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Abstract: In this paper, the liquid phase sintering was performed using spark plasma sintering to
produce iron (Fe: 80 vol%)–aluminum (Al)–multi-walled carbon nanotubes (MWCNTs) magnetic
hybrid metal matrix nanocomposites. The properties of the nanocomposites were investigated by
considering different parameters of materials processing. The reinforcement of MWCNT with a
content of 0–2 vol% did not affect the saturation magnetization of the nanocomposites but increased
the coercivity and reduced both the electrical resistivity and the mechanical transverse rupture
strength. It was found that milling the powders for 24 h resulted in composite with high saturation
magnetization (148.820 A·m2/kg) and high coercivity (2175.6 A/m) but further milling time had
reduced the values of magnetic properties. The mixture of Fe nanoparticles and Fe microparticles
in composites with a nanoparticles-to-microparticles volume ratio of 1:1 has led to the enhanced
saturation magnetization up to 157.820 A·m2/kg and reduced the coercivity of 50.20% in comparison
with the Fe nanoparticles based nanocomposites. That mixture exhibited good electrical resistivity but
caused the reduction of mechanical strength. The post-sintering annealing has significantly improved
the magnetic softness of the composites by reducing the coercivity up to 854.30 A/m and increased
the saturation magnetization.

Keywords: liquid phase sintering; spark plasma sintering; metal matrix nanocomposites; magnetic
properties; mechanical properties; nanoparticles; carbon nanotubes; annealing

1. Introduction

Metal matrix composites (MMC) are the composite materials that generally consist of metal,
as the base (matrix) material, and additional phases, which are known as the reinforcement materials.
In case at least one of the components (either the metallic matrix or the reinforcements) is at nanoscale,
the composite is usually referred to as the metal matrix nanocomposite (MMNC). The MMNC materials
are attractive materials because they can have enhanced properties such as tensile and compression
strengths, high temperature mechanical properties, corrosion resistance, the coefficient of thermal
expansion and others than the monolithic counterparts [1] and the MMC [2]. It is worth noting
that the improvement in the selected properties of the final composites depends on various factors
including; matrix materials, selected reinforcements and fabrication processes. While aluminum,
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titanium and magnesium are the most used as matrices for structure applications [3–8], it is believed
that the ferromagnetic metals like iron, nickel and cobalt and their alloys are a suitable choice as matrix
materials for electromagnetic applications. However, to the best of our knowledge, up to now there
are very few works that have been reported on iron metal matrix nanocomposites and their magnetic
properties. For instance, Gupta et al. [9–11] have studied the electrochemical behavior, hardness and
wear behavior of the iron-alumina nanocomposites. Additionally, in their studies, they reported that the
iron-alumina nanocomposites exhibited the improved hardness, density wear resistance and corrosion
resistance. Khosla et al. [12] have synthesized the iron-silicon carbide metal matrix nanocomposites
using powder metallurgy method at different sintering temperature. In their study, the found that
density was decreased whereas the hardness was increased by increasing the sintering temperature.
However, in the above studies [9–12], the electrical and magnetic properties of the nanocomposites
were not investigated.

It is well known that iron (Fe) has the best magnetic properties such as the highest saturation
magnetization among all elements and high relative permeability. This makes it a potential material
for electromagnetic applications. However, the use of pure iron (alone) in electromagnetic devices is
usually not advised due to different application requirements that the pure iron, itself, cannot provide.
These requirements may include the properties such as; high electrical resistivity, which is one of the
requirements to reduce eddy current losses, low core losses (especially at high frequency), improved
mechanical properties and good corrosion resistance.

Therefore, pure iron is usually combined with other elements to form alloys or composites for
industrial practices [13,14]. It is worth noting that both alloys and metal matrix composites are formed
through the combination of two or more components. However, in the case of alloys; the components
do not retain their original properties after alloying and there is no strict proportion in elemental
composition; whereas in the case of composites, the components retain their original properties and a
strict proportions in elemental composites is needed [15]. Although, aluminum (Al) has lower electrical
resistivity than iron, it was demonstrated that the combination of iron (Fe) and aluminum (Al) produce
the final material with higher electrical resistivity than pure Fe [13,16–18].

Carbon nanotubes (CNTs) are among the most attractive carbon materials with an average Young’s
modulus of about 1.8 TPa, high aspect ratio, low density and high flexibility [19]. Those are some of the
fascinating characteristics of CNTs that attract many investigators to use CNTs as a reinforcement in
metal matrix nanocomposite materials [20–24]. For instance, Amar et al. [19] reported the improvement
of both the mechanical strength and magnetic properties of the Fe50Co alloy by adding CNTs as a
reinforcement with a volume content of 0.5 vol% and 1 vol%. A further increase in CNT content
led to poor properties. Akshay et al. [25] studied the fabrication of iron (Fe) matrix reinforced with
multi-walled carbon nanotubes (MWCNTs) by comparing the wet and dry method of mixing the
components (Fe and MWCNT). For wet mixing method (sonication), the ethanol was used as the
process control agent whereas for the dry mixing method (high energy ball milling), the process control
agent was stearic acid. They reported the occurrence of mechanical and chemical degradation of
reinforcements (MWCNT) when the wet method was used. On the other hand, the dry method (ball
milling) was found to give uniform dispersion of MWCNT in the matrix. The study of Akshay et al. [25]
has focused on microstructures of the Fe-MWCNT nanocomposites but there were no further report on
structural and physical properties of these nanocomposites.

There are several techniques that can be used to produce metal matrix composites, which may be
performed either by solid state processing or liquid state processing or deposition processing [1,3,26].
Among them, the powder metallurgy, which consists of the blending of powders and additives
followed by consolidation and sintering is the most preferred technique due to its simplicity.
Moreover, the powder metallurgy can allow one to overcome the problem of producing the undesirable
phases in the final composites when compared to other methods [27,28]. For consolidation of the MMC
and MMNC, the spark plasma sintering (SPS) was found to be a very promising sintering technique
as it is the fast processing method and considerably limits the grain growth that often occurs when
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the conventional sintering methods such as hot-isostatic pressing, hot pressing and high-temperature
extrusion are used [29–31]. Most of the previous work on the MMC and MMNC using spark plasma
sintering have focused on solid state processing to consolidate the composites where the sintering
temperatures were lower than the melting point of each and every component [29,32,33]. It is not
common to find work in the literature where the MMC or MMNC composites were fabricated through
the liquid state processing using spark plasma sintering. Basically, during the process of solid state
sintering all the components stay in their solid phase; whereas the liquid phase sintering is a sintering
process under the conditions where there is a coexistence of liquid phase and solid phase [34].

In this work, the fabrication of 80Fe-20(Al + MWCNT) nanocomposites sintered through liquid
phase processing using spark plasma sintering at the sintering temperature of 800 ◦C was attempted.
The sintering temperature in this work was obviously higher than the melting point of Al (660 ◦C).
The magnetic and mechanical properties of the composites were analyzed according the processing
parameters such as the MWCNT content and ball milling time and post-sintering heat treatment. In fact,
in the previous study by the authors [16,18], the Fe-Al-MWCNT magnetic hybrid nanocomposites
(with Fe content up to 70 vol%) sintered at 600 ◦C has shown the composites to have high magnetic
coercivity (greater than 5000 A/m) making the materials magnetically hard. The intention of the present
paper is to produce the relatively softer magnetic nanocomposite materials with lower coercivity.

2. Experimental Procedures

2.1. Materials and Sample Preparations

The commercial iron nanoparticles powder (nFe: average particles size of 90–110 nm and purity
of 99.9%) and aluminum particles (Al: average particles size of 30–40 µm and purity of 99.9%) were
purchased from Ditto-Technology Co., Ltd., Gunpo, Korea. The iron microparticles (mFe: average
particles size of 40–50 µm and purity of 99.9%) were purchased from Avention Co., Ltd., Incheon,
Korea. The multi-walled carbon nanotubes powder (MWCNT: average diameter of 8–15 nm and length
of 5–20 µm) was supplied by Nanosolution, Jeonju, Korea. The scanning electron microscope (SEM)
images that show the morphology of the as-received powders are shown in Figure 1. The powder
mixtures were prepared according to the volume ratio of each component, as shown in Table 1,
by considering a cylindrical sample of 50 mm diameter and 30 mm length. The effect of MWCNT on
the properties of the nanocomposites was investigated for MWCNT content varying from 0 to 2 vol%.
The effect of mixing the iron nanoparticles and iron microparticles on the properties of the materials
was also studied.
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Table 1. Volume ratio of the nanocomposite materials.

Composites

Volume Fraction (vol%)

Fe
Al MWCNT

nFe mFe

80nFe-20Al 80 20
80nFe-19Al-1MWCNT 80 19 1
80nFe-18Al-2MWCNT 80 18 2

40nFe-40mFe-19Al-1MWCNT 40 40 19 1
20nFe-60mFe-19Al-1MWCNT 20 60 19 1

nFe 100

Figure 2 shows the step by step for the preparation of the powder mixtures. As shown in Figure 2a
the Al and MWCNT powders were measured according to their respective volume ratios in the
composite and manually mixed prior to the ball milling of all composite powders in order to reduce
the MWCNT clusters. To do so, the sieve (with opening size of 75 µm) was placed over the container,
and then the Al-MWCNT powders were placed over the surface of the sieve, as illustrated on Figure 2a.
Thereafter, the laboratory spoon was used to slide the powders back and forth so that the Al-MWCNT
mixture could fall in the container with MWCNT having smaller clusters in the mixture than in the
as-received MWCNT powders. Then the Al-MWCNT pre-mixed powders, iron powders, stearic acid
(4 g) and alumina balls were put in a milling jar in order to mix the powders using the ball milling
technique on the horizontal roll ball mill. The stearic acid was used as the process control agent.
The alumina balls (60 balls) of 10 mm diameter were used as milling media. The milling speed was
set to 300 rpm. The effect of milling time on the material properties was studied by comparing the
composites fabricated with the powders milled for 12 h, 24 h and 48 h.
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The mixed powders were then filled in graphite die, as shown in Figure 2b. In order to make sure that
outer-lengths of upper and lower punches were equal before spark plasma sintering, their adjustment
was performed using a hydraulic press. This step could also improve the powder packing in the mold
through the rearrangement of the particles and promote the shrinkage of pores within the compacts.

The prepared die filled with the powders was put in the chamber of spark plasma sintering (SPS)
machine (SPS-3.20MK-V, SPS Syntex Inc., Kawasaki, Japan) for compaction and sintering to produce the
bulk samples, as shown in Figure 2c,d. Then the chamber was closed and the vacuum atmosphere was
applied in the chamber. During the sintering process, the initial pressure of 20 MPa was applied while
increasing the temperature from room temperature to 500 ◦C. Then, from 500 to 800 ◦C, the pressure of
40 MPa was applied. After the temperature reached 800 ◦C, both the temperature and the pressure were
maintained constant for 10 min. Then the pressure was completely released and the sample was cooled
in the SPS Chamber. For comparison, the sample with pure iron nanopowders was also produced
using spark plasma sintering. The whole sintering process of the materials was performed in vacuum
atmosphere. Thereafter, the electrical discharge machine (EDM) was used to cut the bulk sample into
the specimens according to the testing of interest for characterization of materials properties.

2.2. Characterization

The density of the each material was obtained from the ratio of the mass of the sintered sample and
its volume. The field emission scanning electron microscopy (FE-SEM, JSM-7100F, Joel, Tokyo, Japan)
and energy dispersive X-ray spectrometer (EDS; Aztec Energy, Oxford Instruments, Abingdon, UK)
were used to study the morphology and elemental distribution of the composites respectively. The X-ray
powder diffraction (XRD, CuKα: λ= 1.54 Å) was used to study the crystallography of the composites and
the XRD data were analyzed using the software MDI Jade 5.0. The mean crystallite size were calculated
using the Scherrer equation [35]. The X-photoelectron spectrometer (XPS, K-Alpha, ThermoFisher
Scientific, Waltham, MA, USA) was used to analyze the composition and the chemical state of the
sintered composites. The cubic specimens of 2 mm × 2 mm × 2 mm were machined from the bulk
samples and used for magnetic properties measurements using vibrating sample magnetometer (VSM,
7404-S, Lakeshore Cryotronics. Inc., Westerville, OH, USA) with an applied field of ±800 kA/m.
The preparation of the specimens (with 31.7 mm in length, 12.7 mm in width and 6.35 in thickness)
and their transverse rupture strength (TRS) testing were performed according to ASTM B528 [36]
using a universal testing machine, ST-1001 (SALT Co., Ltd., Incheon, Korea). The microhardness was
also tested using Vickers Microhardness Tester (HM-123, Code No 810-990K, Mitutoyo Corporation,
Kawasaki, Japan) with an applied load of 0.1 kgf for a dwell time of 10 s. Ten values of microhardness
were taken and averaged for each specimen. The electrical resistivity measurements were taken
using the four probe method on rectangular samples, which had the same size as the TRS specimens.
For each sample, 20 measurements were recorded and averaged [18]. In order to compare the magnetic
properties of our materials, the standard toroidal sendust core (Fe-Si-Al alloys, code: CS610125) was
purchased from Chang Sung Corporation (South Korea). Since the VSM measurements requires small
sample, the testing sample (2 mm × 2 mm × 2 mm) of sendust core was machined in the same way as
our materials using the electrical discharge machining method.

3. Results and Discussion

3.1. Effect of MWCNT Content on the Properties of the Nanocomposites

Figure 3a–d presents the FE-SEM images showing their surface morphology of the composite
materials in comparison with the unreinforced bulk iron. The surface analysis of the internal
cross-section (at 10 mm from the circumference of the samples (i.e., mold surface)) of the sintered
materials using FE-SEM and EDS showed all Fe-Al based materials (Figure 3b–f) had a relatively dense
area, similar to that of pure Fe compact (Figure 3a), and another area containing Al with some porosities.
The microstructure of the later area can be attributed to high temperature sintering, which is higher
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than the melting point of aluminum. In fact, the high temperature led to the formation of aluminum
liquid, which have flowed between the solid particles of other components and wetted them causing
considerable change in microstructures of the final materials. The FE-SEM images in Figure 3c,d show
the dispersion of MWCNT in composites as small MWCNT clusters and single MWCNTs. The high
magnification (×50,000) of the area with MWCNT clusters showed that the MWCNT were embedded
in the metal matrix.
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Figure 3. Morphology of the sintered composites: (a) SEM images of pure Fe (sintered nFe); (b) SEM
images of 80nFe-20Al; (c) SEM images of 80nFe-19Al-1MWCNT; (d) SEM images of 80nFe-18Al-2WMCNT;
(e) EDS mapping of 80nFe-20Al and (f) EDS mapping of 80nFe-18Al-2WMCNT.

The dispersion of each component was observed using EDS mapping and the images are shown
in Figure 3e,f. It can be seen from Figure 3e,f that the area with a high concentration of Al had more
porosities than the area with a high concentration of Fe. The carbon (C) that represents MWCNT was
found all-over the surface of the Fe-Al-MWCNT composites, which suggested a good dispersion of
MWCNTs in the composites. This may be explained by the fact that the mixing process of MWCNT and
Al using a sieve prior to the ball milling have contributed to the reduction of the MWCNT clusters size
and improved the dispersion of MWCNT within nanocomposites. The presence of carbon on all the
surface of the sample may also be attributed to the promoted diffusion of carbon atoms (from MWCNT
and stearic acid) within the material due to the high sintering temperature (800 ◦C) and long sintering
time (10 min) [37]. Another issue that was observed was the presence of a higher concentration of
oxygen in the area with high aluminum content in comparison to the other area of the sample. It is
believed that the polished areas of the samples were sensitive to the oxidation after being exposed to
the air, especially the area of melted aluminum. This was different from the previous study on the
Fe-Al-MWCNT nanocomposites that were sintered at 600 ◦C where the oxidation tended to occur
on the surface of iron area and the solid aluminum particles were clearly and distinctively separated
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from iron particles and MWCNT [16,18]. Additionally, the existence of oxygen in the materials may be
resulted from the contamination during the ball milling due to the use of stearic acid.

The phase identification in the materials with a different content of MWCNT (0–2 vol%) was studied
using X-ray diffraction. Figure 4a,b shows the XRD plots of the sintered composites in comparison
to pure powder materials. The detailed analysis of XRD patterns was conducted in Figure 4b–f to
check whether some carbides or other additional phases were formed in the composites. One can
notice, in Figure 4b, that some iron oxides peaks, namely Fe3O4 (JCPDS Ref No: 019-0629) and α–Fe2O3

(JCPDS Ref No: 87-1164) were observed in XRD patterns. The formation of iron carbide (Fe3C: JCPDS
06-0686) was observed in the composites reinforced with MWCNT as shown in Figure 4e,f. This agrees
with the previous studies [38] that have reported that when CNTs are used as a reinforcement in the
metal matrix, there is a chance for CNT to react with metals and form the carbides. In fact, the carbides
were formed due to the promotion of carbon atom diffusion at high sintering temperature [27,37].
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pure Fe, 80nFe-20Al, 80nFe-19Al-1MWCNT and 80nFe-18Al-2MWCNT respectively and (g) crystallite
size and full-width-at-half maximum (FWHM) calculated based on peaks of Al(200) and Fe(110).
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The disappearance of these Al peaks (Al(111) and Al(311)) in the nFe-Al based materials indicates
that Al has partially reacted with iron to form Fe-Al intermetallic compounds like FeAl or Fe3Al [39,40].
The others peaks of Al (200) and (220) may be hidden behind the Fe (110) and Fe (220) respectively.
As shown in Figure 4c–f, the zooming of high intensity peaks of pure Fe in the angular (2 theta) range
of 40–50◦, the peaks of Fe-Al compounds were observed in the composites and they can be ascribed to
FeAl (110) (JCPDS Ref No: 01-1257) or Fe3Al (220) (JCPDS Ref No: 06-0695) [39]. It was noticed that
the intensity of intermetallic compounds decreased when the MWCNT content was increased while
decreasing the Al content.

The highest peaks of the composites were broadened when compared to that of pure metals.
Indeed, the broadening of the peaks can be justified by the greater full-width-at-half maximum
(FWHM) of the Al (200)/Fe (110) XRD-peaks for the composites than for metals (Al and Fe) as shown in
Figure 4g. The average crystallite sizes were calculated by considering the FWHM obtained for the
Al (200)/Fe (110) peaks of the materials using the Scherrer equation [35]. It can be seen, in Figure 4g,
that MWCNT reinforced composites had a smaller crystallite size ranging between 24.5 and 30 nm
than that of Al (46.09 nm), Fe (48.61 nm) and 80nFe-20Al (39.68 nm). The smaller crystallite sizes in
nFe-Al composites indicate that larger microstrains were induced in nFe-Al based materials when
compared with the pure nFe compact [41]. The reduction of crystallite sizes in nFe-Al based materials
may be ascribed to the subgrains formation, dislocations and grain boundary sliding that occurred in
the materials when the heterogeneous particles interacted and their atoms tried to diffuse during the
spark plasma sintering process due to the applied heat and sintering pressure.

The chemical state of the surface of the composites with a different content of MWCNT was
analyzed using XPS, as shown in Figure 5. Figure 5a shows the survey spectra of the composites and
Figure 5b–e compares the composites for the peaks of Fe 2p, Al 2p, O 1s and C 1s respectively. It can be
seen that all composites had similar spectra of the abovementioned elements but the major peaks of
the spectra detected in composites with 2 vol% of MWCNT (i.e., 80nFe-18Al-2MWCNT) were found to
be sharper with higher intensities in comparison to that of other composites. The C 1s peaks were
detected in all composites even in the composite without MWCNT (i.e., 80nFe-20Al). The appearance
of C 1s peaks in all composites can be ascribed to the absorption of adventitious carbon on the surface
of the composites due to air exposure [42,43].

The deconvolution of the Fe 2p, Al 2p, O 1s and C 1s peaks for 80nFe-18Al-2MWCNT composite
are shown in Figure 5f–i. Generally, the Fe 2p spectra present two major peaks Fe 2p1/2 and Fe2p3/2.
Figure 5f shows that the Fe 2p3/2 XPS peak exhibited Fe0, Fe2+ and Fe3+ peaks located at 706.69 eV,
709.96 eV and 714.32 eV respectively [44–46]. The ratio of Fe2+/Fe3+ in Fe 2p3/2 was about 2:1, which was
greater than the ratio 1:2 reported in [47,48]. This suggests the coexistence of both Fe2O3 and Fe3O4 in
the analyzed sample, which also confirmed the XRD analysis in Figure 4b. The presence of Fe2O3 was
also confirmed by the detection of the satellite peak at 719.68 eV, which is associated with Fe 2p3/2 for
Fe2O3 [48]. The Fe 2p1/2 XPS peak comprised of the Fe2+ (723.18 eV) and Fe3+ (729.22 eV) peaks [44].
Figure 5g that Al0 and Al3+ [44,47] were detected at the binding energy of 72.36 eV and 74.54 eV.
It can be seen in Figure 5h that O 1s peak had three peaks after deconvolution, which are located
at 529.65 eV, 530 eV and 531.81 eV, which correspond to Fe2+, Fe3+ and Al3+ respectively [44,45,47].
Based on the XPS analysis, it can be concluded that there was the formation of iron oxides (Fe2O3 and
Fe3O4) and aluminum oxide (Al2O3) on the surface of the composites. This supports the EDS mapping
(in Figure 3e,f) and XRD analysis (in Figure 4), except that the XRD did not detect the Al2O3 peaks
probably due to the very low content of aluminum oxide in the materials. Based on XRD and XPS
analysis, it can be assessed that the FeAl/Fe3Al were formed in materials.
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Figure 5i shows that C 1s peaks can be divided into three peaks with binding energy of 285.14 eV,
285.68 eV and 288.74 eV, which were attributed to C–C, C–O and C=O bonding respectively [49].
Note that as it can be seen in Figure 5e C 1s peaks were found to be similar in the analyzed samples,
except that a very slight shift of major peaks in C 1s spectra to lower binding energy was noticed
in composites reinforced by MWCNT. This may be explained by the increase in species with C–C
bonding on the surface of the sample when MWCNTs were used as reinforcement due to the presence
of MWCNT in the form of single or clusters as was observed with SEM images in Figure 3c,d.

The variation of magnetic properties according to the CNT content in composites was investigated.
For comparison, a pure iron (nanoparticles) compact was sintered and machined under the same
conditions as the composites. Moreover, those properties were compared with the commercial
sendust core (Fe-Si-Al alloys, code: CS610125), which was purchased from Chang Sung Corporation
(South Korea) and machined for sampling.

The hysteresis loops of the above materials were generated by VSM and are plotted in Figure 6.
As it can be seen, the composites had the hysteresis loops with slopes comparatively similar to that
of pure iron compact and sendust core. The comparison among the composites showed that the
incorporation of MWCNT in composites did not significantly affect the saturation magnetization.
In this case, all Fe-Al based composites had a saturation magnetization close to 148.8 A.m2/kg, which is
higher than that of sendust core (122.2 A.m2/kg) as shown in Table 2.
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Table 2. Magnetic properties and density of the composites according to the MWCNT content.

Composites Density
(g/cm3)

Relative
Density (%)

Coercivity,
Hc (A/m)

Magnetization,
Ms (A·m2/kg)

Remanence,
Mr (A·m2/kg)

nFe 7.47 94.93 1466.24 182.76 0.68
80nFe-20Al 6.30 92.16 1995.70 148.83 1.16

80nFe-19Al-1MWCNT 6.28 91.98 2175.64 148.82 1.19
80nFe-18Al-2MWCNT 6.21 91.09 2368.63 148.83 1.22

Sendust Core 6.03 - 685.10 122.20 0.33
nFe (as-received powders) 15,309.71 175.97 13.44

Table 2 compares the typical magnetic properties and the density of composites with the commercial
sendust core. It can be seen that composites had higher coercivity (1995.70–2368.63 A/m) and higher
remanence (1.16–1.22 A·m2/kg) than sintered pure iron and sendust core (Fe-Si-Al alloys). Both the
coercivity and remanence were increased with an increase of MWCNT content. The increase in
coercivity with respect to the MWCNT content in composites can be explained by the fact that by
increasing the amount of MWCNT, which are not magnetic materials, there is a chance of increasing the
number and size of MWCNT clusters, which in turn promotes the decoupling of neighboring magnetic
grain domains and result in high coercivity [50]. The high coercivity of the nFe-Al based composite
was also attributed to the high coercivity of the initial iron nanoparticles and to the formation of
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carbides and FeAl/Fe3Al compounds, as was shown in XRD analysis (Figure 4). In addition, as shown
in Figure 4g, the materials exhibited small grain sizes (<50 nm), which can explain such high coercivity
of the materials because the grain boundaries of those small grains would promote the magnetic
domain-mall pinning effect [51], and therefore demagnetization of the materials would require high
magnetic energy leading to greater coercivity.

The sintering process of the iron nanoparticles has reduced coercivity up to 90.42% and improved
the saturation magnetization as compared to the as-received iron nanopowders (see Figure 6 and Table 2).

As shown in Table 2, although there was not significant change in the density of the composites,
the density decreased as the content MWCNT increased and the composites had comparatively lower
density than the pure iron compact. That is because MWCNT is lighter than both Al and Fe, and Al is
lighter than Fe.

Figure 7a shows the electrical properties of the sintered materials. It can be seen that all composites
exhibited about twofold higher resistivity than the pure iron compact. These results were in good
agreement with the fact that the addition of a small amount of Al in the Fe matrix would result
in material with improved electrical resistivity [13,16–18]. A decrease in electrical resistivity of
the composites was observed as the result of increasing the volume content of MWCNT. Basically,
when an magnetic materials is placed in varying magnetic field, the eddy currents are created within
the materials, which in turn generate magnetic fields circulating in the opposite direction to the
original field and cause the energy loss known as eddy current losses [52]. Those losses are inversely
proportional to resistivity [53,54]. That means that the magnetic materials with higher resistivity are
needed to reduce eddy current losses in the magnetic circuit. Therefore, the composites manufactured
in this work would generate lower eddy current losses than the pure iron compact.

The effect of MWCNT content on mechanical properties was also evaluated. The MWCNTs were
found to increase the hardness of composites (see Figure 7b). The hardness was improved up to 19.3%
and 24% by using CNT 2 vol% in comparison with pure Fe compact and 80nFe-20Al respectively.
This can be attributed to the presence of iron carbide formed during the sintering of the composites
that contain MWCNTs and their small crystallite size as shown in XRD analysis, Figure 4.

Figure 7c illustrated the transverse rupture strength (TRS) of the composites with respect to the
MWCNT content and in comparison with the compact of Fe nanoparticles. It was found that the
MWCNTs have reduced the strength of the composite materials and the more MWCNTs were used the
lower the strength that was observed. The material without MWCNT (80nFe-20Al) had the TRS of
707.88 MPa. However, after adding MWCNT 1 vol% and 2 vol% as reinforcements, the strengths were
dropped to 640.85 MPa and 585.95 MPa respectively. This contracted what was expected, which was
the improvement of the mechanical strength of the Fe-Al based nanocomposites due to the MWCNT
reinforcement as was reported on the strengthening of metal matrix composites with carbon nanotube
materials in literature [55].

The composites had a lower strength than the pure iron compact. This trend might be associated
with the presence of pores in the area of high concentration of Al. Moreover, the network structure of
MWCNTs makes them difficult to be separated one from the others and causing them to be dispersed
in small cluster forms (aggregation) [56]. Therefore, an aggregate of MWCNT in composites may
be considered as the pores due to insufficient MWCNT-metal particles bonding that might cause
insufficient load transfer between metallic domains and the MWCNTs and therefore led to the reduced
transverse rupture strength. Moreover, the reduction of the mechanical strength of the nFe-Al- MWCNT
materials was caused by the formation of brittle iron carbides.
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3.2. Effect of Powder Milling Time

The morphology of the composites milled at different time was studied using FE-SEM and the
images are presented in Figure 8a–c. It can be seen that the MWCNT clusters were found even after
48 h of ball milling. This may be attributed to the small number of balls (low ball to powder weight
ratio) that was used in order to avoid or limit the particles size reduction. In fact, the large number of
balls are usually used for grain/particles refinements [57].
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The milling time might also affect the crystal structure of materials. The XRD patterns of sintered
80nFe-19Al-1MWCNT for different times of ball milling (12 h, 24 h and 48 h) are shown in Figure 9.
Figure 9a shows that the intensity of the major peaks increased when the composites were milling for a
long period. The detailed view of the low intensity peak, in Figure 9b showed that the iron oxides
were formed in all samples. Figure 9c–e highlights the presence of small peaks on the left side of major
peaks in the angular range of 40–50◦. As it was seen in the previous section, those peaks correspond
to Fe-Al intermetallic compounds and iron carbides. In order to determine the crystallite size from
the FWHM, the peaks analysis was conducted for Fe (110)/Al(200) peaks, Fe-Al compounds main
peaks and iron carbide main peaks, which were detected between 40 and 50◦. From Figure 9f it can be
seen that the crystallite size corresponding to the highest peaks Fe (110)/Al(200) increased with the
milling time. On the other hand, the powder milled for 24 h produced the composites with the smallest
crystallite size of the compounds (FeAl/Fe3Al and Fe3C).
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Figure 10 compares the magnetic hysteresis loops of 80nFe-19Al-1MWCNT for different milling
times. The magnetic properties, extracted from the hysteresis loops are shown in Table 3. The saturation
magnetization, coercivity and remanence were higher after 24 h of milling than 12 h and 48 h. For 24 h,
the saturation magnetization and coercivity were 148.82 A·m2/kg and 2175.64 A/m respectively.
The similar saturation magnetization was found for the samples milled for 12 h and 48 h. The results
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showed that milling the powder for 48 h resulted in a composite with the lowest remanence and
lowest coercivity, which implies that the surface area of the hysteresis loops to the later composite
was smaller than that that of composites milled for 12 h and 24 h. Therefore, since the hysteresis
losses are proportional to the area of hysteresis loops [58], the hysteresis losses of the composite could
be minimized by the milling powders composite for 48 h. The volume densities and the relative
densities of the composites have continuously increased as the milling time was prolonged. It can be
believed that the extended period of powders milling led to greater microstructural modifications of
the particles, due to repetitive collisions, fracture and welding/rewelding of particles during the ball
milling that promoted the densification of the end composites.
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Table 3. Magnetic properties and density of 80nFe-19Al-1MWCNT according to the milling time.

Milling
Time

Density
(g/cm3)

Relative Density
(%)

Coercivity, Hc
(A/m)

Magnetization, Ms
(A·m2/kg)

Remanence, Mr
(A·m2/kg)

12 h 6.22 91.08 2125.64 143.04 1.12
24 h 6.28 91.98 2175.64 148.82 1.19
48 h 6.35 93.03 2094.19 143.86 1.05

The electrical resistivity measurements, illustrated in Figure 11a, showed conflicting behavior
of these properties with respect to the powder milling time. However, the powder milled for 48 h
provided a composite with higher resistivity when compared to the ones milled for 12 h and 24 h.
In Figure 11b, a decline in material hardness with an increase of milling time was noticed. While the
composite milled for 12 h had greater hardness, the hardness dropped for the composites milled for
24 h and 48 h. However, there was no remarkable difference in the hardness of the composite milled
for more than 24 h.

The mechanical transverse rupture strength (TRS) of materials was found to be sensitive to the
powder milling time. As shown in Figure 11c; 12 h, 24 h and 48 h of the milling time were compared
and it was assessed that prolonged time of powder ball milling improved the strength of materials.
The composite with powders milled for 24 h had the best transverse rupture strength (TRS). In fact,
a prolonged time of ball milling increased the hardening, surface area and plastic deformation and
grain refinement in particles, which facilitated the compaction and therefore improved the mechanical
strength as well as the density.
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3.3. Effect of Combining Fe Nanoparticles and Fe Microparticles

The mixture of nanoparticles and microparticles is another factor that might affect the properties
of the powder metallurgical parts. Here, the use of iron particles depending on the nanoparticles (nFe)
to microparticles (mFe) volume ratio was considered in the 80Fe-19Al-1MWCNT composites. The iron
nanoparticles had an average size of 90–110 nm and purity of 99.9% whereas the iron microparticles
had an average particle size of 40–50 µm and purity of 99.9%. The powders of composites were ball
milled for 24 h and spark plasma sintered at 800 ◦C as described in the experimental section.

Figure 12 shows the microstructure of the composites according to the mixture ratio of iron (Fe)
nanoparticles and Fe microparticles. As illustrated in Figure 12a,b, the ball milling of nanoparticles
and microparticles caused the nanoparticles to be coated on the surface of the large particles resulting
in core-shell structures formation. Two kinds of core-shells were formed after ball milling, namely
the (mFe-nFe) core-shells and the (Al-nFe) core-shells. Then, during the liquid phase sintering,
the (Al-nFe) core-shells were destroyed due to the melting of Al causing the transformation of the
Al solid in Al liquid and the Al liquid penetrated between the nearby Fe nanoparticles. That caused
the rearrangement of solid particles in the liquid phase within the composites where the liquid had
to fill the gap between the solid particles. Then the crystallization of the liquid–solid phase resulted
in non-uniformity of the high Al concentration region. The presence of a small amount of iron in
the area of high Al concentration is the iron nanoparticles that were merged in the Al liquid. On the
other hand, (mFe-nFe) core-shells formed on the homogenous component by diffusion bonding among
the Fe microparticles (mFe) and Fe nanoparticles (nFe) due to relatively high temperature sintering.
In Figure 12c,d, the EDS mappings of local area on the polished surface of the composites show a
non-uniform surface at the region of high Al concentration and a uniform surface at the region of high
Fe concentration.
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Figure 12. Morphology of the composites with the mixture of Fe nanoparticles and Fe microparticles:
(a) SEM image of 40nFe-40mFe-19Al-1MWCNT powders after 24 h of ball milling; (b) high magnification
(×50,000) of the selected region in (a); (c) EDS mapping of 40nFe-40mFe-19Al-1MWCNT nanocomposites
and (d) EDS mapping of 20nFe-60mFe-19Al-1MWCNT nanocomposites.

The phase identification studied with XRD is shown in Figure 13. The composite with a high
content of iron microparticles had lower intensity peaks. On the other hand, the peaks of the
composites with 50/50 nano-to-micro ratio (i.e., 40nFe-40mFe-19Al-1MWCNT) showed a wider base
and higher peak intensity than the other composites. This implies that the microstrains were largely
induced in the later composite (40nFe-40mFe-19Al-1MWCNT) when compared with other composite
materials [41]. A detailed analysis of XRD-peaks revealed the presence of iron oxides peaks in all
composites, Fe-Al compounds (FeAl/Fe3Al) and iron carbide in all composites as shown in Figure 13b–e.
These compounds resulted from the chemical reactions between the components during the sintering
process. Figure 13f shows that the composites 40nFe-40mFe-19Al-1MWCNT exhibited the biggest
crystallite size of iron carbides and smallest crystallite size of Fe and Fe-Al compounds.
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Figure 13. Effect of iron nanoparticles to iron microparticles volume ratio on crystallography: (a) full
length of high intensity XRD peaks and (b) detailed view of low intensity peaks; (c–e) zoom of the
major peak between 42 and 46◦ in XRD patterns for the composites and (f) crystallite size of some
phases in the composites.

The magnetic hysteresis loops of the composites are shown in Figure 14a,b and Figure 14c,d
compares the hysteresis of the as-received iron nanoparticles and iron microparticles. Table 4 compares
the magnetic properties obtained by VSM measurements and the density of the composites, which are
compared with iron nanoparticles based compact, as-received Fe nanopowders and Fe micropowders.
The nFe-Al-MWCNT nanocomposite consisting of iron nanoparticles only had the highest coercivity of
2175.64 A/m, which may be attributed to higher coercivity of the iron nanoparticles (15,309.71 A/m) as
shown in Figure 14c,d and Table 4. The mixture of iron nanoparticles and iron microparticles
have enhanced the saturation magnetization and reduced both the coercivity and remanence.
The 40nFe-40mFe-19Al-1MWCNT exhibited the highest magnetization of 157.82 A·m2/kg and lowest
coercivity of 1083.36 A/m.

As shown in Table 4, the density of the composites with only iron nanoparticles had the highest
density (6.28 g/cm3) among the composites but lower than the pure iron nanoparticles compact
(7.47 g/cm3). Obviously, the densification reduced as the content of large particles increased. Actually,
the iron particles are harder than the aluminum particles. Therefore, the small particles of iron are easily
packed with aluminum because they are harder and have a small surface of contact, which allows
them to easily penetrate on the surface of aluminum particles due to particle–particles impacts during
ball milling and also due to compaction. On the other hand, the larger iron particles induced large
deformation of aluminum particles and among themselves during the compaction, which may not
completely eliminate the space between particles and consequently resulted in lower density of the
compact. Moreover, the large Fe particles (microparticles) require high compacting pressure than
Al particles to eliminate the space between them and are not easily packed as for small Fe particles
(nanoparticles). It can be assessed that the number of small voids between particles in compacts may
have been greater in the composites with a high volume content of Fe microparticles, which reduced
their densities.
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Figure 14. Comparative hysteresis loops of: (a,b) the nanocomposites according to Fe nanoparticles
and Fe microparticles volume content and (c,d) the as-received Fe nanoparticles and Fe microparticles.

Table 4. Density and magnetic properties according to nano-Fe and micro-Fe mixtures.

Composites Density
(g/cm3)

Relative
Density (%)

Coercivity,
Hc (A/m)

Magnetization,
Ms (A·m2/kg)

Remanence,
Mr (A·m2/kg)

80nFe-19Al-1MWCNT 6.28 91.98 2175.64 148.82 1.19
40nFe-40mFe-19Al-1MWCNT 6.24 91.36 1083.36 157.82 0.68
20nFe-60mFe-19Al-1MWCNT 6.08 89.08 1514.41 149.61 0.79

nFe Compact 7.47 94.93 1466.24 182.76 0.68
nFe (as-received powders) 15309.71 175.97 13.44
mFe (as-received powders) 1409.24 173.12 1.15

As shown in Figure 15a, the slight increase in electrical resistivity was observed as the content
of iron microparticles increased. This may be associated with the presence of small pores within the
composites that reduced the electrical contact inside the composites and increased the resistance of
the electricity flow. The volume resistivity of each composite was more than two times than that
of pure iron compact. Figure 15b compares the hardness of composites with a different content of
nanoparticles and microparticles. It was found that the incorporation of Fe microparticles in composites
has improved about 16.5% in microhardness. Interestingly, the composites with nanoparticles and
microparticles mixture exhibited more than 10.8% in hardness than the pure iron (nanoparticles)
sintered part. This was attributed to the availability of a large and hard cross-section created by the
iron microparticles that can support the load applied by the indenter of the Vickers hardness tester.
In addition, from the results shown in Figures 13f and 15b, there were no obvious dependency between
Vickers microhardness and crystallite size, thus the increase in hardness with particle size may be
attributed to the phase transition (soft to hard) and the decrease of interfacial motions [59].
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(b) Vickers microhardness and (c) transverse rupture strength.

The results on mechanical transverse rupture strength (TRS) of composites depending on the
nano-micro Fe mixture are illustrated in Figure 15c. On the basis of 80 vol% of iron powder in the
overall composite volume; 80 vol% of nanoparticle (80nFe), the combination of 40 vol% nanoparticles
and 40 vol% microparticles (40nFe-40mFe), and the combination of 20 vol% nanoparticles and 60 vol%
microparticles (20nFe-60mFe) were compared. The results in Figure 15c show that the strength had
reduced with an increase of Fe microparticles content. The reason for this decrease in strength might
be because, firstly, the nanoparticles have large surface area to volume ratio than the microparticles.
This makes nanoparticles to be easily packed with lower porosities than for microparticles and leads
to a dense and stronger compact. Secondly, during milling of powders, the nanoparticles have
formed a core-shell on the surface of the microparticles. Additionally, when the large volume fraction
of nanoparticles was used, the excess amount of them has remained separated to microparticles.
The remainders have filled the space among the microparticles during the powder packing and
bonded with other neighborhood particles during compaction and sintering. Thus, the larger the
volume fraction of nanoparticles with respect to the content of microparticles the smaller were the
unfilled spaces (pores) among the particles. Additionally, then with enough compacting pressure
while sintering, the greater the strength of materials was achieved. In fact, for composites with a high
content of Fe microparticles, high compaction pressure or high sintering temperature is required to
achieve full densification and high strength.

3.4. Effect of Post-Sintering Annealing Heat Treatment

In order to investigate the influence of heat treatment after sintering, an additional 40nFe-40mFe-
19Al-1MWCNT composite was fabricated in the same ways as described in the experimental section
of this work. Furthermore, after sintering and prior to machining, the composite was annealed in
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the muffle furnace using argon atmosphere. The heating rate was 10 ◦C/min, and the annealing
temperature was 700 ◦C, which was maintained for 2 h under argon atmosphere. After heat treatment,
the heat-treated composite was characterized and its properties were compared with the untreated
composite with the same composition.

The comparison of magnetic properties is shown in Figure 16 and Table 5. As it can be seen
in Figure 16, the heat-treated composites exhibited the improved saturation magnetization and the
slop of its hysteresis loop was slightly higher when compared to an untreated composite. As it
can be seen in Table 5, the saturation magnetization was increased from 157.82 to 175.11 A.m2/kg
after annealing. On the other hand, the coercivity and remanence declined as results of the heat
treatment. The annealing magnetically softened the 40nFe-40mFe-19Al-1MWCNT by reducing the
magnetic coercivity from 1083.36 to 854.30 A/m after heat treatment. In fact, the residual stresses
in the compact that are caused by the compacting process and magnetic anisotropy are among the
reason for high coercivity. The annealing heat treatment helped to relieve the residual stresses and
lowered the magnetic anisotropy in the heat treated sample. From these results, it can be inferred that
the heat treatment can increase the magnetic softness of the composites. This is consistent with the
previous study of the effect of annealing heat treatment on the magnetic properties of the magnetic
materials [60,61].

Metals 2020, 10, x FOR PEER REVIEW 19 of 24 

 

compaction pressure or high sintering temperature is required to achieve full densification and high 
strength. 

3.4. Effect of Post-Sintering Annealing Heat Treatment 

In order to investigate the influence of heat treatment after sintering, an additional 
40nFe-40mFe-19Al-1MWCNT composite was fabricated in the same ways as described in the 
experimental section of this work. Furthermore, after sintering and prior to machining, the 
composite was annealed in the muffle furnace using argon atmosphere. The heating rate was 10 
°C/min, and the annealing temperature was 700 °C, which was maintained for 2 h under argon 
atmosphere. After heat treatment, the heat-treated composite was characterized and its properties 
were compared with the untreated composite with the same composition. 

The comparison of magnetic properties is shown in Figure 16 and Table 5. As it can be seen in 
Figure 16, the heat-treated composites exhibited the improved saturation magnetization and the slop 
of its hysteresis loop was slightly higher when compared to an untreated composite. As it can be 
seen in Table 5, the saturation magnetization was increased from 157.82 to 175.11 A.m2/kg after 
annealing. On the other hand, the coercivity and remanence declined as results of the heat treatment. 
The annealing magnetically softened the 40nFe-40mFe-19Al-1MWCNT by reducing the magnetic 
coercivity from 1083.36 to 854.30 A/m after heat treatment. In fact, the residual stresses in the 
compact that are caused by the compacting process and magnetic anisotropy are among the reason 
for high coercivity. The annealing heat treatment helped to relieve the residual stresses and lowered 
the magnetic anisotropy in the heat treated sample. From these results, it can be inferred that the 
heat treatment can increase the magnetic softness of the composites. This is consistent with the 
previous study of the effect of annealing heat treatment on the magnetic properties of the magnetic 
materials [60,61]. 

 
Figure 16. (a) Effect of the annealing heat treatment on the hysteresis loops of 
40nFe-40mFe-19Al-1MWCNT; (b) magnified region in (a); (c) full XRD scan of the composites after 
and before annealing; (d,e) magnification of the XRD pattern in the angular range of 40–50° for the 
as-sintered and annealed, respectively; (f) crystallite size for the main peaks of the Fe(110)/Al(200), 
Fe-Al compounds and iron carbide phase present between 40 and 50°. 

Figure 16. (a) Effect of the annealing heat treatment on the hysteresis loops of 40nFe-40mFe-
19Al-1MWCNT; (b) magnified region in (a); (c) full XRD scan of the composites after and before
annealing; (d,e) magnification of the XRD pattern in the angular range of 40–50◦ for the as-sintered and
annealed, respectively; (f) crystallite size for the main peaks of the Fe(110)/Al(200), Fe-Al compounds
and iron carbide phase present between 40 and 50◦.

Table 5. Effect of the annealing heat treatment on the magnetic properties of 40nFe-40mFe-19Al-1MWCNT.

40nFe-40mFe-19Al-1MWCNT Density
(g/cm3)

Coercivity, Hc
(A/m)

Magnetization,
Ms (A·m2/kg)

Remanence, Mr
(A·m2/kg)

As sintered 6.24 1083.36 157.82 0.68
Annealed 6.27 854.29 175.11 0.58
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Figure 16c compares the XRD-patterns of the composite before and after annealing heat treatment.
It can be seen that the heat treated samples had very high intensity peaks in comparison to the
as-sintered composite. There was also a significant shift of peaks to a high angle after heat treatment.
Figure 16d,e shows that the peaks corresponding to the compounds (FeAl/Fe3Al and Fe3C) became very
small with respect to the major peak (Fe(110)/Al(200)) and tended to disappear after heat treatments.
By referring to the major peaks, the intensity percentage of Fe-Al compounds and Fe3C compound
were 29.7% and 13.4% respectively, for the as-sintered composite, whereas they were 6.3% and 5%
respectively after heat treatment. This suggests that there were a decrease in the amount of compounds
in the composite after heat treatment. Figure 16f presents that the crystallite sizes of Fe and Fe-Al
compounds increased whereas the ones of Fe3C decreased due to the annealing. Since the crystalline
size in materials is inversely proportional to the lattice strain in the materials [62], it can be assessed
that that the heat treatment reduced the internal strains. Moreover, the residual stresses decreases
when the strains are reduced [62]. Therefore, it can be inferred that there was reduction of residual
stresses in the composites after heat treatment, which contribute to the enhancement of magnetic
properties of the heat treated composites.

The post-sintering annealing led to lower mechanical strength and electrical resistivity, as shown
in Table 6. While the as-sintered composite exhibited 590.39 MPa in mean TRS, the annealed sample
had the average TRS of 460.43 MPa, which indicates a drop of 22% in mechanical strength of the
composite subjected to an annealing heat treatment at 700 ◦C in the Ar atmosphere for 2 h.

Table 6. Effect of post-sintering annealing on transverse rupture strength (TRS) and electrical resistivity
of 40nFe-40mFe-19Al-1MWCNT composite.

40nFe-40mFe-19Al-1MWCNT TRS (MPa) Electrical Resistivity (µΩ·cm)

As sintered 590.39 34.99
Annealed 460.43 30.30

4. Conclusions

The Fe-Al-MWCNT composites were sintered at an elevated temperature of 800 ◦C (higher than
the melting point of the Al, 660 ◦C) using the spark plasma sintering process. The influence of different
processing parameters such as MWCNT content, ball milling time, the mixture of iron nanoparticles
and microparticles and post-sintering heat treatment on the properties of composites were investigated.
The increase in MWCNT contents was found to increase the coercivity and remanence but the saturation
magnetization was about 148.8 A·m2/kg regardless of the MWCNT content. Moreover, the greater the
MWCNT content was, the lower the electrical resistivity was. Therefore, it was inferred that larger
content MWCNT may lead to higher magnetic core losses of the composite due to the wider hysteresis
loops (large coercivity and remanence) and lower electrical resistivity. The increase in MWCNT volume
content also reduced the transverse rupture strength but improved the microhardness of the composites.
This was attributed to the formation of iron-aluminum compounds and iron carbide, which are brittle
and hard.

A comparative study according to the powder ball milling time of 12 h, 24 h and 48 h showed that
milling for 24 h produced a composite with improved saturation magnetization, transverse rupture
strength but lower hardness when compared to other milling times. Mixing the iron nanoparticles and
iron microparticles within the composites has enhanced the magnetic softness of the composites when
compared to a fully nanoparticle-based composite. Prior to heat treatments, the highest saturation
magnetization of 157.82 A·m2/kg was obtained when the iron nanoparticles and microparticles were
mixed in the ratio of 1:1.

The post-sintering annealing heat treatment was found to increase the saturation magnetization
to 175.11 A·m2/kg and reduced the coercivity up to 854.30 A/m, and therefore improved the magnetic
softness of the composites. It was found that the heat treatment increased the crystallite size of the Fe
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phase and reduced the ones of iron carbides. However, the electrical resistivity and transverse rupture
strength were reduced after annealing. Overall, the annealed 40nFe-40mFe-19Al-1MWCNT composite
exhibited the best magnetic properties with saturation magnetization greater than the commercially
sendust core. From this study, it can be assessed that the mixture of ferromagnetic nanoparticles and
microparticles at a suitable ratio can be used to produce magnetic composites with enhanced properties
for electromagnetic applications. Moreover, this study showed that it is possible to produce good
powder metallurgy composite parts by performing liquid phase sintering using spark plasma sintering.
However, a lower content of the component in the composite that undergoes the liquid phase should
be used and a relatively short time of sintering should be considered in order to limit the liquid phase
for squeezing out the die due to the compression.
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