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a b s t r a c t

Nanostructured Nd60Fe30Al10 magnetic alloys were obtained by melt spinning at a tangential wheel
speed of 5 m/s. Magnetic and stress relaxation processes were investigated in the as cast condition.
Low frequency mechanical spectroscopy studies (dynamic elastic torsion modulus and internal damping
measurements) were conducted at fixed frequencies between 0.1 and 1 Hz, in the range [150–480 K].
The low temperature internal damping and dynamic elastic modulus exhibited a large heating–cooling
eywords:
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echanical properties

nternal damping
ynamic elastic modulus

hysteresis and two damping peaks: one due to a stress induced relaxation mechanism operating near
200 K [1 Hz] and another one, at about 260–270 K, which could not be correlated with any step in the
modulus, indicating that it is not anelastic in origin. The high temperature damping was described by
an exponential background and a broad peak contribution centered at about 400 K (1 Hz). The resulting
maximum is frequency dependent, but it is little sensitive to applied fields up to 30 mT. On contrary, the
elastic modulus behavior associated to this maximum resulted largely affected by frequency, the external
fields and the magnetic state of the sample.
. Introduction

It has been demonstrated that rapidly solidified Nd60Fe30Al10
ulk metallic glass (BMG) alloys are not entirely amorphous
aterials. For this composition the microstructure consists [1–3]

f nanoscopic Nd-rich phases (hcp Nd, Nd(Fe,Al)2, �-NdFeAl
hase) embedded in a major ferromagnetic Fe-rich amorphous
hase, also containing small clusters of the �-NdFeAl phase
4]. The relatively high coercivity of these largely amorphous
lloys has been attributed to strong pinning of domain walls
y well dispersed, small Nd-rich nanophases [2] or to magnetic
xchange coupling between the ferromagnetic clusters and these
ntiferromagnetic (Nd(Fe,Al)2, �-NdFeAl) nanoscopic phases
3].

In addition to the hard magnetic properties, these BMG alloys
re found to show extensive stress and magnetization relaxation
ear room temperature, even at small or even zero internal fields.

t is found that thermal activation of magnetization mechanisms

s quite efficient as indicated by the large values of the mean
uctuations field measured (of about 14 mT at the coercive field
5]). The stress relaxation mechanisms, on the other hand, are
esponsible for the relatively large internal damping (ID) measured
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and the interesting dynamic elastic modulus behavior between
150 and 500 K [6], for a quite large frequency range [0.01 Hz to
1 kHz]. These previous mechanical spectroscopy results showed
an ID peak near 200 K (1 Hz) originated in a relaxation mechanism,
and a broad frequency independent maximum at about 270 K,
tentatively associated to � phase small particles, antiferromagnet-
ically ordering below 250 K [3]. Above room temperature the ID
spectrum was found to increase monotonously with temperature
and show frequency dependence, but it was little sensitive to an
applied field up to 30 mT. The dynamic elastic shear modulus G was
found to undergo the classical step associated to anelastic relax-
ations at 200 K (1 Hz), but it exhibited large anomalies between
the temperatures of magnetic ordering of the � phase (250 K) and
that of the Fe-rich � phase (460 K).

In this article we report new details concerning the ID and
modulus G as functions of temperature in a Nd60Fe30Al10 alloy
processed by melt spinning at a wheel speed of 5 m/s.

2. Experimental procedures

Ingots of Nd60Fe30Al10 alloy were processed from the elements Nd (99.95%),
Fe (99.99%) and Al (99.99%) in an arc furnace under Ar atmosphere. They were

then melt spun at tangential wheel speeds of 5 m/s (V5) to obtain ribbons 2–3 mm
wide and 150 �m thick. Magnetic measurements were conducted in a VSM mag-
netometer for fields up to 1.5 T, at 300 and 480 K. The internal damping ID and the
dynamic shear modulus G were measured as functions of temperature in an auto-
mated sub-resonant forced torsion pendulum at fixed frequencies between 0.1 and
1 Hz [150–500 K],

http://www.sciencedirect.com/science/journal/09258388
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The ID spectra are analyzed considering peak contributions (IDP) superimposed
o a background (IDB) given by [7]:

DB = a0 + a1

T
exp

[
− �GB

kBT

]
(1)

DP = IDMAX
1

cosh
(

�GP
kB

(
1

TP
− 1

T

)) (2)

here a0 and a1 are constants, IDMAX the peak height, �GB and �GP are the acti-
ation energies of the mechanisms contributing to the background and the peak,
espectively, and kB and T are the Boltzmann constant and the absolute temperature.

The thermally activated magnetic relaxation was characterized by estimat-
ng the mean fluctuations field �0Hf = − (∂Hi/∂ ln R)|j from major hysteresis loops
(Hi), traced at different field rates R as described in [5]. This fictitious field mea-
ures the effect of thermal fluctuations on the stability of the sample magnetic
olarization.

. Results and discussion

The room temperature values of the mean fluctuations field is
hown in Fig. 1, as a function of the applied field, together with
he hysteresis loops measured at two temperatures: one above
483 K) and another one below (300 K) the Curie temperature of
he Fe-rich phase (TC = 460 K). As expected, the sample is para-

agnetic at high temperature and hard ferromagnetic below TC.
he actual value of the fluctuations field is 14.5 mT at the coercive
eld, which leads to an activation length of 7 nm if the spon-
aneous polarization of the � phase is considered (Js = 0.85 T). It

ay be observed that the fluctuations field is quite large at zero
pplied field, suggesting that thermally activated changes in the
agnetic microstructure are relatively easy near and above room

emperature.
The low temperature ID spectra and the corresponding dynamic

hear modulus G, measured at three different frequencies, are
hown in Fig. 2. The spectra measured during heating are plot-
ed after subtraction of a background increasing with temperature
iven in Eq. (1). The peak observed at 200 K (1 Hz) shifts to lower

emperature when the measuring frequency decreases and it is
ccompanied by a sharp step in the elastic modulus confirming
hat it originates in an anelastic relaxation mechanism. Assuming
hat it is the same peak previously observed at 280 K (1090 Hz)
6] the activation energy was estimated from the Arrhenius plot

ig. 1. (a) Hysteresis loops showing a hard ferromagnetic behavior at 300 K and
paramagnetic one at 483 K, above the Curie temperature (460 K). (b) The mean
uctuations field as a function of the applied field, measured along the major demag-
etization loop.
Fig. 2. (a) Dynamic shear modulus G as a function of temperature during ther-
mal cycles at different frequencies. (b) ID spectra measured during heating. Inset:
Arrhenius plot corresponding to the ID peak at 210 K (1 Hz).

shown in the inset of Fig. 2b. The peak temperatures are differ-
ent for heating and cooling measurements, so the peak parameters
resulted �GH = 51.7 kJ/m (0.54 eV) and �0H = 10−12±1s during heat-
ing and �GC = 46.3 kJ/m and �0C = 10−11±1s during cooling. These
parameters are consistent with a stress induced relaxation mech-
anism, controlled by interstitial atomic diffusion, more likely of H
atoms [8].

As previously reported [6], local ID maxima are also detected in
the temperature range between 240 and 270 K. After background
subtraction, it is clear that peak heights increase as the measure-
ment frequency decreases. Such contributions, found in the same
temperature range for frequencies between 0.01 Hz and 1 kHz,
are likely to originate in a structure or magnetic transformation.
The large increase in the dynamic shear modulus detected dur-
ing heating is reproducible during subsequent measurements, and
it becomes more evident as frequency decreases to 0.01 Hz. This
modulus behavior is characteristic of transformations and may be
connected with the paramagnetic � phase small particles, which
order antiferromagnetically below 250 K [3], as previously sug-
gested.

The ID and the relative elastic shear modulus measured during
heating and cooling the alloy above room temperature up to 500 K
are shown in Fig. 3. These curves are practically reproduced dur-
ing subsequent measurements. No large structural changes were
detected during these thermal cycles, as shown by the DSC curves
measured during the first and the second heating of the as cast
alloy, indicating that damping is not due to irreversible changes
in the atomic microstructure. The ID and the elastic modulus G
both showed heating/cooling hysteresis, being particularly large
in the modulus below the Curie of the � phase, indicated in the
plot by the vertical line. In this high temperature range the ID
spectra were not well fitted by only an exponential background
as that given in Eq. (1), being the low temperature flank of a high
temperature peak [6]. Instead, it was necessary to consider the

superposition of a background and a broad maximum near 400 K
(1 Hz). Fig. 4 illustrates the maximum resulting after background
subtraction (Fig. 4a) and the elastic modulus (Fig. 4b), measured
during cooling from 500 K. It may be observed that small magnetic
fields slightly affect the maximum position and height, and that it
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Fig. 3. Internal damping ID (a), the relative shear modulus G/G298 measured during
heating and cooling the alloy between 300 K and 500 K (b), and the DSC heat flux
(c), measured during the first and the second heating of an as cast sample.

Fig. 4. Internal damping ID after background subtraction, measured during cooling,
for different frequencies and applied magnetic fields and the corresponding relative
elastic shear modulus G/G480.
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shifts to lower temperature when frequency reduces. The dynamic
modulus dependence on frequency, field and temperature is quite
complex, and cannot be systematized by a simple anelastic relax-
ation mechanism. It is then confirmed that the major anomalies in
the modulus coincide with the local maximum in the internal dissi-
pation detected between the two Curie temperatures of the � phase
(250 K) and that of the Fe-rich � phase (460 K). In this range small
paramagnetic Nd-rich phases (2 nm [3]) are finely dispersed in a
Fe-rich matrix containing ferromagnetic clusters of the �-NdFeAl
phase.

4. Conclusions

The low frequency internal damping spectra of Nd60Fe30Al10
magnetically hard alloys could be described, in the temperature
range between 150 and 500 K, as the superposition of four contri-
butions: an exponential background, continuously increasing with
temperature, a relaxation peak at 200 K, involving interstitial dif-
fusion of H atoms, and two broad damping maxima, with large
anomalies in the dynamic modulus G associated to them, lying at
about 270 and 400 K.

The maximum at 270 K is tentatively associated to the magnetic
ordering of the � phase, while the origin of the other one, covering
practically the temperature range between room temperature and
the magnetic ordering temperature of the �-like phase, remains
unclear.
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