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Abstract
We report on the magnetic exchange coupling behavior in hard-soft  Mn52Al45.7C2.3-α-Fe nanocomposite magnets synthesized 
by high-energy ball milling at room temperature followed by post-annealing treatment at temperatures 300 to 600 °C. The 
analysis of hysteresis loops showed effective exchange coupling  Mn52Al45.7C2.3-α-Fe nanocomposite particles with smooth 
demagnetizing curves when annealed at 400 °C. But higher annealing temperatures pose kink in the hysteresis loop highlight-
ing a weak exchange coupling with more magnetostatic interaction between hard and soft components. This trend was con-
firmed by the results on (BH)max, which had the highest value for nanocomposite particles annealed at 400 °C. More detailed 
information on magnetic exchange coupling in nanocomposite particles was obtained by derivative magnetic curves and 
Henkel plots. Hard-soft  Mn52Al45.7C2.3-α-Fe magnets showed the sharpest high-field maximum in derivate magnetic curves 
when annealed at 400 °C as a signature of effective exchange coupling between  Mn52Al45.7C2.3 and α-Fe grains. In addition, 
Henkel plots display the dominance of positive peak for nanocomposite particles annealed at 300 and 400 °C, indicative of 
magnetic exchange-coupling. But the negative-peak dominated curves of those annealed at higher temperatures as well as 
single-phase  Mn52Al45.7C2.3 imply a significant magnetostatic interaction in the components owing to non-magnetic phases 
formed at elevated temperatures. Also, quantitative information obtained from recoil curve measurements assigned a higher 
degree of exchange coupling to nanocomposite magnets when annealed at 400 °C.

Keywords Permanents magnets · Magnetic exchange coupling · (BH)max · High energy ball milling · Magnetostatic 
interaction · Magnetization reversal behavior

1 Introduction

The development and integration of high-performance per-
manent magnets are now well established in the research 
about high functional materials for desirable application like 
renewable power generation, eco-technologies and so on 
[1–3]. It is noteworthy that technological application exten-
sively benefits from rare-earth-doped permanent magnets 
due to the better app response compared with rare-earth-free 
counterparts [4, 5]. However, issues such as material supply 
and price among others might inhibit the functionality of 
rare-earth permanent magnets in green technologies. Hence, 
permanent magnets with minimum amounts of rare-earth 
elements seem to be of high interest in new applications [2, 

5–7]. Mn-Al alloy as a rare-earth-free permanent magnet 
has been studied profoundly for the potentially important 
advantages in required applications [8–10]. According to the 
phase diagram of Mn-Al, ferromagnetic τ-Mn-Al possesses 
peculiar high uniaxial magnetocrystalline anisotropy. That is 
because Mn tends for antiferromagnetic contribution in the 
tetragonal lattice. It has been realized that a delicate adjust-
ment of Mn interatomic distances through Al can render fer-
romagnetic configuration in τ-Mn-Al phase [11, 12]. Many 
studies on Mn-Al alloys reveal different magnetic properties 
in terms of Hc and Ms. The highest Hc has been found for 
ultra-thin films of t ≈ 11 nm. Also, Ms varies dramatically 
between 15 and 120 emu  g−1. As found experimentally, the 
ferromagnetic τ phase is thermodynamically metastable 
that forms through the annealing of nonmagnetic ε-Mn-Al 
phase [3, 12, 13]. Phase transformation embodies too many 
defects in the lattice structure. The milling process of Mn-Al 
makes defects in the structure as well. It is worth mention-
ing that the produced lattice defects favor anti-ferromagnetic 
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coupling of Mn atoms. This trend escalates with additional 
amounts of Mn in an optimized Mn–Al alloy [14–17]. As 
a serious minus, the squareness of hysteresis loop Mr/Ms is 
low that brings on (BH)max far below the ideal value of a 
perfect permanent magnet candidate. Other types of defects 
such as anti-phases and twins are believed to account for 
lower energy products in Mn–Al compared to the theoreti-
cal value [14–18]. Since it is of prime importance to boost 
the performance of permanent magnets, lots of efforts have 
been made in this way to fulfill it. Recently, the field of 
nanocomposite magnets as integrated systems with com-
plementary components has become very promising in this 
regard. Particularly, exchange-spring magnets to provide 
the superior (BH)max with coherent rotation under reversal 
field through exploiting the high magnetization of soft phase 
and high anisotropy of hard phase have been the subject of 
numerous research works [16, 17, 19–25]. Inter-phase cou-
pling strength in hybrid magnets is measured by the switch-
ing field of soft and hard components. The reasons behind 
low performance of  Mn52Al45.7C2.3 have been investigated 
recently using recoil curves to understand  Mn52Al45.7C2.3 
microstructure. The reported work imputes low (BH)max 
to the grains of τ phase with a large distribution of K and 
suggests Mn–Mn antiferromagnetic interaction needs to be 
minimized for the sake of less anisotropy distribution and 
reduced intergranular exchange [26]. However, the occur-
rence of exchange spring behavior in  Mn52Al45.7C2.3-α-Fe 
hybrid nanoparticles has not been investigated so far.

In this article, we study the magnetization reversal of 
hard-soft  Mn52Al45.7C2.3-α-Fe nanocomposites with quite 
different manifestations of exchange spring behavior to 
non-exchange spring behavior. Annealing temperature has 
been varied to investigate these behaviors in nanocompos-
ite particles. Here, using the exchange spring mechanism, 
we in fact accomplished enhancing the energy product of 
hybrid nanoparticles compared to  Mn52Al45.7C2.3. Also, we 
have used Henkel plots to deeply understand the magnetic 
exchange coupling in  Mn52Al45.7C2.3-α-Fe nanocomposite 
magnets. These techniques provide indispensable quantita-
tive information on the dominant interaction in our systems. 
We need to point out that in this work, the switching field 
distributions in both non-exchange and exchange spring 
cases have been investigated.

2  Experimental

Mn–Al alloys with nominal composition  (Mn52Al45.7C2.3) 
were prepared by a vacuum induction melting procedure. 
Re-melting process under controlled Ar atmosphere was car-
ried out two times to ensure the homogeneity of the casted 
alloys as well as to adjust the composition of the obtained 
parent alloy. It should be noted that a titanium getter system 

was used to purify the chamber from residual oxygen. The 
actual composition of casted alloys was tested by inductivity 
coupled plasma-optical emission spectroscopy (ICP-OES, 
730-ES, Varian, USA), and carbon content was measured 
using LECO CS-244 carbon determinator (ASTM E1019). 
The final ingots then were crushed and milled for 5 h using 
high-energy planetary milling. The resulted  Mn52Al45.7C2.3 
powder with a mean particle size of 100 nm was obtained at 
the end of the process. Mn–Al–C powders were then mixed 
with 10 Wt% α-Fe powder. The mixture was mechanically 
milled in cyclohexane medium for 1 h to reach a homoge-
neous composite powder. Then, it was put into a tungsten 
carbide die with a 5-mm diameter and pressed under a uni-
axial constant pressure of 5.1 GPa. Afterward, the obtained 
bulk samples were annealed in a vacuum tube furnace at 
temperatures of 300, 400, 500, and 600 °C for 30 min to 
optimize the magnetic properties. That was to investigate the 
role of the heat treatment period on magnetic properties of 
nanostructured bulk magnets. It is noteworthy that the α-Fe 
powder of nano-size (35–45 nm) has been used in the experi-
ments. The microstructure of the alloys was determined by 
x-ray diffractometer Rigaku Ultima IV with Cu-Kα lamp. 
Metallographic studies were conducted by optical micro-
scope OLYMPUS PMG3 and scanning electron microscope 
TESCAN SEM. The magnetization reversal behavior of the 
alloys was investigated by a vibrating sample magnetometer, 
MagKavCo.

3  Results and Discussion

Figure 1a shows FESEM images of  Mn52Al45.7C2.3 sam-
ples mechanically ball milled for 5 h. The morphology of 
 Mn52Al45.7C2.3 particles was also studied that reveals the 
particles are spherical or elliptic. In addition, the aver-
age particle size of 100 nm was determined using ImageJ 
technique.

In Fig.  1b, XRD patterns of initial specimens of 
 Mn52Al45.7C2.3 and Fe nanopowders have been illustrated. 
It should be noted that XRD patterns of  Mn52Al45.7C2.3–10% 
Fe nanocomposites are attributed to the samples that had 
undergone high-energy ball milling for 1 h which were then 
pressed and sintered at 300 to 600 °C. It can be verified that 
the diffracted peaks of sintered samples at 300 and 400 °C 
are consistent with τ and α-Fe phases. When the temperature 
rises to 400 °C, the strain in samples diminishes that leads 
to a higher atomic order in the structure. On the other hand, 
at higher temperatures, τ phase decomposes to β and γ2. As 
seen from XRD patterns, the corresponding peaks of τ phase 
in the nanocomposite sample sintered at 300 and 400 °C 
are wider than those of mechanically milled nanopowder. 
Based upon Rietveld analysis [24], extra milling of the com-
posite sample inhibits the contribution of the grain size in 
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Fig. 1  a SEM image of 
 Mn52Al45.7C2.3 hard phase 
and b XRD patterns of 
α-Fe,  Mn52Al45.7C2.3 and 
 Mn52Al45.7C2.3-α-Fe nanocom-
posite magnets annealed at 
300–600 °C
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peak broadening at 300 and 400°. While sintering releases 
strains trapped in the lattice, the characteristic peak narrows 
at temperatures higher than 400 °C which is a signature of 
larger grain size.

The variation of c/a ratio in nanocomposite samples may 
be ascribed to the enhanced structural order and change 
in the composition of  Mn52Al45.7C2.3 τ phase displayed in 
Fig. 2a. Additionally, at temperatures up to 400 °C, trapped 
strains in the lattice are released that give rise to volume 
reduction, while at higher temperatures, this situation gives 
rise to volume increase due to higher atomic mobility (see 
Table 1) [27].

The relative long-range order parameter for τ and α-Fe 
phases, S, was calculated from the comparison of the relative 

peak intensity for superlattice (h + k + l = odd) and base 
structure (h + k + l = even) as follows [27]:

In which 
(

Is

If
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(

Is

If

)

ord are related to the reflec-
tance intensity ratio for superlattice and base structure in 
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Fig. 2  a The tetragonality of c/a 
ratio and volume of the lattice 
vs annealing temperature. b The 
ordering parameter, S, and pack-
ing factor as a function of the 
annealing temperature
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intensity is too weak (see Fig. 2b). S increases with tempera-
ture up to 400 °C and then decreases (Fig. 2b). In addition, 
the crystal structure of τ-phase, cell volume, the axial c/a, 
and order parameter S as factions of the annealing tempera-
ture have been presented (see Table 1; Fig. 2). For Mn–Al–C 
sample in pre-annealed condition, the values of  a2c and c/a 
are 27.499 Å and 1.301 Å, respectively, substantially larger 
than the corresponding values of 27.39 Å and 1.288 Å for 
the conventional τ-phase [28]. This is due to higher amount 
of carbon. Temperatures higher than 400 °C alter the tetrago-
nality ratio c/a, leading to lower packing factor in the crystal. 
That likely escalates the atomic diffusion and subsequently 
modulates the Mn to Al ratios. The higher concentration of 
Mn in the preliminary Mn–Al–C along with the larger 
atomic radius of Mn than Al intrigues Mn atoms to replace 
Al cites in the structure [29–31]. Consequently, the tetrago-
nal distortion would increase compared to that of the con-
ventional τ-phase. Also, the higher ordering in Mn–Al–C 
compared to the nanocomposite annealed at 300 °C may be 
due to the strain relief completed by the secondary ball-
milling at 300 °C. Variations in lattice parameters which 
were discussed here can be seen in Table 1.

In Fig. 3a–d, optical microscope images of hard-soft 
 Mn52Al45.7C2.3-α-Fe nanocomposite magnets, pressed under 
vertical uniaxial pressure and then sintered at different tem-
peratures, have been illustrated. At lower temperatures such 
as 300 and 400 °C, samples resemble flat elliptic flakes 
which comprise grains with an average length of 20 µm 
and an average width of 5 µm (see the inset of Fig. 3a, b) 
This can cause grain anisotropy and better magnetization 
and/or coercivity. By contrast, at higher T, they change into 
amorphous due to dramatic grain growth (see the inset of 

Fig. 3c, d). This diminishes anisotropy features in hybrid 
nanoparticles.

3.1  Magnetic Characterization

Magnetic hysteresis loops of  Mn52Al45.7C2.3, α-Fe, 
 Mn52Al45.7C2.3-α-Fe, annealed at different temperatures, in 
Fig. 4 show single hard phase  Mn52Al45.7C2.3 has the highest 
coercivity and lowest magnetization. In  Mn52Al45.7C2.3–10% 
α-Fe nanocomposite annealed at 400 °C, magnetization 
increases and coercivity decreases. Strikingly, the loop 
curve becomes demagnetized smoothly with no apparent 
kink implying the effective exchange coupling between hard 
 Mn52Al45.7C2.3 and soft α-Fe components. However, when 
the annealing temperature is further increased, the magnetic 
characteristics of loops decrease which can be attributed to 
the deterioration of exchange coupling with larger grain size 
at higher temperatures [19].

This also can best be followed in  Mn52Al45.7C2.3 hard 
phase for which the highest values of magnetic characteris-
tics Ms, Mr, Hc emerge at 400 °C (Fig. 5).

This scenario is also backed by maximum energy prod-
uct (BH)max as a figure of merit of permanent magnets 
shown in Fig. 6. As seen, compositing  Mn52Al45.7C2.3 with 
α-Fe results in higher (BH)max when annealed at 400 °C 
is indicative of the magnetic exchange coupling between 
 Mn52Al45.7C2.3 and α-Fe.

The magnetic exchange coupling in  Mn52Al45.7C2.3-α-Fe 
nanocomposites can be further investigated by taking the 
derivative of magnetic hysteresis loop (Fig. 7) and Hen-
kel plots (Fig. 8). In Fig. 7, the derivative magnetic curve, 
dM/dH vs H for single-phase  Mn52Al45.7C2.3 displays a 

Table 1  Dependence of lattice parameters, crystallite size, and strain on the annealing temperature for Mn–Al–C–α-Fe nanocomposites

Sample Phase Lattice parameter 
[Å] ± 0.001

V [Å3] C/a P.F [%] s Crystallite 
size [nm]

Strain

MnAIC τ a = 2.764 27.487 1.301 93.17 0.872 57.92 0.301
c = 3.598

Fe α-Fe a = 2.866 – – – – 24.64 –
MnAIC/Fe (90/10 wt%) 300°c τ a = 2.759 27.373 1.3033 93.55 0.783 32.2 0.059

c = 3.596
α-Fe a = 2.865 – – – – 23.59 0.081

MnAIC/Fe (90/10 wt%) 400°c τ a = 2.758 27.345 1.3034 93.67 0.902 42.26 0.042
c = 3.595

α-Fe a = 2.867 – – – – 31.28 0.056
MnAIC/Fe (90/10 wt%) 500°c τ a = 2.764 27.533 1.3039 93.01 0.770 176.5 0.003

c = 3.604
α-Fe a = 2.868 – – – – 46.40 0

MnAIC/Fe (90/10 wt%) 600 °C τ a = 2.767 27.608 1.3032 92.75 0.730 240 0
c = 3.606

α-Fe a = 2.867 – – – – 52.34 0
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Fig. 3  a–d Optical microscope images for  Mn52Al45.7C2.3-α-Fe nanocomposite magnets annealed at T ~ 300–600 °C inset with histogram distri-
bution of the grain size

Fig. 4  Magnetic hysteresis 
loops for  Mn52Al45.7C2.3-α-Fe 
nanocomposite magnets 
annealed at T ~ 300–600 °C. The 
inset shows hysteresis loops for 
 Mn52Al45.7C2.3 hard phase and 
α-Fe soft phase
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maximum at 5 kOe relating to switching field of hard grains. 
The sort of weak and broad peak might be due to magne-
tostatic interaction competing with anisotropy field of the 
hard phase. In case of nanocomposite particles, annealing 

at 300 °C gives two maxima. The maximum around 0.2kOe 
belongs to the uncoupled soft phase and the maximum 
around 3kOe belongs to exchange-coupled portion of the 
nanocomposite. This is suggestive of a significant amount 

Fig. 5  The magnetic charac-
teristics Ms, Mr, Hc values for 
 Mn52Al45.7C2.3-α-Fe nanocom-
posite magnets annealed at 
T ~ 300–600 °C
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of soft phase uncoupled with the hard phase. Increasing 
annealing temperature to 400 °C leads to a smaller low field 
maximum that can be witnessed in the inset of Fig. 7 as 
strong evidence of exchange coupling enhancement between 
 Mn52Al45.7C2.3 and α-Fe. One should note shifting of peaks 

to lower fields at higher temperatures is due to the larger 
demagnetizing sites relating to α-Fe grains. At temperatures 
500 °C and higher, not many α-Fe grains would be fully cou-
pled to hard  Mn52Al45.7C2.3 grains, and high field maximum 
in derivative curves would diminish.

Fig. 7  Derivative hysteresis 
loops for  Mn52Al45.7C2.3, α-Fe, 
 Mn52Al45.7C2.3-α-Fe nanocom-
posites annealed at T ~ 300–
600 °C. The inset illustrates low 
field region of derivative loops
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posites annealed at T ~ 300–
600 °C
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On the other hand, for Henkel plots, defined as: 
M = Md(H) − [1 − 2Mr(H)] , where Md stands for normal-
ized demagnetization remanence, Mr stands for normalized 
isothermal magnetization remanence, and H stands for the 
applied magnetic field, the positive peak corresponds to 
exchange coupling interactions while the negative peak 
corresponds to magnetostatic interactions [16, 32–34]. 
In Fig. 8, the Henkel curve of  Mn52Al45.7C2.3–10% α-Fe 
is dominated by a positive peak, a hallmark of effective 
exchange coupling interaction in nanocomposite particles. 
On the contrary, the Henkel curve of  Mn52Al45.7C2.3 is 
dominated with a negative peak, giving clear evidence of 
significant magnetostatic interactions between single-phase 
 Mn52Al45.7C2.3 grains. It should be noted that Henkel plot 
is a specific relation between the key parameters Mr, Md, 

Minf while knowing the magnetic interactions in permanent 
magnets with soft magnets, and so on. Therefore, analyz-
ing Henkel plot would give a good insight into the interac-
tion mechanism governing the magnetization of a magnetic 
material [35–39].

The magnetization reversal behavior for  Mn52Al45.7C2.3-α-Fe 
nanocomposite magnets can be drawn from measuring recoil 
loops given in the insets of Fig. 9. Magnetization M(H) and 
dc demagnetization remanence Md(H) curves as a function of 
the applied reversal field are given in Fig. 9. Based upon the 
micromagnetic model [19, 33], the exchange spring behavior 
corresponds with fully reversible magnetization and closed 
recoil demagnetization loops. For T = 400 °C, the ratio of Hr/
Hc is significantly lower than the other temperatures and closer 
to Wohlfarth theoretical value (Hr/Hc = 1.52 displayed in the 
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Fig. 9  Magnetization M(H) and dc demagnetization Md(H) curves 
as a function of the reversal field for  Mn52Al45.7C2.3-α-Fe nanocom-
posites annealed at T ~ 300–600 °C. Lower insets display Hr/Hc ratio. 

Recoil loops of demagnetization curves for nanocomposites annealed 
at different temperatures are shown in the insets also
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lower inset). This is indicating soft grain switches coherently 
with hard grain like a single-phase alloy. It should be noted 
though, recoil loops are slightly open in this state (see the inset 
for T = 400 °C). By contrast, temperatures other than 400 °C 
give a larger gap between M(H) and Md(H) curves, shown in 
the insets, as well as a wider opening of the recoil loops. Hr/
Hc ratio is substantially larger than deviates from the predic-
tion of micromagnetic model for randomly oriented uniaxial 
particles. This is representative of independent switching of the 

hard- and soft-magnetic phase. Moreover, the integrated area 
of the recoil loop, as a criterion of energy loss in each cycle for 
T = 400 °C, is significantly larger than that in other situations.

Moreover, recoil loops provide quantitative informa-
tion on the recoverable magnetization. Corresponding 
recoil curves and empirical parameters used in this paper 
are illustrated in Fig. 10a. The change in recoverable mag-
netization [Md(Hint) − M(Hint)], used in the relation after 
removing reversed field, is discussed in ref. [33] Md(0) = Mr 

reversal

Fig. 10  a Representative recoil curves and the corresponding parameters are used in the text. b Comparison of normalized recovered magnetiza-
tion (Md(Hint) − M(Hint)/Md(0) as a function of the applied reversal field for  Mn52Al45.7C2.3 hard phase and  Mn52Al45.7C2.3-α-Fe nanocomposites

Fig. 11  Dependence of − Mirrev 
(H) /2Mr (∞) as a function 
of the applied reversal field 
for  Mn52Al45.7C2.3 hard phase 
and  Mn52Al45.7C2.3-α-Fe 
nanocomposites. The nuclea-
tion field data Hn 3.091 
kOe for  Mn52Al45.7C2.3 hard 
phase and 2.78 kOe for 
 Mn52Al45.7C2.3-α-Fe nanocom-
posites are shown in the plot
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is the remanence on the demagnetization curve. In 
Fig. 10b, normalized recoverable magnetization difference 
Md(Hint) − M(Hint)/Md(0) against the reversal field has been 
graphed for T = 300–600 °C in which a larger part of mag-
netization difference is recovered in nanocomposite annealed 
at T = 400 °C. This is clear evidence of magnetic exchange 
coupling between  Mn52Al45.7C2.3 and α-Fe.

Nucleation field Hn can be determined from irreversible 
magnetization − ΔMirrev (H) of the hard phase in the form 
of reduced quantity: − ΔMirrev (H)/2Mr = [Mr − Md(H)]/2Mr. 
According to Kondürsky model [33, 40–42], no detect-
able magnetization reversal arises unless reverse-field 
H reaches nucleation field Hn. Though, at reverse field 
H1 = Hn/cosθ1, magnetization reversal occurs in all regions 
with 0 ≤ θ ≤ θ1. Here, θ is the angle between the direction 
of reverse field and the easy axis of single-domain grains. 
The total irreversible change in magnetization is given 
−ΔMirrev = 2Mr∫

�
1

0
cos�d� = 2Mrsin�1 . For details, see 

ref. [33]. The fitting of graphed ΔMirrev (H)/2Mr curve 
by sinθ against Hn/cosθ1 gives nucleation field of 3.091 
kOe for  Mn52Al45.7C2.3 hard phase and 2.78 kOe for 
 Mn52Al45.7C2.3-α-Fe nanocomposite magnets (see Fig. 11). 
The lower nucleation field for nanocomposite particles 
compared with the hard phase  Mn52Al45.7C2.3 is due to the 
exchange coupling between grains along with the enhance-
ment of propagation of the magnetization reversal resulting 
in a reduced coercivity.

4  Conclusions

In summary, magnetic behaviors of ball-milled 
 Mn52Al45.7C2.3- α-Fe nanocomposite magnets annealed at 
different temperatures were investigated. The regular analy-
sis of hysteresis curves reveals the best magnetic character-
istics at 400 °C with a smooth demagnetization curve, sug-
gesting strong magnetic exchange coupling. This is approved 
by the variation of (BH)max for which nanocomposite par-
ticles annealed at 400 °C provide the highest value. Addi-
tionally, derivative magnetic hysteresis curves, obtained for 
samples annealed at different temperatures, display the most 
intensity of characteristic variation peak at 400 °C, imply-
ing the dominant exchange coupling interaction between 
nanocomposite particles. Moreover, in the case of Henkel 
plots, the positive peak, a signature of magnetic exchange 
coupling interaction, was dominant for annealing at 400 °C 
which obeys the trend revealed in other analyses, whereas 
the negative peak was dominant for others, suggesting domi-
nant magnetostatic interaction between nanocomposite parti-
cles. Furthermore, information on recoverable magnetization 
as well as irreversible magnetization gives strong evidence 
of magnetic exchange coupling in nanocomposite particles 
annealed at 400 °C.
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