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1. Introduction

In the everlasting quest of human evolution, new advanced mate-
rials are of paramount importance. As our technological world
continues to expand, the urge to develop suitable materials is
present. Among these new and necessary materials are the soft

ferromagnetic alloys. Soft ferromagnetic
alloys are characterized by their high satu-
ration magnetization and low coercivity.[1]

Understanding their structural and ther-
mal behavior is crucial to fully comprehend
the magnetic behavior of said alloys.
Therefore, a structural and thermal analy-
sis of soft ferromagnetic alloys can help
to optimize their manufacturing to obtain
the desired magnetic properties.

The applicability of soft ferromagnetic
alloys is very wide. They have been imple-
mented in sensors, transformer cores, and
magnetic actuators.[2–5] These applications
mainly use the properties of low coercivity,
high saturation magnetization, and high
magnetoresistance presented by these
alloys.[2,6–8] However, soft ferromagnetic
alloys can also be used in combination with
hardmagneticmaterials (springmagnets) to
match the complementary magnetic proper-
ties of both material types and reduce the
use of critical raw materials (rare-earth ele-

ments) in the production of high-energy density magnets.[9–11]

Spring magnets are composite materials that combine a soft fer-
romagnetic alloy (typically with about 5 wt% content) acting as the
reinforcement of a hard magnetic alloy matrix. The coupling
between a soft magnetic alloy with a hard magnetic alloy to pro-
duce a spring magnet enhances the wide range of applicability.
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The Fe65Co35 alloy is a well-known Fe-based soft ferromagnetic alloy with excellent
soft magnetic properties, which make it a strong candidate to be used in tech-
nological applications. In the present work, synthesizing nanoscrystalline Fe65Co35
alloy by mechanical alloying is focused on, adding cyclohexane (C6H12) acting as a
process control agent (PCA). PCAs are effective in favoring nanostructured alloys
with uniform grain size. The production of this type of alloy is a promising approach
to tune the magnetic hardness in Fe65Co35. Structural, thermal, morphological, and
magnetic properties have been studied after milling for 10, 25, and 50 h with and
without the PCA. In the structural analysis, it is shown that the cubic α-Fe(Co)
phase is the predominant phase in all samples. The use of the PCA favors its
nanocrystallinity; however, it slows Co diffusion into the Fematrix. Thermal analysis
detects an endothermic process between 525 and 575 °C in the samples milled with
C6H12 only. This is associated with the transition of the residual Fe3Co superlattice,
to the stable α-Fe(Co). The effect of the residual Fe3Co at room temperature on the
magnetic properties is twofold, by decreasing the saturation magnetization of
Fe65Co35 but increasing both remanent magnetization and coercivity.
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The range includes applications from information storage technol-
ogy (magnetic recording media) to biomedical applications (mag-
netic resonance imaging and drug delivery).[12–14]

Fe–Co alloys are well-known soft magnetic materials with high
magnetic saturations of up to 240 emu g�1 in bulk form,[15] a low
coercivity between 10 and 65 Oe,[16] and high Curie temperatures
above 1500 K,[17] depending on the atomic percentage (at%) of
Co. The manufacturing of these alloys is achievable chemically
or physically.[18,19] Within all the techniques, mechanical alloying
(MA) can induce the formation of metastable phases and allo-
tropic transformations[18,20] that usually occur at high tempera-
tures.[21] In addition, MA favors the formation of nanocrystalline
structures, which enhances the overall magnetic behavior of the
final alloys.[22–24] Obtaining nanocrystalline alloys by mechanical
alloying has been proved by other authors. The study by Berghuel
et al. focused on analyzing the microwave absorption properties
of a mechanically alloyed Fe60Co40 alloy. The study concluded
that an average crystal size of 13 nm was obtained after 36 h
of milling.[25] A similar study by Laala-Bouali et al. obtained
an average crystal size of 18 nm after milling a Fe70Co30 alloy
for 24 h.[26] The magnetic behavior can be reduced if a minor
oxide is formed, as Fe3O4.

[27] Regarding the exchange coupling
in magnetic composites, this effect has been detected in soft
magnetic Fe–Co particles mixed with hard magnetic Mn–
Al.[28] The same effect has been found in Sm(Co,Zr)7/FeCo mag-
netic composites.[29]

The present study focuses on analyzing one particular Fe–Co
alloy, known for its soft ferromagnetic behavior, produced by
mechanical alloying (MA). The effects of milling time and the
addition of cyclohexane (C6H12) acting as a process control agent
(PCA) are analyzed. The Fe–Co system is one that has been stud-
ied previously.[2,30–33] However, the effect a PCA has on the struc-
tural, thermal, morphological, and magnetic properties of the
alloys of this system has not been analyzed. As proved by other
studies, the main purpose of adding a PCA during milling is to

favor obtaining smaller particle sizes.[34–38] Particle size has a
clear effect on the soft magnetic behavior of the alloys.[22]

Yazdani et al. determined that the addition of a PCA during mill-
ing prevented the solid solution formation.[34] The study by Cotai
et al. found a relationship between the addition of a PCA and the
saturation magnetization of the final sample.[37] However, Nouri
et al. found that samples were contaminated due to the addition
of a PCA.[38] In this study, the structural, thermal, morphological,
and magnetic properties of a Fe65Co35 alloy manufactured with
and without a PCA for different milling times have been
analyzed.

2. Results and Discussion

2.1. Structural Analysis

As mentioned above, the structural analysis was performed by
XRD. All of the XRD patterns are presented in Figure 1 and
the corresponding results of the analysis in Table 1. The
Miller Indices for all the identified peaks are also presented in
Figure 1. To obtain the parameters in Table 1, the lattice param-
eter was the first parameter to be refined. Once the lattice param-
eter was refined, the crystal size and the microstrain were the
next parameters to be obtained. Finally, the weight percentage
of each of the phases was determined.

All samples have a body-centered cubic (BCC) structure as the
predominant phase. The Fe65Co35 samples milled for 10 and 25 h
with PCA also present the Co hexagonal close-packed (HCP)
phase. When analyzing in detail each of the characteristic peaks
of the BCC structure (Figure 2), each presents a superposition of
two peaks very close together. This superposition indicates the
coexistence of two different Fe crystallographic domains with
very similar lattice parameters.[39,40] Other authors define these
two domains as two distinctive phases.[30,31,41] These two phases
are the α-Fe(Co) phase (Im3m space group) and the B2 phase

Figure 1. XRD patterns for all six samples with Miller Indices indicated and peaks identified using the corresponding CIF file for the α–Fe(Co),[39] the
B2,[40] and the Co HCP[41] structures.
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(Pm3m space group). The α-Fe(Co) phase is an α-Fe solid solu-
tion with Co atoms substituting Fe atoms in the structure. The
B2 phase is a central Fe atom surrounded mainly by Co atoms.
According to the phase diagram that these authors use,[41] both
the α-Fe(Co) and B2 phases are stable at room temperature.

The other two peaks identified with the[42,43] Miller Indices cor-
respond to two of the principal HCP crystallographic structure
peaks. Other peaks associated with this crystallographic structure
are not visible in the diffractograms of Figure 1 due to their low
intensity. This hexagonal structure is associated with the Co
precursor used. The elemental Co powder used in the synthesis
process presents a stable HCP structure at room temperature.

The samples milled without PCA show complete diffusion of
Co into the Fe matrix for all of the milling times. In these sam-
ples, XRD does not detect the HCP peaks associated with the Co
precursor. However, for the samples milled with PCA, complete
diffusion of Co into the Fe matrix is only achievable after 50 h of
milling. For the samples milled for 10 and 25 h with PCA, XRD
detects HCP peaks associated with the Co precursor.

During milling, the PCA acts as a lubricant.[34,35] Therefore, the
union and diffusion of the elements in the alloy slowdown.[36–38]

For this reason, only the samples milled with PCA show peaks
associated with the HCP structure of the Co precursor. To obtain
complete diffusion when using a PCA, milling time has to be
increased. Moreover, as milling time increases, the α-Fe(Co) solid
solution forms similarly to the samples produced without the
PCA. Also, as milling time increases, the amount of B2 phase
increases as longer milling times favor Co diffusion.

As the milling time increases, the lattice parameter (α) tends to
stabilize at specific values for each of the phases (Table 1). This is
true for both the samples produced with and without PCA. The
main difference between the samples occurs for lowmilling times.

For those produced without PCA, the lattice parameter
increases with longer milling times. This increase in lattice
parameter is associated with the diffusion of Co into the Fe
matrix. As the atomic radius of Co (0.126 nm) is larger than that
of Fe (0.125 nm), a larger diffusion of Co into the Fe matrix
would justify the increase of the lattice parameter. Therefore,
as longer milling times favor a greater diffusion of Co into an
Fe matrix, the lattice parameter increases.

The effect of the PCA on the alloy slows down the diffusion of
Co into the Fe matrix. When using the PCA during the synthesis
process, it would seem that the lattice parameter stabilizes
around the value of 0.2865 nm. This is believed to be caused
by the carbon from the PCA. During the first stages of milling
(short milling times), carbon is positioned interstitially within
the alloy’s Fe matrix. Then, the interstitial carbon causes a dis-
tortion within the alloy by increasing the corresponding lattice

Table 1. XRD analysis results obtained in MAUD using the Rietveld refinement method. It includes the detected phases and their percentage, the lattice
parameter (a), the crystal size (L), the microstrain (ε), the dislocation density (ρd), and the goodness of fit (GoF).

Sample Phases %Phases a [nm] L [nm] ε [�] ρd [nm�2] GoF

Fe65Co35
10 h

α-Fe(Co) B2 81.42(0) 19.58(0) 0.2862(0)
0.2863(0)

23.37(37) 27.02(18) 0.00571(8) 0.00449(2) 3.41� 10�3(10)
2.32� 10�3(3)

1.013

Fe65Co35
25 h

α-Fe(Co) B2 68.13(0) 32.87(0) 0.2863(0)
0.2865(0)

22.10(15) 25.17(36) 0.00585(2) 0.00525(3) 3.70� 10�3(4)
2.91� 10�3(6)

1.023

Fe65Co35
50 h

α-Fe(Co) B2 59.37(0) 40.63(0) 0.2865(0)
0.2866(0)

21.94(29) 24.97(32) 0.00598(6) 0.00532(4) 3.81� 10�3(9)
2.97� 10�3(6)

1.058

Fe65Co35þ
C6H12 10 h

α-Fe(Co) B2
Co-HCP

85.01(0) 1.37(0)
13.62(0)

0.2865(0)
0.2868(0)
0.2507(0)
0.4070(0)

19.63(15) 22.71(19)
10.62(17)

0.00186(9) 0.00125(3)
6·10�4(0)

1.32� 10�3(7)
7.68� 10�4(2)

–

1.072

Fe65Co35 þ
C6H12 25 h

α-Fe(Co) B2
Co-HCP

79.63(0) 12.68(0)
7.69(0)

0.2865(0)
0.2865(0)
0.2507(0)
0.4070(0)

16.23(11) 20.33(23)
10.26(12)

0.00427(7) 0.00377(5)
6·10�4(0)

3.67� 10�3(9)
2.59� 10�4(6)

–

1.109

Fe65Co35þ
C6H12 50 h

α-Fe(Co) B2 71.29(0) 28.71(0) 0.2865(0)
0.2866(0)

13.09(10) 18.89(14) 0.00502(8) 0.00495(3) 5.35� 10�3(13)
2.89� 10�4(5)

1.096

Figure 2. Enlargement of the diffractogram of the sample milled for 50 h
without PCA between 96° and 102° corresponding to the (200) Miller
Index. The red line corresponds to the identified peaks for the B2 phase
and the blue line to the α-Fe(Co) phase.
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parameter. As milling time increases, the interstitial carbon
becomes diffused carbon. Therefore, the increase in lattice
parameter due to the diffusion of Co identified for the samples
manufactured without PCA is shadowed by the distortion caused
by the carbon. In other words, two simultaneous processes occur.
At shorter milling times, the value of the lattice parameter is
determined by the interstitial carbon, while at longer milling
times, it is determined by the diffusion of Co into the Fe matrix.

Elemental analysis confirms the presence of carbon in the sam-
ples processed with PCA. For the samplesmilled without PCA and
the Fe precursor, elemental analysis detects no carbon. Therefore,
it can be concluded that the carbon present in the samples milled
with PCA comes from the fractioning of the C6H12 duringmilling.
The analysis was achieved by combusting the samples and check-
ing the combustion gases. The results of the weight percentage of
carbon in the samples were 0.35% for 10 h, 0.55% for 25 h, and
0.83% for 50 h, demonstrating that longer milling times favor a
higher carbon content in the alloy. Longer milling times favor
the diffusion of carbon into the iron matrix of the alloy, as previ-
ously discussed based on results obtained from the XRD analysis.
It must be noted that the content of carbon is very low when com-
pared to the initial amount from the C6H12. For the amount of
C present in the samples, Fe3C could be formed and detectable
by XRD as a precipitate. XRD analysis does not detect Fe3C in
the samples of this study. However, in the literature, studies have
been found in which cementite is not detectable by XRD when the
C content is around 4 at%.[44] In the case of this study, 0.83 w% of
C corresponds to ≈4 at%.

For the samples produced without PCA, the evolution of the
crystal size is in accordance with the results presented by other
authors (Table 1).[45,46] As the milling time increases, the average
crystal size decreases. This decrease in crystal size can be
explained by the hardening of the FeCo alloy as the solid solution
evolves with increasing milling time. As a consequence, the
reduction in crystal size is obtained by the favored grain fragmen-
tation process induced by MA.[45,47] This effect is observed for all
samples regardless of if the PCA is used or not. Moreover, the
use of C6H12 as a PCA enhances the grain fragmentation process
and, as a consequence, reduces furthermore the crystal size.

The reduction in crystal size because of the milling time for
the samples produced without PCA is of 2.8 nm, which corre-
sponds to a 12% reduction when compared to the sample milled
for 10 h. On the other hand, the samples produced with PCA
presented a reduction of 6.5 nm, which corresponds to a 33%
reduction when compared with the sample milled for 10 h with
PCA. These reductions present similar values to results obtained
by other authors when analyzing Fe–Co alloys obtained by
MA.[45,46,48]

The results obtained for the microstrain (ε) also present simi-
lar tendencies for all samples (Table 1). As milling time
increases, the microstrain also increases. This is due to the
MA process, which favors the formation of internal stresses in
the alloys, causing larger values of microstrain in the final sam-
ples. However, it must be noted that the samples produced with
PCA present lower values of microstrain than those produced
without it. Similarly to the crystal size, the microstrain for the
sample milled for 50 h with PCA has a lower microstrain value
than the sample milled for 10 h without PCA. Therefore, the use
of C6H12 as a PCA reduces the microstrain in the final powders.

Finally, the dislocation density for all six samples is analyzed.
The dislocation density, ρd, for each sample is evaluated follow-
ing Equation (1)[49]

ρd ¼ 2
ffiffiffi

3
p ε21=2

Lβ
(1)

where ε is the microstrain, L is the crystal size, and β is Burger’s
vector, which can be obtained from Equation (2)[50] for a BCC
structure using the lattice parameter, a, obtained by using the
Rietveld refinement method

β ¼ a
ffiffiffi

3
p

2
(2)

As shown in Equation (1) and (2), the dislocation density is
directly proportional to the microstrain and inversely propor-
tional to the crystal size and lattice parameter. Therefore, the evo-
lution of the dislocation density for different milling times
depends on the tendencies described for each individual param-
eter (lattice parameter, crystal size, and microstrain). From the
previous results presented in Table 1, it can be observed that lat-
tice parameters andmicrostrain tend to values that are similar for

Figure 3. a) DSC curves for the samples produced without PCA and
b) samples produced with PCA.
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samples with and without PCA. However, the values of crystal
size are significantly different between samples. As milling time
increases, the difference between the crystal size of the sample
with PCA and the sample without PCA increases. As a conse-
quence, crystal size will determine the evolution of the disloca-
tion density over different milling times. Therefore, as the crystal
size for the samples with PCA is smaller, the dislocation density
for these samples is larger (inversely proportional). This is true
for milling times of 25 and 50 h; however, for 10 h, this is not the
case. After 10 h of milling, the crystal size for both samples (with
and without PCA) is close in value (3.74 nm difference). For lat-
tice parameter andmicrostrain, the corresponding values are fur-
ther away in value (lattice parameter is larger and microstrain is
lower for the sample with PCA). With all the parameters consid-
ered, the dislocation density for the sample milled for 10 h with
PCA is lower than the one for the sample milled without it.

2.2. Thermal Analysis

At low temperatures, the DSC curves of all samples present sim-
ilar patterns (Figure 3). However, the use of a PCA favors a more
uniform thermal behavior of the samples, especially during cool-
ing, as observable in Figure 3. In the temperature range below
375 °C, all six samples present an exothermic growth related to
structural relaxations and crystal growth. This is an expected
behavior for alloys produced by MA.[2,51] As quantified by the
microstrain obtained from the structural analysis, MA induces
stress on the powders used to manufacture the alloys.

At higher temperatures, the thermal behavior of the samples
produced with and without PCA presents a similarity. This sim-
ilarity is a reversible atomic rearrangement at ≈680 °C. This is in
accordance with the transformation indicated in the Fe–Co phase

diagram.[41] This reversible atomic rearrangement is associated
with the transition between the B2 phase and α-Fe(Co) when
heating and from α-Fe(Co) to B2 when cooling. Nonetheless,
the reversibility from α-Fe(Co) to B2 is not total. As observable
in the DSC curves, the energy associated with the cooling trans-
formation (α-Fe(Co) to B2) is lower than that for the heating
(from B2 to α-Fe(Co)). The energy difference is due to a partial
transformation from α-Fe(Co) to B2, where not all the α-Fe(Co)
phase transforms into B2. These results are in accordance with
the Fe–Co phase diagram provided in ref. [41]. The hysteresis of
the reversible process is roughly 115 °C for all samples.

DSC also detects an additional endothermic peak during heat-
ing for the samples produced with PCA between 525 and 575 °C,
depending on the sample. This peak is associated with the meta-
stable superlattice of Fe3Co.

[32,52–56] The formation of this phase
is well-known from steel manufacturing, with carbon promoting
the formation of a tetragonal structured phase Fe3Co (P4=mmm
space group and Strukturbericht designation L60),

[46] which pro-
duces a metastable pattern of antiphase domains. A very similar
situation might be happening in these samples, promoted by an
increase in temperature.

2.3. SEM-EDX Observation

Figure 4 shows the SEM images of the powders obtained after
MA by milling for different milling times. The images clearly
show the effects of the different manufacturing parameters of
the samples. As the milling time increases, the particle size
decreases. Also, the homogeneity of the particle size increases
with longer milling times. When the use of C6H12 is analyzed,
it is clear that it has a beneficial effect on particle size by favoring
the obtaining of a smaller particle size in a reduced milling time,

Figure 4. SEM images of Fe65Co35 powders obtained by mechanical alloying without PCA for milling times of a) 10 h, b) 25 h, and c) 50 h. d–f ) The SEM
images obtained for the powders milled for the same milling times and using PCA.
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in addition to a more homogeneous distribution (reduced
deviation around the mean particle size). When comparing the
samples milled for the same time, it is clear that the particle size
decreases when using the PCA during the milling. This is due to
the fact that the main purpose of a PCA is to prevent the excessive
cold welding of the powders used in the manufacturing of the
alloy.[34–38]

EDX analyses of the samples confirm the nominal chemical
composition of the alloys as Fe65Co35. It also confirms the
homogenous distribution of both Fe and Co. Figure 5 corre-
sponds to the EDX results obtained for the samples milled for
50 h with and without C6H12.

2.4. Magnetic Characterization

Figure 6 shows the room temperature hysteresis loops measured
by VSM while Table 2 presents the values of coercivity (Hc), rem-
anent magnetization (Mr), and saturation magnetization (Ms)
obtained from the hysteresis loops.

The magnetic behavior for all samples is clearly a soft
ferromagnetic behavior; however, there are some remarkable
differences depending on the manufacturing conditions.
When analyzing the samples produced without PCA, all mag-
netic parameters increase for longer milling times (Table 2).
However, experimental data dispersion could explain the small
increase in remanent and saturation magnetization between 25
and 50 h. The results from the structural analysis showed that for
longer milling times, the crystal size was reduced (from 23 nm at
10 h to 21 nm at 50 h without PCA and from 20 nm at 10 h to
13 nm at 50 h with PCA), favoring coercivity, remanent magne-
tization, and saturation magnetization.[57–59]

The analysis of the three samples manufactured with PCA
shows how the coercivity and the remanent magnetization fol-
low the same trends as the samples produced without PCA.
However, for these three samples, the saturation magnetization
is lower when compared to the samples produced without PCA
(Table 2). As XRD-calculated microstrain for the alloy milled
with PCA is lower, this effect cannot be associated with the

disordering of the cubic phase. The presence of cementite in
the sample, which presents a hard magnetic behavior,[45,46] pre-
sumably causes this reduction. The study by Chaira et al.

Figure 5. SEM images for samples milled for 50 h a) without PCA and d) with PCA. b,e) The Co distribution, and c,f ) the Fe distribution obtained by EDX
mapping in the Fe65Co35 alloy powders.

Figure 6. Magnetic hysteresis loops for all samples measured at room
temperature by VSM.

Table 2. Main magnetic parameters obtained from the magnetic hysteresis
loops: coercivity (Hc), remanent magnetization (Mr), and saturation
magnetization (Ms).

Sample Hc [Oe] Mr [emu g�1] Ms [emu g�1]

Fe65Co35 10 h 49 4.8 208.0

Fe65Co35 25 h 51 6.6 229.9

Fe65Co35 50 h 59 6.7 230.8

Fe65Co35þ C6H12 10 h 65 7.7 207.3

Fe65Co35þ C6H12 25 h 76 8.1 215.6

Fe65Co35þ C6H12 50 h 80 8.8 215.6
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quantified a saturation magnetization of 80 emu g�1 and a coer-
civity of 325 Oe after 40 h of milling in a dual-drive planetary
mill.[45] As the amount of cementite is low, the magnetic behav-
ior of the samples will be less soft magnetic (i.e., higher values
for Hc and Mr and lower values for Ms).

2.5. Mössbauer Spectroscopy

Mössbauer spectroscopy of the two samples milled for 50 h
shows clear differences. The corresponding spectra and the
hyperfine parameters are presented in Figure 7 and Table 3.

Both spectra present the typical sextet pattern for ferromag-
netic materials. Despite the detectable differences in the hyper-
fine parameters, they present the same characteristics. The
peaks’ widths are broader than the natural line and, therefore,
one sextet is not enough to adjust the experimental data. In total,
three different sextets were used to account for different environs
surrounding the absorbing Fe nucleus. Three sextets were
assigned to FeCo crystals in a BCC environ (corresponding to
the crystal structure of the α-Fe(Co) phase) with an Fe nucleus
surrounded by either 0, 1, 2 or 3 Co atoms as nearest neighbors
(NN).[60] Both samples present very similar parameters, exclud-
ing the hyperfine fields and the quantity of each type of environ
(Figure 7 and Table 3).

The main difference between samples is the values of the
hyperfine field (BHF) of the three sextets. In general terms,
the sample milled with PCA presents lower values (Table 3) than
the sample without PCA. The lowest hyperfine field value for the
PCA sample combined with the nearly zero isomer shift indi-
cates that these hyperfine parameters are very similar to those
corresponding to an α-Fe. This observation is different for the
sample without PCA, as its lowest BHF value is higher and,
therefore, does not present this sextet. This would imply that
the Fe nucleus is not completely surrounded by Fe atoms (there
is at least one atom of Co as a nearest neighbor). As mentioned
previously, the use of PCA makes the diffusion of Co into the Fe
matrix harder to achieve. Therefore, as expected for the sample
milled with PCA, the amount of Co that has diffused into the Fe
matrix is lower than that for the sample without PCA.

The sextet corresponding to having 1 and 2 atoms of Co as
nearest neighbors is present in both samples. The last sextet cor-
responds with having 3 atoms of Co as the nearest neighbor

Figure 7. Mössbauer spectra for the samples milled for 50 h (top) and
50 h with PCA (bottom).

Table 3. Hyperfine parameters for the samples milled for 50 h and 50 h with PCA.

50 h 50 h PCA 50 h 50 h PCA

0 Co NN BHF [T] – 33.4(5) 2 Co NN BHF [T] 36.2(5) 36.9(5)

δ [mm s�1] 0.006(2) δ [mm s�1] 0.028(2) 0.026(2)

Δ [mm s�1] 0.01(1) Δ [mm s�1] 0.01(1) �0.01(1)

Γ [mm s�1] 0.43(1) Γ [mm s�1] 0.36(1) 0.34(1)

A13 2.9(1) A13 3.0(1) 2.9(1)

A23 1.6(1) A23 1.5(1) 1.6(1)

Area [%] 27.4(1) Area [%] 44.0(2) 26.4(1)

1 Co NN BHF [T] 34.8(5) 35.5(5) 3 Co NN BHF [T] 37.4(5) –

δ [mm s�1] 0.031(2) 0.033(2) δ [mm s�1] 0.028(2)

Δ [mm s�1] 0.03(1) 0.01(1) Δ [mm s�1] �0.02(1)

Γ [mm s�1] 0.40(1) 0.48(1) Γ [mm s�1] 0.27(1)

A13 3.0(1) 2.9(1) A13 3.0(1)

A23 1.5(1) 1.6(1) A23 1.5(1)

Area [%] 34.7(2) 46.2(2) Area [%] 21.3(2)
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(Figure 7). Only for the samples milled without PCA is this sextet
detectable. The explanation is the same as for the α–Fe sextet.
The effect of the PCA makes it harder for the diffusion of Co
into the Fe matrix. Although both samples have a complete
diffusion of Co in the Fe matrix, the atomic positions of Co
are different in both samples. As Co diffusion is slower with
PCA, it is harder for the B2 phase to form, thus probably favoring
the minor local tetragonality. Therefore, as indicated in the struc-
tural analysis, the α-Fe(Co) structure is the predominant phase in
the sample. The substitution of Co atoms causes the larger width
of the spectra (Figure 7) when compared to the natural width of
the α–Fe.[61–63]

Finally, the values of A13 and A23 in completely magnetic iso-
tropic samples should be 3 and 2, respectively. For the samples of
this study, the fitted value for A23 is ≈1.5 for both samples. The
large dislocation density due to MA could cause this magnetic
anisotropy.

3. Conclusions

Fe65Co35 powders have been synthesized by MA by milling for
different times (10, 25, and 50 h). Two samples were manufac-
tured per milling time, one of them with the addition of 1mL of
C6H12 acting as a PCA. The structural, thermal, and magnetic
characterization of all samples was carried out. The aim of the
study was to analyze the effects of the synthesis conditions (mill-
ing time and the use of a PCA) on the characteristics of the result-
ing nanocrystalline Fe65Co35 alloy powders.

All results confirm that both the milling time and the use of a
PCA alter the properties of the Fe65Co35 alloy. Longer milling
times and the use of a PCA favor a major nanocrystallinity of
the alloy. The use of a PCA additionally assists in the production
of smaller particle sizes in a shorter milling time and enhances
homogeneity in particle size distribution. Longer milling times
enhance the diffusion of Co into the Fe matrix while the PCA
slows this process down as it acts as a surfactant during milling.
The use of the PCA also favors the formation of a tetragonal
phase (Fe3Co), confirmed by thermal analysis. From the mag-
netic characterization, longer milling times promote an increase
in the magnetic properties (namely, coercivity and magnetization
values). However, due to the presence of a hard magnetic tetrag-
onal structure induced by the PCA, the behavior of these powder
samples becomes less soft magnetic (higher coercivity and rem-
anence and lower saturation magnetization).

This study has allowed to determine the effectiveness of using
a PCA to reduce both the crystal and particle size with increasing
milling times while making it possible to additionally tune the
magnetic properties of Fe65Co35 alloy powders based on the
choice of PCA. This possibility opens the path to designing nano-
crystalline Fe65Co35 alloy powder with different morphological,
microstructural, and magnetic properties in accordance with
the requirements dictated by the final application requiring a
high-performance soft ferromagnetic material.

4. Experimental Section
High-purity elemental powders were used in the manufacturing of the
powder samples made of the soft magnetic alloy with a nominal

composition of Fe65Co35. More specifically, a combination of Fe powder,
with a purity of 99.5% and an average particle size below 10 μm, and Co
powder, with a purity of 99.8% and an average particle size of 1.6 μm, were
used (Alfa Aesar). A Fritsch Pulverisette P7 planetary ball milled the pow-
ders. The manufacturing conditions were milling at 400 rpm under an
argon atmosphere with a ball-to-powder ratio (BPR) of 5:1 for different
milling times. A higher BPR would cause the manufacturing process to
be more energetic. This increase in energy favored the diffusion of Co into
the Fe matrix and the evaporation of the PCA. However, the final sample
presented more crystallographic defects. Therefore, the conditions were
selected to favor the equilibrium between the temperature conditions
needed for Co diffusion into the Fe matrix without increasing the crystal-
lographic defects in the final sample. Three milling times were selected,
namely 10, 25, and 50 h. Furthermore, 1 mL of C6H12 was added to one of
the samples for each of the milling times.

Structural analysis of the samples was carried out by X-ray diffraction
(XRD) in a Bruker APEX D8 Advance diffractometer (Bruker, Billerica,
MA, USA) using Cu-Kα radiation with an incident radiation wavelength
of λ= 1.5406 Å, and the measurement range (2θ) was set between 30°
and 120°. The obtained diffractograms were analyzed using the 2.9.9 ver-
sion of MAUD software by applying the Rietveld Refinement Method,
originally designed by H.M. Rietveld in 1969.[50] More specifically, the
mathematical approach followed by the MAUD software was fitting
the data of each diffractogram to a model crystallographic structure
obtained from the Crystallography Open Database developed by Nick
Day at the Department of Chemistry, University of Cambridge, under
the supervision of Peter Murray–Rust. The approach employed the
Rietveld Refinement Method using the Levenberg–Marquardt algorithm.
The MAUD software read the experimentation parameters of the diffrac-
tometer and loaded them into the program. Then, the user had to upload
the model crystallographic structure in the form of a CIF file (one file for
each of the phases). By comparing the obtained diffractogram and CIF
file, the program identified the angular positions of the peaks and
obtained the lattice parameter of each phase in accordance with
Bragg’s Law and its relationship with the Miller Indices. Following the
refinement of the lattice parameter, the program then calculates the aver-
age crystal size and microstrain of the sample by using the Williamson–
Hall method for an isotropic sample. From the lattice parameter, average
crystal size, and microstrain, the dislocation density for each sample
could be calculated.[49] Finally, the program was capable of calculating
the weight percentage of each phase from the area under the main peak
of each phase.

Thermal analysis was performed by differential scanning calorimetry
(DSC) in a TA Instruments Q2000 calorimeter (TA Instruments, New
Castle, DE, USA). Samples underwent heating followed by cooling pro-
cesses both in an argon atmosphere at a heating/cooling rate of
10 °C min�1. The temperature range to analyze the samples was between
40 and 700 °C.

A Perkin Elmer EA2400 Series II device performed the elemental analy-
sis of the samples and the Fe precursor. The temperature range for the
combustion of the samples was between 925 and 930 °C using He as a
carrier gas.

Morphological characterization of the samples was carried out by scan-
ning electron microscopy (SEM) in a Zeiss EVO HD159, using a secondary
electron detector at very low-pressure vacuum values of 10�6 hPa. Energy-
dispersive X-ray analysis (EDX) determined the chemical composition of
the samples by using ultrahigh-resolution SEM VP-Sigma EDX equipment
(Bruker Nano XFlash Detector 430).

A Lakeshore 7400 series vibrating sample magnetometer (VSM) carried
out the magnetic characterization of the samples under a maximum applied
field of 20 kOe. Additionally, the samples milled for 50 h were analyzed by
Mössbauer spectroscopy. The spectra were obtained at room temperature
and pressure. A conventional constant acceleration spectrometer, in trans-
mission mode, with a 25mCi57Co radioactive source in a Rh matrix was
employed. The results were recorded in a standard multichannel analyzer
using a speed range of� 2.8mm s�1 and fitted with the NORMOS
software.
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