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A B S T R A C T   

We present results concerning the synthesis of FexCo1-x (0 < x < 1) alloy nanoparticles (NPs) with different 
compositions by the chemical reduction technique and subsequent structural (XRD patterns), morphological 
(TEM images) and magnetic (VSM magnetometry) characterization. We have got excellent quality NPs in the 
cubic bcc structure showing a room temperature magnetization as high as 235 emu/g for the Fe66Co34 
composition alloy. Powder of composition Fe47Co53 was used to fabricate a magnetorheological fluid (MRF) by 
using mineral oil as carrier liquid and Aerosil 300 as additive to control the viscosity of the fluid. This MRF 
showed a strong magnetorheological response with a superior performance under applied magnetic field up to 
616.7 kA/m and good reversibility after demagnetization process. At that highest applied magnetic field, we 
determined a yield stress value of 2729 Pa, that competes well with the best ones reported in the most recent 
literature.   

1. Introduction 

The FeCo alloy is a soft ferromagnetic material of great interest not 
only from the point of view of fundamental structural and magnetic 
properties but also for technological applications. This alloy shows the 
highest known magnetization (above 230 emu/g), large permeability, 
low coercivity, and high Curie temperature (about 1000 K) [1,2]. These 
excellent soft magnetic properties are responsible for this alloy to be of 
special interest for applications, being at the moment the actual trend its 
fabrication at the “nano” scale. The FeCo particles applications extend 
from magnetic recording media [3] or exchange-coupled nanocomposite 
magnets [4] to heat generation mechanisms by submitting them to an 
external AC excitation magnetic field [5]. One of the most recent ap
plications involves the use of FeCo soft magnetic nanoparticles (NPs) 
embedded in a polymeric or fluidic matrix, in order to develop magnetic 
stimuli-responsive materials or the so called “smart polymers and fluids” 
(see for example [6] and references therein). 

Through the literature, FeCo alloy nanoparticles have been exten
sively synthesized by following either chemical (such us thermal [7,8] or 
reductive [9,10] decomposition of metallic precursors, polyol-assisted 
processes [11,12] or some attemps with microwave assisted methods 
[13]) or physical routes (like surfactant-assisted ball milling [5,14] or 

laser ablation technique [15,16]). Most of these fabrication methods 
have been mainly focused on one or two nearly equiatomic FexCoy (x ≈
y) alloy compositions, and in general good structural and magnetic 
properties are achieved. Nevertheless, different synthesis processes are 
sometimes followed by a wide variety of results in the obtained particle 
morphology, as nanoflakes-like [14], needle-like [17], or even too small 
[5] synthesized nanoparticles. It is also not unusual the appearance of 
impurities like magnetite (Fe3O4) [18]. In all these mentioned cases (see, 
for example, [5,12,17,18]) the direct consequence is a lower value of the 
measured magnetization than the expected one (usually above 200 
Am2/kg). 

Moreover, few works have investigated the synthesis and the 
measured properties of the family of alloys FexCo1-x (see, for example, 
[19–22]). Bearing all these previous considerations in mind, in this work 
we present an exhaustive study of the FexCo1-x family of nanoparticles 
(NPs) synthesized by employing the chemical reduction route and with 
different compositions: pure Fe (x = 1), FexCo1-x: Fe excess (x/(1-x) > 1), 
FeCo: equiatomic (x/(1-x) = 1 or x = 1/2), FexCo1-x: Co excess (x/(1-x) 
< 1) and pure Co (x = 0). Three of the synthesized compositions belong 
to the FeCo binary alloy. We have performed the structural, morpho
logical and magnetic characterization of the synthesized five different 
nanoparticles compositions, telling us immediately about the good 
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quality and excellent magnetic characteristics of the obtained product. 
Finally, we will show the behavior of a magnetorheological fluid (MRF) 
fabricated with nanoparticles of composition Fe47Co53 prepared by 
following the same previously used chemical reduction route. This alloy 
also shows good soft magnetic properties that will be reflected in a MRF 
with a superior performance as it will be shown in the following. 

2. Materials and methods 

Iron-cobalt FexCo1-x (0 < x < 1) nanoparticles (NPs) with different 
compositions were synthesized by employing a chemical reduction 
technique. In this method, aluminium powder was employed as agent to 
reduce Fe (III) and Co (II) precursors in the presence of NH4F. Extensive 
information about the preparation method for the equiatomic compo
sition can be found in a previous work of the authors [6]. 

The structure of the synthesized FexCo1-x nanoparticles was deter
mined by X-ray diffraction measurements. XRD data were collected by 
using a Bruker D8 Advance diffractometer equipped with a copper 
anode (λ = 1,5406 Å, operated at 40 kV and 40 mA), Ge(111) incident 
beam monochromator and 1-D LynxEye detector (active length in 2θ 
2,7◦). The sample was mounted on a zero-background silicon wafer 
embedded in a generic sample holder. Data were collected in the 2θ =
30◦–155◦ range (step size 0.03 and time per step = 20 s) at RT. A fixed 
divergence and antiscattering slit 1◦ giving a constant volume of sample 
illumination were used. Their morphology as raw powder was analyzed 
by Transmission Electron Microscopy (TEM) technique. TEM images 
were obtained using a Philips CM200 microscope at an acceleration 
voltage of 200 kV. For samples preparation, Fe, Co and FeCo alloy 
nanoparticles with different compositions were first dispersed in hexane 
and drop-casted onto a copper grid. To estimate the nanoparticles (or 
their agglomerates) size, ImageJ software was used [23]. 

In order to determine the final Fe to Co content ratio and so the final 
composition of the obtained product after each synthesis, Inductively 
Coupled Plasma-Mass (ICP) Spectrometry technique was used by 
employing an ICP-MS (7700x, Agilent Technologies) spectrophotom
eter. For this measurement, 30 mg of each FexCo1-x nanoparticle 
composition were previously dissolved in 2 ml of an acid solution (nitric 
acid- hydrochloric acid ratio 1:1). 

Magnetic properties were determined through measured M(H) hys
teresis loops at room (298 K) temperature, by using a vibrating sample 
magnetometer (VSM). 

3. Results and discussion 

3.1. Structural and morphological characterization 

The final product of each chemical reduction process is a black 
powder that was collected magnetically, it was washed with distilled 
water and ethanol and dried at room temperature. The achieved amount 
of sample varies in the 0.8–1 g range per process. The following step was 
to check the final composition of the obtained powders, as well as their 
structure. Thus, Table 1 summarizes the different FexCo1-x NPs compo
sitions synthesized and the molar ratio of the employed precursors 
during the chemical reduction method, as well as the expected and 
obtained final compositions. 

In all the synthesized alloy samples, the final Fe/Co ratio is lower 
than the initially expected one from the 1.25:0.5, 1:0.75 and 0.7:1.05 
mol-ratio of the Fe and Co precursors used for the synthesis, respec
tively. Besides, a small amount of aluminium appears as impurity (in the 
range 0.3–0.5 %at), most probably due to the excess of aluminium used 
in the synthesis in order to improve the reaction yield. 

Fig. 1 shows the obtained XRD patterns for the different Fe, Co and 
FexCo1-x alloy synthesized nanoparticles. Structural data were refined 
by Rietveld procedure and the fitted diffraction patterns are displayed in 
the Supporting Information (Fig. S1, Table S1), being included in Table 1 
the calculated lattice parameters. The pure Fe powder diffraction 

pattern shows the typical peaks ((110) at 44.68◦, (200) at 65.02◦, 
(211) at 82.34◦, (220) at 98.95◦, (310) at 116.39◦ and (222) at 
137.18◦) of the α-bcc structure with Im-3 m space group and cell 
parameter a = 2.8659(1) Å. 

The Co diffractogram pattern shows the typical peaks ((100) at 
41.58◦, (002) at 44.50◦, (101) at 47.46◦, (110) at 75.88◦, (103) at 
84.10◦ and (112) at 92.46◦) of the hcp structure with P 63/mmc space 
group and cell parameter a = 2.5056(2) Å and c = 4.0681(5) Å. The 
worse fitting of experimental intensities to theoretical ones (see Fig. S1) 
can be ascribed to preferred orientations of some crystal faces in these 
nanoparticles. 

Nevertheless, the peaks and intensities of the diffraction patterns of 
the FexCo1-x alloys match well with bcc-Fe, without traces of secondary 
phases. All maxima are slightly shifted towards 2θ lower angles, that is 
higher d-spacing, with increasing Fe composition. This is in good 
concordance with the larger atomic radius of iron (ratom-Fe = 156 pm) 
comparing with cobalt (ratom-Co = 152 pm). This effect would induce a 
progressive expansion of the unit cell and volume with increasing the 
iron content in the nanoparticles. 

The crystalline grain size was calculated by using the Scherrer’s 
formula τ = Kλ/(βcosθ), where τ is the average size of the crystalline 
domains, K is the dimensionless shape factor which depends on the 
shape of the particles, λ is the X-ray wavelength, β is the full width at half 
maximum (FWHM) and θ is the corresponding Bragg angle (see 
Table S2). The estimated crystallite sizes are in the range among 28–46 

Table 1 
Ratio of employed precursors for the different Fe, FexCo1-x alloys and Co NPs 
synthesized by chemical reduction method, as well as the expected and obtained 
final compositions. Determined cell parameters and average grain sizes from 
XRD measurements are also shown.  

Sample Fe 
(III): 
Co(II) 
mol- 
ratio 

Expected 
sample 
composition 

ICP 
composition 

Lattice 
parameter a 
(Å) 

Average 
grain size 
(nm) 

Fe 1,75: 
0 

Fe Fe 2,8659(1) 46(4) 

FeCo 
(Fe 
excess) 

1,25: 
0,5 

Fe71Co29 Fe66Co34 2,8626(1) 44(4) 

FeCo 
(1:1) 

1: 
0,75 

Fe57Co43 Fe51Co49 2,8562(1) 28(2) 

FeCo 
(Co 
excess) 

0,7: 
1,05 

Fe40Co60 Fe33Co67 2,8405(2) 31(2) 

Co 0: 
1,75 

Co Co 2,5056(2) 
c = 4,0681 
(5) 

28(2)  

Fig. 1. Room temperature XRD patterns for the different Fe, FexCo1-x and Co 
NPs synthesized by the chemical reduction method. 
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nm and appear summarized in Table 1. 
The morphology of the fabricated raw powder of the FexCo1-x 

nanoparticles has been studied by analysing TEM images. As a general 
trend, the smallest nanoparticles present irregular shape and non- 
homogeneous sizes, ranging between 20 and 60 nm, values very close 
to those obtained from X ray diffraction. 

It has been observed that in all cases there is a strong tendency to 
aggregation due to their strong magnetic character (high magnetization 
value, as it will be seen in the following section). The size of these ag
gregates can reach values of 200–500 nm and, in some cases, they show 
a dendritic configuration (see Fig. 2). Similar aggregates have also been 
observed in other alloys in spite of the synthesis method employed. As an 
example, microwave synthesis was used for the preparation of FePt alloy 
nanoparticles with more homogeneous sizes (20–30 nm) although ag
glomerates over 200 nm also appeared [24]. 

3.2. Magnetic characterization 

Room temperature measured hysteresis loops are shown in Fig. 3a. 
For all our fabricated Fe, Co and FexCo1-x nanoparticles, we have 
observed rapid saturation with low hysteresis (see Table 3), confirming 
so the soft magnetic character of all fabricated different composition 
nanoparticles. 

The addition of cobalt, up to 30 %wt. (see Fig. 3b), increases the 
magnetization of the FeCo alloy, composition at which the alloy has the 
highest MS value at room temperature than any other known material. 
As it can be observed, the measurements in all synthesized NPs present 
values of room temperature saturation magnetization slightly lower 
than the expected one. This is an usual observation for magnetic mate
rials at the nanoscale as the authors have already observed [26], and it is 
usually ascribed to the potential spin disorder arisen due to surface 
effects. 

Searching for information about the magnetic anisotropy of our FeCo 
alloys, we have used the well-known law of approach to saturation (LAS) 
that tells us that near saturation MS the value of magnetization can be 
sufficiently expressed as [27,28]: 

M ≅ MS

(

1 −
b

H2

)

where in the case of cubic symmetry b = 8
105

(
Keff

μ0MS

)2 
[29]. So, we have 

performed this type of fit in our alloys in the range 0.5–3 Tesla (high 
field values). A typical obtained fitting curve for the alloy of composition 
Fe51Co49 can be shown in Fig. 4. 

From the b best value obtained for the fit, we can estimate a value of 
the effective anisotropy Keff in the alloy. Thus, for the Fe51Co49 
composition, we have obtained values of b = 6 × 1010 (A/m)2, being the 
subsequently estimated Keff ≈ 2 MJ/m3. Results for the other two alloys 
are similar. The expected value of magnetic anisotropy for Fe50Co50 bulk 
alloy is about 15–20 kJ/m3 [30]. Nevertheless, higher determined 
values of the anisotropy for similar compositions are also found in 
literature, for example Zehani et al. found values of 92 kJ/ m3 for 
Fe55Co45 [31] and Ibrahim et al. reported 0,38 MJ/m3 for Fe50Co50 [32], 
both at the nanoscale. The origin of such high values must be regarded 
mainly, among others, as a) due to strong shape effects of the single 
nanoparticles [33] or b) arising from distortions of the initially deter
mined α-bcc cubic to a distorted bct tetragonal structure: a slightly 
distorted c/a > 1.05 bct structure can rise the anisotropy of these alloys 
to the order of MJ/m3 [34,35]. Despite the presence of preferred ori
entations for the Co NPs, the resolution of our structural XRD mea
surements do not allow to account for such a small degree of distortion. 
Certainly, further work at the nanoscale is being now performed in order 
to unravel the origin of such big magnetic anisotropy value. 

4. Magnetorheological application 

By following the same chemical reduction process previously 
described, we proceed to synthesize nearly equiatomic Fe47Co53 alloy 
composition, achieving as final product a good quality powder of the 
30–50 nm size, with α-bcc body-centred FeCo structure, and maximum 
magnetization value of 212 Am2/kg, remanence magnetization of 18 
Am2/kg and low hysteresis with coercivity field value about 7.1 kA/m. 
This alloy was used to fabricate a magnetorheological fluid (MRF) by 
using mineral oil as carrier liquid and Aerosil 300 as additive to control 
the viscosity of the fluid. The obtained fluid magnetorheological 
behavior was tested by using an Anton Paar Physica MCR 501 rotational 
rheometer provided with a MRD70/1T magnetorheological cell and 
parallel disk configuration (PP20/MRD/TI). Extensive information 
about this MRF fabrication and characterization can be found in [6]. 

Our measurements show non-Newtonian behaviour and strong 
magnetorheological response reflected in the increase of measured shear 
stress values as the applied magnetic field increases, being this change 
evident even for the smallest applied ones (see Fig. 5). 

The post-yield (high shear rates) behavior of our Fe47Co53-MR fluid 
could be modelled by using the Herschel-Bulkley model [36] that con
sists in a parametric description of the form: τ = τ0 +K • γ̇n where τ is the 
shear stress, τ0 is the yield stress, γ̇ is the shear rate, K is the consistency 
index (that gives an idea about the viscosity of the fluid) and n is the 

Fig. 2. TEM images of a) Fe66Co34 and b) Fe33Co67 compositions synthesized NPs.  

V. Vadillo et al.                                                                                                                                                                                                                                 



Journal of Magnetism and Magnetic Materials 563 (2022) 169975

4

pseudo-plasticity or flow behaviour index (for pseudo-plastic fluids, n <
1) [36]. Fig. 5 shows the most representative measured curves, together 
with the corresponding Herschel-Bulkley fits. It is remarkable that for 
the maximum applied magnetic field, the fit line lies under the true 

measured experimental curve. In this case, values of τ0 = 2729 Pa, n =
0.5 and K = 300 Pa.s0.5 have been determined. In particular, the yield 
stress value ofτ0 = 2729 Pa competes well with the most recent results in 
the literature (see Table 2 in ref. [6]). 

To test the reversibility of the previously observed behaviour, 
rheological curves after applying a magnetic field to the Fe47Co53-MR 
fluid and a subsequent demagnetization process have been also 
measured (see Fig. 6). 

Our measurements show just a small decrease of an 9.8% (at a shear 
rate of 92 s− 1) in the measured shear stress value when we applied the 
maximum magnetic field (616.7 kA/m), respect to the zero applied field 
case. This is a strong improvement if compared to reversibility in the 
rheology of a magnetorheological fluid fabricated by using exactly the 
same methodology but with good quality Fe nanoparticles as magnetic 
fillers, that showed a reversibility decrease as high as a 31% [6]. 

5. Conclusions 

By following the chemical reduction of metal precursors proces we 
have synthesized three FeCo alloys of composition Fe66Co34, Fe51Co49 
and Fe33Co67 as well as pure Fe and Co, all of them as nanoparticles in 
the range 25–50 nm that easily aggregate to sizes of several hundreds of 
nanometers. Except pure Co that shows the expected hexagonal hcp 
structure, pure Fe and the FeCo alloys crystallize in the bcc cubic 
structure. Those last show excellent soft magnetic properties with low 
coercive fields (about 5–6 kA/m) and magnetic saturation values that 
reach 235 Am2/kg for the Fe66Co34 alloy composition. Despite this soft 
magnetic character, the estimated magnetic anisotropy value by using 
the law of approach to saturation (LAS) method is about 2 MJ/m3, being 
this observation still under study. 

The performance of such FeCo nanoparticles when used in magne
torheological fluids has been tested with the Fe47Co53 composition, 
fabricated by the same chemical reduction procedure, as magnetic filler 
in a mineral oil-based fluid. The excellent reversible behaviour of the 

Fig. 3. a) Room temperature hysteresis loop of the Fe, Co and FexCo1-x NPs synthesized by the chemical reduction method. Inset shows an amplified zone of the 
FexCo1-x NPs hysteresis loop in order to observe the coercive field and the remanence; b) comparison between our measured saturation magnetization values and 
those reported in [25]. 

Fig. 4. Fit (blue solid line) to law of approach to saturation (LAS) for the syn
thesized Fe51Co49 alloy. Experimentally measured points are also shown as full 
red dots. 

Fig. 5. Measured rheological curves as a function of the applied magnetic field 
for the new Fe47Co53-MR fluid showed in this work. Black lines show the 
Herschel-Bulkley fit, being this under blue dot symbols for the maximum 
applied field of 616.7 kA/m. Adapted from [6] with permission of the authors. 

Table 3 
Saturation magnetization (Ms) coercive field (Hc) and remanence magnetization 
(Mr) of the different Fe, FexCo1-x alloys and Co NPs synthesized in this work.  

Sample Ms (Am2/kg) Hc (kA/m) Mr (Am2/kg) 

Fe 213 (±4) 3,1 (±0.2) 8 (±1) 
Fe66Co34 235 (±4) 5,1 (±0.2) 11 (±1) 
Fe51Co49 211 (±4) 6,4 (±0.2) 16 (±1) 
Fe33Co67 204 (±4) 5,8 (±0.2) 12 (±1) 
Co 162 (±4) 17 (±0.2) 19 (±1)  
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fabricated fluid as well as the good determined yield stress value of 
2729 Pa at high applied magnetic field fully support the use of high 
magnetization FeCo nanoparticles in MR fluids. 
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