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a  b  s  t  r  a  c  t

Amorphous  precursors  with  composition  Nd4.5Fe72−xCo3+xCr2Al1B17.5 (x  = 0, 2,  7,  12)  were  thermally
treated  by  the  Joule  heating  technique  with  a  linearly  varying  electrical  current.  The  crystallization  kinet-
ics was  followed  by  monitoring  the  resistance  of  the ribbons  during  the  heating  up to  the  final  applied
current.  Crystallized  nanostructured  phases  coexist  with  an amorphous  matrix,  as  it  was  observed  by
means of  Mössbauer  Spectroscopy  and  X-ray  diffraction.

The  irreversible  magnetic  response  of  the  Joule  heated  ribbons  was  analyzed  by the  First  Order  Rever-
sal Curves  (FORC)  diagram  technique.  For  the  optimal  treatments,  associated  with  the higher  maximum
energy  products  for each  sample  composition,  it was  found  that  the  main  interaction  is of  a strongly
apid-solidification
agnetic measurements

dipolar  characteristic.  Over  annealed  samples  show  a  FORC  diagram  that  gives  into  account  of  softening,
due  to  grain  growth,  for those  phases  precipitated  at the  first crystallization  stage.  When  it is measured  at
20  K,  the  hardest  magnetic  sample  (Fe =  72  at.%,  Co  = 3 at.%,  Ifinal =  0.5  A), exhibits  a  diagram  with  charac-
teristics  corresponding  to dipolar  interactions  of soft  phases.  This  fact  is consistent  with  an  enhancement
of  the  exchange  length  due  to  the  increase  in  the  soft  phase  stiffness  as  it  is expected  at  low  temperatures.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Since the first KS steel produced in 1916, permanent magnets
ave been developed continuously as they have found applica-
ions in a wide range of devices. Particularly, rare earth magnetic

aterials have been produced since 1960s. From 1990s, rapid solid-
fication of the Nd–Fe–B ternary alloy became the main route to
roduce this kind of nanostructured permanent magnets. Among
hese, Nd-lean nanocomposite magnets are promising candidates
ue to reduced cost and higher corrosion resistance. Also, they
re considered high-performance magnets due to their magnetic
roperties are higher than the corresponding to the single-phase
nes [1].  Then, these exchange-spring magnets exhibit remanence
nhancement, moderated to high coercivities and theoretically
xpected energy products as higher as 8 GJ/m3 [2].  These proper-
ies are due to exchange coupling between hard and soft magnetic

hases at nanometric scale. Then, magnetic response is widely
ependant on the precipitated phases and the achievement of the
ptimized nanostructure.

∗ Corresponding author. Tel.: +54 11 4343 0893; fax: +54 11 4331 1852.
E-mail address: fsaccone@fi.uba.ar (F.D. Saccone).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.01.104
In the Joule heating technique a metallic material is subjected
to an electrical current of great intensity for a short time [3].  This
allows improving the magnetic properties of ferromagnetic amor-
phous alloys due to an appropriated nanostructure that can be
obtained with a relatively precise control. A variation of this tech-
nique, called Linearly Varying Current Joule heating (LVC-JH) [4]
consists on the application of an electrical current that varies slowly
up to its final value instead of being rapidly set to a fixed intensity.
In this way, it is possible to interrupt the annealing runs in cer-
tain precise points; which allow us to determine specific annealing
parameters in order to obtain optimum properties. This technique
is helpful to get information about recrystallization process that
occurs after subjecting an amorphous precursor to an electrical
current, like those that can be found in fast electrical sintering [5].

First Order Reversal Curve (FORC) diagrams may  provide a pow-
erful tool to understand complex aspects in magnetic systems that
are not be able to be clarified by means of the hysteresis curves.
On a FORC diagram each magnetic system exhibits a characteristic
pattern, which contains detailed information about the magnetic

properties [6,7]. In the case of Nd-lean permanent magnets, FORC
diagrams become also a highly useful tool for the optimized design
of electrical machines, despite its lower performance than ultra
grade sintered magnets.

dx.doi.org/10.1016/j.jallcom.2012.01.104
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fsaccone@fi.uba.ar
dx.doi.org/10.1016/j.jallcom.2012.01.104
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ation observed at the middle power range. As it is shown in the
XRD patterns of the 6015 sample (Fig. 2), with Ifinal = 0.4 A (cor-
responding to 1 W in R(P)) there is a high amorphous remnant.
Higher applied currents promote an increase in the amount of
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ig. 1. Resistance (R) vs power (P) curves for samples of the different compositions in
nitial value (R0).

The aim of this paper is to induce by fast heating certain nanos-
ructures in the above mentioned Nd-lean ternary alloy that cause
heir magnetic hardening and analyze the irreversible switching of

agnetization in the ribbons by the FORC diagram technique, in
rder to correlate the role of selected additive, the corresponding
anostructure and their magnetic responses.

. Materials and methods

Ingot alloys with nominal composition Nd4.5Fe72−xCo3+xCr2Al1B17.5 (x = 0, 2, 7,
2) were prepared by induction melting in Ar atmosphere, starting from elements
ith 99.995% purity. Amorphous ribbons were produced by quenching the alloys

nto a rotating copper wheel with a tangential velocity of 45 m/s. Ribbons typical
izes were 1 mm wide and 20 �m thick.

The ribbons were subsequently treated by Joule heating, using a variation of the
echnique called linearly varying current Joule heating (LVC-JH). The experimental
et  up consists of two pairs of U-shaped electrical contacts used to clamp the end
f  the sample minimizing the contact area. The sample was  connected in series to

 standard resistance (R = 1 m�). The current was  varied between 0 to Ifinal at a rate
f  0.017 A/s. The experiment was  performed in a vacuum atmosphere in order to
revent oxidation.

Amorphous and crystalline ribbons were structurally characterized by means
f  X-ray diffraction (XRD) in a �–2� diffractometer (Rigaku D/max equipped with
n  horizontal goniometer) using Cu-K� radiation and by Mössbauer effect spec-
roscopy (ME) under transmission geometry with a standard constant acceleration
pectrometer using a 10 mCi 57CoRh radioactive source. The isomer shifts ı were
eferred to RT �-Fe. For fitting the Mössbauer spectra were employed the hyperfine
elds corresponding to the majority phases that were clearly identified in a com-
lementary way by XRD. At intermediate stages of crystallization we discarded the
ix  iron sites of the Nd2Fe14B phase (�-phase) due to their interferences with the
istribution of hyperfine fields of the amorphous phase. Due to the low content of
his phase, an error less than 5% can be expected with this selected criterion.

DC  magnetic characterization and FORC experiments were performed at room
emperature in a VSM Lakeshore 7280. A FORC measurement begins by saturating
he sample with a large positive applied field, after which it is decreased to a rever-
al field named Ha. The FORC is the curve that starts at Ha and proceeds back to
ositive saturation. A set of FORCs allows obtaining the FORC distribution, which is
he contour plot of a two-dimensional distribution function which is defined as:

 (Ha, Hb) = − 1
2

∂2M(Ha, Hb)
∂Ha∂Hb

(1)

here M(Ha,Hb) is the magnetization of the sample at applied field Hb on the FORC
ith reversal field Ha, this is well defined only for Hb > Ha. FORC distributions were

alculated from the experimental curves by a finite differences program. When FORC
istribution is plotted, in another common usage their coordinates are transformed
o: HC = (Hb − Ha)/2 and HU = (Hb + Ha)/2.

For this last description, the main axes are rotated 45◦ and HC = 0 corresponds
o  reversible interactions while HU = 0 indicate a null local mean field at the particle
osition [8]. On the other hand, any vertical line at Ha–Hb plane corresponds to
U = −HC and it can be interpreted as a distribution with a demagnetizing local mean

eld (as it will be expected for systems where their particles are subjected to dipolar

nteractions).
From here on, the samples will be denoted as XXYY, with XX = at.% Fe and

Y  = at.% Co. For instance, the sample 6510 refers to a ribbon with 65 at.% of Fe and
0 at.% of Co.
ated in this work. In each case, the resistance value is normalized to its corresponding

3. Results and discussion

The LVC-JH treatment is computer controlled, so it is possible the
on-line analysis of R(I) curves and, therefore, to precisely determine
a current value to interrupt the annealing (Ifinal). Fig. 1 shows R(P)
curves, where P stands for the Joule power (I2R). All the samples
investigated in this work showed the same qualitative behaviour.
This is, firstly a fast resistance reduction mainly attributable to
changes in the contact resistance by removal of surface oxide
layers followed by residual stress relaxation. A new resistance
drop indicates the beginning of crystallization corresponding to
the intermediate metastable phases. After this, follows a gradual
increase in the resistance originated in nucleation, diffusion and
grain growth that finalizes in a sharply resistance enhancement
indicating the starting of secondary crystallization.

As it can be observed from the corresponding XRD results (see
Fig. 2) and also confirmed by ME,  all the entire process corresponds
to an irreversible transformation, including the nearly linear vari-
2 (degrees)

Fig. 2. XRD patterns for 6015 sample treated until different Ifinal values (from top to
bottom, they correspond to P = 1 W,  2.3 W and 7 W).
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Table 1
Magnetic properties of each composition sample with optimal response.

Sample/Ifinal (A)–P (W)  HC (Oe) �0MS (T) MR/MS BHMAX (MGOe)

7203/0.50–1.45 2660 1.37 0.695 9
ig. 3. Mössbauer spectra for 7203 and 6015 samples treated until indicated Ifinal and
emnant phase.

rystalline phases and fully (secondary) crystallization was
bserved for Ifinal = 1 A (7 W).  Mössbauer spectra of all the sam-
les that showed high coercivities for each composition confirmed
hat an evolution of crystallization in the middle range of power
ccurred, rather than a linear trend of resistance originated in a
etallic thermal dependence (TCR). Fig. 3 shows the ME  spectra of

015 and 7203, both annealed up to the Ifinal values which corre-
pond to the highest coercivity for each ones. In accordance with
(P) curve description, XRD and ME  measurements revealed that
ibbons annealed until low Ifinal values have a great remnant amor-
hous phase (see Figs. 2 and 3). On the other hand, it was detected,
y ME,  the partial dilution of Co atoms in the bcc-Fe structure.
his fact, can be concluded by the presence of a magnetic sex-
et (Bhf ∼ 35T) which has different relative proportions with the
orresponding to bcc-Fe (33T), depending on the composition.

At the beginning of crystallization the Joule heated samples
how the nucleation of a minority hard magnetic phase (�-phase),
cc-Fe and t-Fe3B. At intermediate applied currents, the best mag-

etic properties were found beside the great amount of remnant
morphous phase. Table 1 enumerates the magnetic properties of
hese samples. Room temperature hysteresis loops for the samples
orresponding to the discussion of Fig. 3 are shown in Fig. 4.

Fig. 4. RT hysteresis loops, corresponding to the samples 72
7005/0.55–1.6 2640 1.25 0.690 7.9
6510/0.45–1.7 2620 1.38 0.660 8.3
6015/0.50–1.53 2475 1.28 0.750 10.3

Following the magnetic behaviour by FORC diagrams for the
optimized treated samples listed in Table 1, at a first glance, they
look as having nearly similar characteristics. For both samples, we
confirmed the existence of an interaction region of both phases,
being the interaction present as a biasing field for the soft phase
and a coercivity reduction for the hard one [9].  However, as it can
be seen in Fig. 5, for samples that we found as having the highest
(7203/0.5 A–1.45 W)  and the lowest (6015/0.5 A–1.53 W)  coerciv-
ities, the diagrams show a significant difference: 6015 exhibits
a higher maximum near to origin of HC − HU plane (follow from

Ha = 0 with a perpendicular line intersecting the 45◦ limit of the
diagram) when heated up to 0.5 A–1.53 W (see Fig. 5, left). This
fact explains the best squareness and highest BHMAX that shows its
hysteresis loop (MR/MS = 0.75 and 10.3 MGOe, respectively). In fact,

03 and 6015 treated until indicated Ifinal and P values.
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Fig. 5. 2D and 3D FORC diagrams for samples: 6015 (left) and 7203 (right), both treated until Ifinal = 0.5 A (P = 1.53 W and 1.45 W,  respectively).

Fig. 6. 2D and 3D FORC diagrams for sample 7203: treated until Ifinal = 0.7 A (P = 3 W,  left) and treated until. Ifinal = 0.5 A (P = 1.45 W)  and measured at 20 K (right).
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emanence enhancement occurs for appropriated relative fractions
f well coupled hard and soft phases in ferromagnetic materials
10]. Likewise, we can also observe that the maximum correspond-
ng to 6015 sample is broader than 7203. This is an indication that
he switching fields are extended longer.

Higher final currents promote the magnetic softening of the
amples as it can be observed from the FORC diagram correspond-
ng to sample 7203 treated until Ifinal = 0.7 A (2.95 W),  with its

aximum near to 1500 Oe (see Fig. 6, left). The sample with the
ighest coercive field (7203/0.5 A–1.45 W)  also shows a FORC dia-
ram characteristics of a soft magnetic material when it is measured
t 20 K (see Fig. 6, right). The exchange length governs the interac-
ion range between soft phases. This is mediated by the hard grains
recipitated at the remnant amorphous matrix in the ribbons. The
verage exchange length [11] can be approximated as it is indi-
ated in Eq. (2).  At low temperature, stiffness in the soft matrix is
ncreased in a more intense way than the hard phase anisotropy
oes. By this way, the coercive field falls for low temperature.

ex =
√

Asoft

Khard
(2)

. Conclusions

Joule heating of Nd4.5Fe72−xCo3+xCr2Al1B17.5 (x = 0, 2, 7, 12) pro-
oted crystallization of a hard magnetic phase in amorphous

recursors produced by melt-spinning. Selection of the maximum
pplied current in the LVC-JH technique allowed us to analyze the
tructure and magnetic response of the materials. We  found that

eside the remnant amorphous matrix a magnetic hardening is
resent, originated in the precipitation of the hard magnetic phase
t the first stage of crystallization. From their FORC diagrams, we
etected a maximum for the distribution corresponding to hard

[
[
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and soft magnetic components that are exchange coupled between
them. The distribution is elongated along a line that is parallel to the
vertical axis of Ha–Hb plane, which gives an idea of a dipolar charac-
ter in the interactions. Over annealed samples have FORC diagrams
with this maximum shifted to the left in concordance with a lower-
ing in the coercive field of their hysteresis loops. Low temperature
measurements promoted a magnetic softening of the sample, cor-
responding to an increase in stiffness of soft phases and amorphous
matrix.

For the set of final currents applied in this work, we determined
that the sample Nd4.5Fe60Co15Cr2Al1B17.5 treated at Ifinal = 0.5 A
(1.53 W),  corresponds to the best magnetic properties, with
BHMAX = 10.3 MGOe, HC = 2475 Oe and a MR/MS = 0.750.
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