matrix-free composites are synthesized by covalently attaching a functional group to the surface of the particle, then cross-linking the particles together through formation of another covalent bond. Examples of reactions that have been used to make matrix-free nanocomposites include a 1,3-dipolar cycloaddition between an azide and an alkyne (Dach, 2010), and nucleophilic addition of an amine to an epoxide (Mochalin, 2011; Watt, 2018; Li, 2022). Matrix-free nanocomposites also have shown improved strength and toughness (Mochalin, 2011) in addition to a higher weight percent of FeO/FexOy nanoparticles (Watt, 2018). On the other hand, polymer matrices vary in their thermal and physical properties and are cost-effective, lightweight, easily synthesized and numerous types are commercially available. Combining these options with the variety of commercially available soft magnetic materials, it is possible to tune soft magnetic composites for a variety of mechanical, magnetic and electrical properties. It is critical to find the balance between minimizing cost, maximizing soft magnetic material loading, ease of processing and desired magnetic properties of SMCs for specific applications.
A typical soft magnetic material is either ferrimagnetic (often ceramic oxides) or ferromagnetic (based on iron or nickel), with an inorganic or organic coating (Poškovic, 2021). Inorganic coatings can be metallic oxides, phosphates, and sulfates. Organic coatings are either thermoplastic or thermoset polymers (amine/epoxy resins, acrylics, polyesters, polyurethanes or epoxy/polyester hybrids). For example, iron-based SMCs have been fabricated with a mixture of pure iron powder and resin, pure iron powder with additives like zinc stearate and carbon, and powder alloys of iron, nickel, cobalt, and silicon (Shokrollahi, 2007). The insulating matrix surrounds and separates magnetic particles and lends overall increased electrical resistivity. Most of the iron powder-based SMCs developed to date have electrical resistivities over a wide range of 0.1–1,200 µΩ*m, (Lefebvre, 1997; Taghvaei, 2009; Kollar, 2013), in most cases greater than the resistivity of 3% silicon steel (∼0.5 µΩ*m) (“Super Core™ Electrical steel sheets for high-frequency application” 2017; Coey, 2010). However, with a few exceptions in the range of 105–1011 μΩ*m (Zhu, 2011), the electrical resistivity of most SMCs remains well below the 10–108 μΩ*m resistivities seen in NiZn(“Nickel Zinc Ferrite Materials”, 2023) and MnZn('Mn-Zn Ferrite Material characteristics', 2022) ferrites.
Epoxy resins (Jin, 2015) adopt a net-shaped geometry while curing, which facilitates their implementation in high performance motors or power electronics. The complex geometries possible with epoxy-resin based composites reduce the manufacturing cost of the final soft magnetic motor component beyond what is already achievable by avoiding the use of permanent magnets containing rare earth metals. Further, epoxy composites are intrinsically isotropic, making them useful for motors and other applications with 3D flux paths. Researchers have already demonstrated the feasibility of using epoxy resins in the design of electrical machinery (“New structural adhesive from Delo for magnet bonding has high temperature stability” 2019; Electric Motor Products’ Sugawa, 2013) and in 3D printing of magnetic materials (Zhang, 2021; Wei, 2022). Epoxy resin systems are also capable of exceeding the 150°C minimum Tg required for operation in electric motors and drives, as magnets are expected to function in temperatures this high in power electronics. (“Electrical and Electronics Technical Team Roadmap” 2017) Finally, epoxy resin composites have been shown to perform well at rotational speeds of up to 60,000 rpm in flywheels and high speed motors (Mason, 1999; Schoppa, 2014).
Iron nitride is an attractive magnetic powder for making epoxy composites that overcome the limitations of standard SMCs, as well as being composed of the abundant elements iron and nitrogen (Coey, 1999; Bhattacharyya, 2015; Zhang, 2018). In the γ′-Fe4N phase, iron nitride sheets have an electrical resistivity (ρ) of 1.62 μΩ*m and a saturation magnetic polarization (Js, where Js = μ0Ms) of ∼1.8 T (Chen, 1991), slightly less than the ∼2 T saturation magnetization of silicon steel (Coey, 2010; 'Super Core™ Electrical steel sheets for high-frequency application’ 2017). Commercially available iron nitride is supplied as a mixture of Fe3-4N ('Iron nitride certificate of analysis, Catalog No. 088198.22' 2022), but it is possible to anneal the mixed powder at high temperature to obtain ∼95% γ′-Fe4N powder. Epoxy composites prepared with a high volumetric loading of γ′-Fe4N phase iron nitride should therefore have high saturation magnetic polarization, while also having the potential for electrical resistivities higher than standard SMCs. Additionally, the iron nitride-based epoxy composites should show low eddy current loss if good particle separation is achieved. While only a matrix-free system will guarantee particle separation, some separation is possible by first coating the iron nitride powder with a diamine curing agent. The amine then crosslinks with the epoxide to create the cured composite. Selecting our own epoxy monomers allows us to design our composites in unique shapes from the ground up and tailor their properties, in contrast to methods using conventional powder metal processing techniques that introduce internal mechanical stress. With these goals in mind, one amine curing agent (Figure 1, 4-aminophenyl sulfone) and two epoxy resins (Figure 1, trimethylolpropane triglycidyl ether and N,N-diglycidyl-4-glycidyloxyaniline), were selected and first evaluated for their cure chemistry. Once the chemistry of the amine/epoxy systems was firmly established, neat, cured samples were characterized by both thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) to confirm their suitability as insulating matrices for the synthesis of SMCs. For the preparation of SMCs, two different sources of iron nitride were used over a range of volume percent values for the final SMC compositions. The SMCs were then characterized by vibrating sample magnetometry (VSM) and B-H (magnetic flux density-coercive force) analysis to investigate their magnetic properties.
[image: Figure 1]FIGURE 1 | The amine curing agent (4-AS) and epoxy resins (TMPTGE, NND) used to prepare SMCs.
2 MATERIALS AND METHODS
2.1 Synthesis of neat amine-epoxy resins
Neat epoxy samples were prepared with 4-AS at 97% purity from MilliporeSigma (St. Louis, MO) and the two epoxy resins. TMPTGE and NND were obtained as 100% purity liquid monomers from MilliporeSigma. Each epoxide was mixed with 4-AS at an amine to epoxide mole ratio of 0.75:1.00. This mole ratio was chosen to obtain a completely polymerized epoxy. Each of the primary amine groups on 4-AS reacted with two epoxide rings by nucleophilic addition. Therefore, only 0.75 mol equivalent of 4-AS was needed to entirely react with the three epoxide rings on each molecule of TMPTGE or NND.
In order to create net-shaped samples, molds were fabricated using 3D printed antimolds. The antimolds were printed from 1.75 mm polylactic acid (PLA) filament sold by Maker Gear (Beachwood, OH) using a Maker Gear M2 3D Printer and a CAD file created in SolidWorks (3DS, Waltham, MA). The mold was made from Pt-cured Smooth-Sil™ 960 silicone rubber (Smooth-On Inc., Macungie, PA). Parts A and B of the silicone rubber were mixed in a 100A:10B ratio, degassed in a vacuum chamber by cycling between vacuum and atmospheric pressure until no further bubbling occurred upon application of vacuum (∼10 min), and poured into the antimold to cure for 16 h at room temperature. The finished molds were released from the antimolds and inspected prior to use. The interior of the molds was coated with high-temperature silicone vacuum grease (Dow Corning, Midland, MI) to allow easy removal of the epoxy samples.
The 4-AS and epoxide were heated at 180°C for 10–12 min to melt and dissolve the 4-AS precursor while stirring with a spatula or stir bar (for neat samples). The homogeneous amine and epoxide mixture was then spread or poured into the greased mold and cured for 12 h at the chosen cure temperature. The final cure temperatures were chosen after differential scanning calorimetry (DSC) measurement of the glass transition temperature (Tg) of the neat epoxy. Before analysis by DSC, epoxy samples were initially cured at a temperature of 135°C or 180°C to harden the epoxy. However, the NND epoxide proved too reactive to begin the multi-hour cure at 180°C. If the amine and epoxide mixture was held at 180°C for much longer than 12 min, the mixture underwent thermal runaway. Therefore, once the 4-AS was dissolved, the hot plate temperature was reduced to 140°C and held there for an hour. It was then subsequently stepped up to 180°C by raising the temperature by 10°C every 10 min. It took about 30–60 s to reach the next 10°C increment. This temperature reduction slowed the cure kinetics enough to avoid thermal runaway. The final cure temperature was identified through DSC measurements as the temperature which maximized the measured Tg without decomposing the epoxy.
2.2 DSC analysis of neat amine-epoxy resins
The glass transition temperatures of the neat 4-AS/TMPTGE and 4-AS/NND cured epoxies were measured on a Netzsch Polyma 214 Differential Scanning Calorimeter (DSC). Net-shaped, bulk samples (circular, 5 mm in diameter, 1–1.5 mm thick) were prepared that fitted the dimensions of the aluminum DSC pans. Samples were tested in sealed pans with their lids pierced to allow purging with air. Air was used as the purge gas at a flow rate of 80 mL/min to simulate the environment in which the epoxies would be cured and theoretically used. The epoxy samples were cycled 3–4 times in the DSC over temperatures ranging from 25°C to 300°C at a heating rate of 15°C/min. Glass transition temperatures were measured as endothermic inflection points. The onset of decomposition was measured for 4-AS/TMPTGE by thermogravimetric analysis (TGA), which showed a rapid decrease in sample mass at about 290°C (see Supplementary Figure S1). Therefore, the TMPTGE and NND epoxies were kept below this temperature while curing. The reappearance of the Tg endotherm over multiple DSC heating cycles confirmed that the epoxies were cured below the point of epoxy decomposition.
2.3 Conversion of commercially available Fe3-4N to ∼95% Fe4N
Epoxy-iron nitride composite samples were cured in the same manner as the neat epoxies described above. However, there were two sources of iron nitride used: commercially available iron nitride powder (Alfa Aesar, Tewksbury, MA, 325 mesh, FexN where x = 3–4) and the same commercially available iron nitride powder that had been annealed to produce nearly phase-pure Fe4N. In a representative experiment, ∼4 g of Fe3-4N was added to a ceramic crucible in a glove box under nitrogen. The crucible was placed in a Barnstead International Type 1,300 muffle furnace inside a glove box and heated to 542°C (see Results and Discussion), then held at that temperature for 40 min. The bulk sample was stored inside the glove box long-term.
2.4 Variable-temperature powder XRD analysis and quantitative powder XRD analysis
Quantitative powder XRD (x-ray diffraction) confirmed that the annealing process produced ∼95% Fe4N (see Supplementary Material). Quantitative powder XRD analysis was performed using a Siemens θ−θ D500 XRD diffractometer using a sealed tube X-ray source (Cu Kα radiation), a graphite monochromator, and a scintillation detector. The sample was isolated within a special beryllium dome holder to prevent oxidation of the sample during analysis (Rodriguez, 2008). Typical scan parameters were 10°–80° 2θ, 0.02° step size and 15 s count time. Quantitative weight percent values for the final heat-treated product were determined via Rietveld refinement (whole pattern fitting) within the software Jade 8 (Material Data, Inc., Livermore, CA). High temperature XRD analysis was performed using a Scintag PAD X diffractometer equipped with a sealed tube X-ray source (Cu Kα radiation), a solid-state Ge detector and a Buhler high temperature stage (Pt/Rh). Acquisition was carried out under flowing He gas atmosphere to prevent oxidation and maintain an inert atmosphere. The sample was heated from room temperature to maximum temperatures ranging from 500°C–700°C in 10°C increments with a heating rate of 40°C/min between each scan. Typical scan parameters were 10°–65° 2θ, 0.04° step size and 1 s count time.
2.5 Synthesis of iron nitride-containing soft magnetic composites
To prepare all SMCs, 4-AS powder was first ball-milled with iron nitride powder in an 8000M Spex Mixer Mill, using an 8004SS 55 mL steel-jacketed WC grinding vial for mill pot, one 7/16” WC ball for the mill ball, <40 g mill load, at a speed of 1,060 cycles/min at 60 Hz, 115V, for 18 min. The iron nitride theoretical vol% ranged from ∼26 up to 90%, depending on the vol% desired. A stoichiometric amount of milled powder was mixed thoroughly by spatula with the epoxy resin while heating to 180°C for 10–12 min to dissolve with melt the 4-AS. The mixture was then spread into a preheated mold and cured as described above. As the vol% of iron nitride increased, the mixture became thicker, more challenging to mix thoroughly and transfer consistently into molds.
2.6 Synthesis of iron nitride-containing soft magnetic composites via hot pressing
For all 4-AS/NND SMCs with >65 vol% loading of iron nitride, samples were hot pressed to form high-density SMCs with maximized relative permeability. Milled 4-AS/iron nitride and NND were mixed and heated for 10–12 min at 180°C to dissolve with melt the 4-AS and subsequently transferred to a 400 series stainless steel preheated 3 mm anvil die (Pellet Press Die Sets, Traverse City, MI) for hot pressing. The die was spray-coated with BN (boron nitride aerosol lubricant, Zyp Coatings, Inc., Oak Ridge, TN) to aid removal of the cured sample from the die. Samples were pressed using an International Crystal Laboratories (Garfield, NJ) 20 Ton E-Z Press™, a benchtop hydraulic press. To ensure that the die components were at the same temperature while preheating, the die anvil was kept in a 180°C oven until used. The die block and base plate were heated to 180°C with a heating band (Duraband© Heaters, Tempco Electric Heater Co., Wood Dale, IL). Die temperature was controlled by a benchtop temperature controller (Omega Engineering Inc., Norwalk, CT, Model CSi32R) after calibrating for the temperature difference between the set temperature (180°C) and the measured temperature inside the die. After transferring the uncured 4-AS/iron nitride/NND mixture to the die block and adding the preheated die anvil, samples were pressed at 63 MPa for 12 h with the heating band set at 180°C. Curing samples at 255°C in air caused some discoloration (presumably due to iron oxidation), so subsequent hot-pressed samples were cured at 255°C for 8 h in a glove box under nitrogen.
2.7 Determination of experimental iron nitride volume percentage
To determine the experimental iron nitride volume percentage, the total density of each SMC was determined with a Mettler Toledo (Columbus, OH) MS304TS/00 analytical balance equipped with an Archimedes density kit. The balance calculated the density and volume of each sample using the following formulas:
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In these equations, ρ is the sample density, A is the weight of the sample in air, B is the weight of the submerged sample, V is the sample volume, ρ0 is the density of the auxiliary liquid, ρL is the density of air (0.0012 g/cm3), and α is a balance correction factor of 0.99985 for the air buoyancy of the adjustment weights (Mettler Toledo, 2021). Each sample was weighed in air and then submerged to obtain its balance-calculated density and volume. SMC length and diameter were also manually measured using digital calipers, and the total volume of each SMC was estimated using the formula for the volume of a cylinder (πr2h) or a toroid (πr2*2πR), as appropriate. The density of each neat, cured epoxy resin system was determined in a similar experiment using the Archimedes balance. The volume of epoxy resin in the SMC was then estimated using the equation:
[image: image]
The volume of Fe3-4N could be determined using the equation:
[image: image]
Finally, the volume percent of Fe3-4N was calculated:
[image: image]
2.8 Scanning electron microscopy imaging of SMCs and milled powder precursors
SEM imaging was done on an SEC SNE-4500M Plus Tabletop SEM (NanoImages, Pleasanton, CA). The SEM samples were ground flat and polished with silicon carbide (300, 600, and 1,200 grit) and diamond abrasive pads to 0.1 μm smoothness. Samples were fixed to a 15 mm sample mount and were secured to the mount with carbon tape. Powder samples were prepared in the same fashion with the excess powder blown off. The 15 mm mount permitted imaging of samples at a working distance as low as 1 mm. SEM images were collected at 15 kV accelerating voltage under secondary electron (SE) and backscattered electron (BSE) modes. Images were taken at 250-3500× magnification under high vacuum with a spot size of 10–23. After acquisition, the images were analyzed using the National Institutes of Health-developed tool ImageJ. The SE images showed the surface topography of samples, while the BSE images showed the compositional variation in terms of atomic mass. The SEM images included here are given for illustration of the sample microstructure.
2.9 B-H analysis of soft magnetic composite toroids
For B-H Analyzer analysis of bulk magnetic behavior, SMCs were molded into 9 mm outer diameter toroids using the same procedures described above. Two 4-AS/NND SMCs were cured at 255°C for 8 h in a glove box under nitrogen and analyzed both before and after the curing process. All toroids were wound 10–12 times with 30 AWG Jonard Tools (Elmsford, NY) insulated wire. The toroids were then connected to an Iwatsu (Tokyo, Japan) SY-8218 B-H Analyzer for alternating current (AC) hysteresis characterization. Hysteresis loops were collected at sinusoidal frequencies of 0.01–1,000 kHz over a magnetic field range of −500 to 500 A/m. The B-H Analyzer recorded relative permeability (µr), max magnetic flux density (Bm), and core loss (Pc) at these frequency ranges, which were used to generate data plots for comparison of the toroids.
2.10 Resistivity measurement of soft magnetic composite disk
For resistivity measurements, a Jandel (Leighton Buzzard, United Kingdom) Multi-Height Micro Position 4-Point Probe was connected to a Jandel RM3000+ DC power supply and a Keithley (Tektronix, Beaverton, OR) 2000 multimeter for reading voltage and current. Interpolated resistance of the disk (9.56 mm diameter, 3.80 mm thickness) was obtained by plotting voltage vs. current. Resistivity was then calculated by multiplying resistance by SMC surface area, divided by SMC length. Corrections were made for sample thickness, lateral sample dimensions and placement of the probe points relative to the sample edges. Optimal results were obtained by using double-sided tape between the sample and the probe plate. Large radius of curvature tungsten probe tips were used to ensure the tip area broke through any surface oxide with sufficient pressure. Two-probe resistance measurements were necessary between the inner and outer probes to establish adequate contact resistance.
2.11 Vibrating sample magnetometry analysis of soft magnetic composite samples
Magnetometry was performed on a 14 T DynaCool PPMS (Physical Property Measurement System, Quantum Design, San Diego, CA) with the VSM (vibrating sample magnetometry) option. A 5-quadrant field sweep starting at zero field to ±7 T (±5.5 × 106 A/m) at a sweep rate of 10 mT/s (7.9 × 103 A/m-s) with a peak amplitude of 2 mm at a frequency of 40 Hz averaging over 1s was used to measure samples at 293 K. Samples for VSM measurement were mounted with their long axis in a vertical orientation parallel to the applied field to minimize demagnetization affects. Polyimide tape was used to attach the samples to a quartz or brass paddle.
3 RESULTS AND DISCUSSION
3.1 Results of TGA and DSC characterization of neat amine-epoxy resins
Once the 4-AS/TMPTGE and 4-AS/NND amine-epoxy systems were chosen, both systems were evaluated for their cure chemistry and suitability as insulating matrices for the SMCs. This was done by performing both differential scanning calorimetry and thermogravimetric analysis (Table 1). TGA studies revealed a temperature at which the mass quickly decreased for the 4-AS/TMPTGE epoxy system, suggesting decomposition (see Supplementary Figure S1). This value was used to design appropriate DSC temperature programs by serving as an upper temperature limit for experiments to determine the Tg.
TABLE 1 | DSC data for amine/epoxy resin systems used in the preparation of SMCs.
[image: Table 1]To check the upper cure temperature limit of the 4-AS/TMPTGE epoxy resin system, a sample that had been heated to 200°C for 30 min, then heated again at 135°C for 12 h, was subjected to the DSC program shown in Figure 2B. The sample was first heated to 180°C rapidly in the DSC and held at that temperature for 20 min, cooled to 90°C, rapidly heated to 300°C, cooled back to 90°C, and heated to 180°C. The sample showed a decomposition exotherm with an onset temperature of ∼260°C (Figure 2A). As further evidence that decomposition was occurring, a ∼14.4% mass loss was measured upon removing the sample from the DSC (see Supplementary Figure S6A). Therefore, to avoid any decomposition, the 4-AS/TMPTGE epoxy was subsequently cured at temperatures below 260°C.
[image: Figure 2]FIGURE 2 | (A) DSC profile of the decomposition onset of 4-AS/TMPTGE epoxy cured at 135°C; (B) DSC program used to assess the decomposition onset of 4-AS/TMPTGE.
Initial curing trials showed that a sample of 4-AS/TMPTGE cured at 135°C for 12 h displayed exothermic phase transitions upon reaching ∼155°C, as well as shifts in Tg to higher T with each cycle (Figure 3A). Both observations suggested that the sample had not completely cured. This shift in Tg occurs because the polymer is continuing to cross-link and is a well-documented phenomenon (DiMarzio, 1964; Shibayama, 1975; Cook, 1978; Bellenger, 1987). As the network structure in the polymer becomes more rigid with cross-linking, the polymer must be heated to higher temperatures in order to relax the molecular structure and enter the rubbery stage associated with temperatures above the Tg. As further evidence of this, a 4-AS/TMPTGE sample cured for 12 h at 180°C was prepared and analyzed with an identical DSC program (25 °C [image: image] 230°C at 15°C/min, 230 °C [image: image] 25°C at 15°C/min, holding for 1s; 25°C [image: image] 240°C at 15°C/min, 240°C [image: image] 25°C at 15°C/min, holding for 1s; then 25°C [image: image] 250°C at 15°C/min). This sample did not display the same exothermic phase transitions or the Tg shifts to higher T (Figure 3B), indicating that curing at 180°C for 12 h completed the epoxy cure process. All subsequent composites made from 4-AS/TMPTGE were therefore cured for 12 h at 180 °C. While the Tg of 127°C for TMPTGE-containing resins (Table 1) was less than 150°C, it is still useful for many applications. However, in order to meet the minimum value required for operation in electric motors and drives (“Electrical and Electronics Technical Team Roadmap” 2017) investigation of a different epoxy resin system (NND) was necessary.
[image: Figure 3]FIGURE 3 | (A) DSC profile of the Tg endotherms of 4-AS/TMPTGE epoxy cured 12 h at 135°C suggesting incomplete cure; (B) DSC profile of the single Tg endotherm of 4-AS/TMPTGE epoxy cured 12 h at 180°C showing complete cure.
The upper cure temperature limit and Tg behavior of 4-AS/NND was similarly investigated by DSC. A 4-AS/NND sample which had been cured at 180°C for 12 h was cycled up to 345°C as shown in Figure 4. It was not possible to measure an initial Tg in heating cycle 1, as an exotherm centered at 250°C (corresponding to additional curing) interfered with the measurement. Only after the sample had gone through an additional heating cycle approaching 300°C, could the Tg of ∼250°C then be determined. However, any temperature exposures above 300°C induced thermal decomposition, which resulted in the lower Tg observed in heating cycle 3 for a “partially degraded” material. Further evidence of decomposition was found when upon removal from the DSC, the sample was reweighed and showed a mass loss of ∼4% (see Supplementary Figure S6B). To avoid decomposition, the 4-AS/NND epoxies were subsequently cured at temperatures below 300°C.
[image: Figure 4]FIGURE 4 | DSC profile of the decomposition exotherm onset (Cycles 2–3) of 4-AS/NND epoxy cured at 180°C.
After determining the upper cure temperature limit, further DSC experiments were conducted with the 4-AS/NND epoxy to identify the minimum cure temperature to obtain the maximum Tg. Prior to DSC analysis, a sample of 4-AS/NND was first heated to 200°C for 4 h. The minimum complete cure temperature was achieved by heating the sample to 255°C in the DSC, holding it there for an hour to cure the epoxy, and then cycling through heating and cooling cycles ranging from 150°C to 285°C as shown in Figure 5A and 5C. The endothermic Tg phase transition was observed at ∼249°C in the sample in cycles 2-4, and did not shift in temperature, confirming that the sample was fully cured at 255°C (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) DSC cycles 1–4 (with 2-4 overlapping) of the single Tg endotherm of 4-AS/NND epoxy resin after curing in the DSC at 255°C for 1 h during the first heating cycle; (B) DSC cycles 2-4 expanded from 180°C–285°C; (C) DSC program used to cure and analyze the Tg of 4-AS/NND.
As the 4-AS/NND epoxy system’s higher Tg of 249°C exceeded the minimum requirement of 150°C for electric motors and drives, attention turned to fabrication of SMCs from the 4-AS/NND epoxy system. However, curing at 255°C in air resulted in discoloration of the composite, presumably by oxidation of the iron. Therefore, the 4-AS/NND composites containing iron nitride were initially cured at 180°C for at least 4 h to harden the epoxy before completing a final high temperature cure on some samples under inert atmosphere at 255°C for 8–12 h.
3.2 Development of a process to make phase pure Fe4N
Commercially available iron nitride was purchased as a mixture of Fe3N and Fe4N, but Fe4N has superior properties for incorporation into soft magnetic composites (Chen, 1991; Zhang, 2018). For ideal performance and consistency in magnetic properties, a method to make phase pure Fe4N was desired. Examination of the phase diagram of the iron nitride system suggested that it should be possible to reach the Fe4N phase at an elevated temperature (Wriedt, 1987; Coey, 1999). A straightforward heat treatment converted almost all of the Fe3N phase to Fe4N when conducted in an inert atmosphere (under nitrogen in a glove box). Temperature dependent X-ray diffraction data (XRD) of this process, collected under flowing nitrogen, is displayed in Figure 6. This data shows that at a temperature slightly above 550°C the diffraction peaks associated with the Fe3N disappear, leaving nearly phase pure Fe4N. Heating the sample either at too high of a temperature or for too long resulted in some conversion to elemental Fe, so the best approach was to heat the sample at 542°C for 40 min under nitrogen.
[image: Figure 6]FIGURE 6 | Temperature-dependent powder X-ray diffraction data demonstrating the conversion of Fe3-4N to mostly Fe4N above ∼550°C.
Quantitative powder XRD analysis showed that the powder was ∼95% Fe4N (see Supplementary Material). However, with the large amounts of iron nitride required to fabricate composites of workable size, only a few SMCs were made with ∼95% Fe4N in this work. Fe4N used outside of the glove box was generally air-stable, although it was stored in the glove box long-term. It was not left exposed to air long-term and analyzed for changes after exposure.
3.3 SEM imaging of SMCs and milled powder precursors
The milled amine and iron nitride mixture, as well as the cured composite, were examined by SEM to learn more about their morphology and composition. The milling time of 4-AS and iron nitride was varied to study effects on particle size and the final SMC, while the composition was varied to see how the microstructure of SMCs changed with loading of iron nitride in the composite (work in progress). SMC samples were prepared with iron nitride/4-AS milling times of 0–90 min and at compositions of 30, 40, 50, 65, and 77 theoretical vol% iron nitride in epoxy. The selected time for ball-milling Fe3-4N and 4-AS in this work was 18 min (see Supplementary Figures S2–S4).
A 65 vol% Fe3-4N in 4-AS/NND epoxy SMC was prepared as described in Materials and Methods. After polishing with silicon carbide and diamond abrasive pads down to 0.1 µm, the sample appeared shiny and metallic, as seen in Figure 7B, with the corresponding SEM images of the surface shown in Figures 7A and 7C. The SEM imaging shows the microstructure of the final composite. As can be seen in the SE image in Figure 7A, the Fe3-4N particles are packed together with gaps of roughly 1–5 μm. There are also visible macroscopic voids in the samples, which can be seen in the sample photo (Figure 7B). The micro and macroscopic voids result in samples which fall shy of the theoretical magnetic properties for these SMCs. The BSE image in Figure 7C, which reveals atomic mass distribution, shows that iron nitride particles are generally homogeneously dispersed throughout the epoxy matrix.
[image: Figure 7]FIGURE 7 | (A) Secondary Electron mode (SE) image, (B) sample photo, and (C) Backscattered Electron mode (BSE) image of a polished 65 vol% Fe3-4N SMC made with 4-AS/NND.
Figure 8 shows the microstructure of a ∼77 vol% Fe3-4N in NND/4-AS epoxy SMC which was prepared by hot pressing at 63 MPa for 12 h. The iron nitride particles are packed at much greater density, with spacing on the order of ≤1 μm. The high pressure applied in hot pressing enables the lower volume of epoxy to still bind the iron nitride powder into a solid composite. There is a certain volume percent of the sample that corresponds to voids, which helps explain the discrepancy between the theoretical Fe3-4N vol% of samples calculated from the precursors and the Fe3-4N vol% determined from experimental density.
[image: Figure 8]FIGURE 8 | SEM image of ∼77 vol% Fe3-4N SMC made with 4-AS/NND using hot pressing at 63 MPa for 12 h.
3.4 Preparation and quality of soft magnetic composites
Figure 9 and 10 show examples of some of the SMCs fabricated using both TMPTGE and NND. It was possible to cure SMCs into a variety of shapes, including toroids. As the vol% of iron nitride in the composites increased, they became thicker, more difficult to spread consistently into molds and to cure without surface defects, voids and bubbles. The cured epoxies also became increasingly brittle. Polishing and smoothing removed many of the surface defects on toroids so that they could be wound with wire for B-H analysis. To achieve over 65 vol% Fe3-4N, it was necessary to use hot pressing to maximize magnetic permeability. The epoxy component of the SMC, which insulates the iron nitride particles to prevent eddy currents, also creates a distributed air gap. Therefore, maximizing the saturation magnetization and the magnetic permeability of the SMC required maximizing the volume fraction of Fe3-4N filler. Hot pressing, in which the uncured sample is subjected simultaneously to high pressure and temperature, has proven successful in this (Mason, 1999). In fact, above 70% vol% Fe3-4N, the composite mixture would not cure into a solid shape without hot pressing. The highest vol% iron nitride reached thus far was ∼77% in the 4-AS/NND system (via hot pressing) and ∼65% in the 4-AS/TMPTGE system. No major differences were observed in the quality and appearance of SMCs made with the mixture of Fe3-4N versus those made with ∼95% Fe4N. Samples were usually black with lower vol% Fe3-4N. With higher volume loading, they appeared shiny and metallic when polished.
[image: Figure 9]FIGURE 9 | SMCs made from 4-AS/NND via hot pressing at 63 MPa for 12 h: (A) 71.4 vol% Fe3-4N; (B) 68.1 vol% Fe3-4N; (C) 61.3 vol% Fe3-4N; (D) 59.7 vol% Fe3-4N.
[image: Figure 10]FIGURE 10 | (A) 4-AS/TMPTGE/Fe3-4N toroids prepared for B-H Analyzer analysis; (B) bubble-free, cured and smoothed 4-AS/TMPTGE epoxy resin sample; (C) cured and smoothed 4-AS/TMPTGE epoxy composite with 65 vol% Fe3-4N.
3.5 Characterization of SMC magnetic properties
SMCs were characterized with a B-H analyzer to determine their relative permeability. Consistent with expectations, as Fe3-4N volume loading increased, relative permeability increased, nearly exponentially (Figure 11A). This analysis could only be performed with SMCs that had successfully been fabricated into toroids, which was challenging at times due to decrease in workability as the Fe3-4N vol% increased and epoxy fraction decreased. Increasing the ratio of soft magnetic to non-magnetic phase is one way to increase permeability along with increasing compacting pressure. The non-magnetic phase tends to act as an air gap, decreasing permeability (Périgo, 2018). Future work will focus on fabricating toroids with increased volume loading via hot pressing and subsequently characterizing them with a B-H analyzer. For the same series of SMCs, relative permeability was found to be nearly independent of frequency up to 1 MHz (Figure 11B). Consistent with Figure 11A, the relative permeability increased as the vol% Fe3-4N increased.
[image: Figure 11]FIGURE 11 | (A) Relative permeability (μr) of 4-AS/TMPTGE SMCs plotted as a function of vol% Fe3-4N. (B) Relative permeability (μr) of selected SMCs does not change significantly over several hundred kHz. Volume percent reported here is theoretical.
SMC samples were then characterized on a DynaCool PPMS with the vibrating sample magnetometry option. As expected, a higher saturation magnetic polarization was achieved with increasing vol% Fe3-4N, independent of epoxy resin choice. Hysteresis curves for composites made with TMPTGE can be found in the Supplementary Figure S5. Figure 12 shows the results for a series of SMCs prepared with increasing vol% Fe3-4N, using the 4-AS and NND epoxy system. Higher vol% Fe3-4N was only possible in this series through hot pressing. Future work will focus on achieving even higher volume loadings and Js values.
[image: Figure 12]FIGURE 12 | J(H) curves for various SMCs made with Fe3-4N. All were cured with 4-AS as the amine curing agent, NND as the epoxy resin and hot pressed at 63 MPa for 12 h.
To investigate the effect of curing a 4-AS/NND/62.4 vol% Fe3-4N toroid at 255°C for 8 h on its magnetic properties, the toroid was first prepared as described in Materials and Methods (heating at 180°C for 12 h). It was then characterized on the B-H analyzer to determine its relative permeability as a function of frequency. The sample then underwent a final cure under nitrogen in a glove box at 255°C for 8 h and was recharacterized on the B-H analyzer. As shown in Figure 13, there was only a slight change in the permeability of the sample, and it did not change with frequency. XRD analysis of the samples before and after the final curing showed no significant change in the composition of the Fe3-4N (see Supplementary Material).
[image: Figure 13]FIGURE 13 | Relative permeability of a 62.4 vol% Fe3-4N/4-AS/NND toroid did not change significantly after a final cure at 255°C for 8 h under nitrogen.
3.6 Comparison of saturation magnetic polarization (Js), coercivity (Hc) and saturation magnetization (Ms) of SMCs
Using the VMS option, the saturation magnetic polarization (Js), coercivity (Hc) and saturation magnetization (Ms) of SMCs were recorded (Table 2). Maximum Js values were about half of those found in Fe3-4N sheets (1.8 T) (Chen, 1991) and the value decreased as the calculated Fe3-4N vol% decreased. Not surprisingly, hot pressed samples with the maximum volume loading of Fe3-4N had the highest Js values. Values of Hc were about 4–5 times the target Hc of <1 kA/m, similar to those of tungsten, cobalt and chromium steel (Coey, 2010). However, these SMCs still qualify as soft magnets, given their Hc < 10 kA/m (Coey, 2010). Furthermore, decreases in Hc should be realized through improvements in volume loading, processing conditions, and post-processing. Future work will also focus on preparing SMCs with the ∼95% Fe4N to see if they are capable of higher Ms relative to those made with the commercially available, unannealed Fe3-4N mixture. Ms values generally correlated well with calculated Fe3-4N vol% values. Using a collinear four-point probe, the resistivity (ρ) of one SMC disk was measured at 1.9 × 105 μΩ*m, comparable to the high resistivity NiZn and MnZn ferrites ('Nickel Zinc Ferrite Materials', 2023; 'Mn-Zn Ferrite Material characteristics', 2022). The preparation and testing of more SMC disks is an area of ongoing investigation.
TABLE 2 | Saturation magnetic polarization, saturation magnetization, coercivity, and resistivity of selected SMCs. * = Sample was prepared with TMPTGE epoxy resin and the volume percent reported is theoretical. Others were made with NND epoxy resin.
[image: Table 2]4 CONCLUSION
A new “bottom up” approach to making SMCs successfully produced a variety of cylinders, toroids, plates and disks, in which the soft magnetic material iron nitride was incorporated into an amine/epoxy resin. One amine cross-linking agent, 4-AS, was evaluated with two different epoxy resin systems, NND and TMPTGE. DSC studies confirmed that the 4-AS/TMPTGE system had a Tg of ∼127°C, and the 4-AS/NND system had a Tg of ∼249°C, well above the 150°C benchmark necessary for SMC application in electric motors and drives. In this approach, commercially available iron nitride obtained as a mixture of Fe3-4N was first ball-milled with the 4-AS to coat the particles evenly. A method for heat-treating the commercial iron nitride converted it to ∼95% Fe4N, provides a simple and straightforward source of nearly phase-pure soft magnetic material. While no evidence was yet found to suggest that a covalent bond formed between the iron nitride and the 4-AS, this is an area for further investigation as it would lead to a matrix-free composite and enable higher magnetic loading and a homogeneous structure. The powder mixture was combined with either NND or TMPTGE and heat-cured in a mold, providing a facile and flexible processing method. Reaching a volume percent loading of greater than 65% iron nitride required hot pressing at 63 MPa.
Magnetic characterization of several SMCs made with this process showed Js values of up to 0.9 T, about 2–4 times the Js (0.2–0.5 T) of soft ferrites (Coey, 2010) and roughly half that of silicon steel (∼2 T). Js values increased with increasing vol% iron nitride. All samples had Hc values less than 10 kA/m, confirming their classification as soft magnetic materials. Decreases in Hc can be realized through improvements in vol% loading, processing conditions, and post-processing. Samples had flat permeability out to 1 MHz, even after a second curing step at 255°C to reach Tg, making these materials ideal for use as inductor cores in high frequency power electronics. One sample possessed resistivity on the order of 105 μΩ*m, comparable with high resistivity ferrites. Future work will focus on further increasing the volume loading and processing parameters to achieve higher Js and µr and lower Hc so that these promising materials can be investigated for applications in axial flux electric motors, motor drives and high frequency power electronics.
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