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Abstract Magnetic thermogravimetric analysis (TGM)

was used to investigate the influence of the milling time

(tmill) in the Curie temperature (TC) of nanocrystalline

powders and of a melt-spun amorphous ribbon with com-

position Fe56Co7Ni7Zr10B20. The TGM analysis was car-

ried in a continuous flow of 99.99% pure argon from room

temperature up to 1250 K. A magnetic field of 100 Oe was

applied throughout the measurements. Nanopowders of

Fe56Co7Ni7Zr10B20 were produced by mechanical alloying

the samples in an argon atmosphere for milling times

ranging from 1 to 100 h. The samples were characterized

by X-ray diffraction and by scanning electron microscopy.

The average particle size decreased from 45.4 nm for a

powder milled for 1 h to 5 nm after being milled for 100 h.

Moreover, TC (=1126.4 ± 4.4 K) was found to be nearly

independent of tmill while for the melt-spun amorphous

ribbon it was found to be substantially smaller

(TC = 482 K). This is a clear indication that TC is quite

sensitive to the degree of amorphosity present in the

sample. The activation energy associated to the crystalli-

zation process was estimated from DSC data by using the

Kissinger’s method to be 193 kJ/mol.
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Introduction

Mechanical alloying (MA) was found to be a sample

preparation technique which allows one to produce several

classes of materials [1]. Essentially, in a MA a precursor

powder is continuously fractured and cold welded. This

favors a decrease in the average particle size which, in turn,

helps the diffusion process and the formation of a desired

alloy composition. It is also possible to produce amorphous

materials by MA but usually it is a somewhat more difficult

to synthesize them due to the formation of solid solutions

in the first hours of milling [2]. However, multi-compo-

nents metastable alloys can be produced after long milling

time using high energy ball mills [2–4]. In a study by Liu

and Chang [5], the thermal stability of a family of alloys

with composition Fe70-x-yCoxNiyZr10B20 obtained by MA

was evaluated. They demonstrated that amorphous phases

could be formed for a Co-free alloy composition and for

alloys with Ni/Co ratios of 1:1 and 1:3. Magnetic ther-

mogravimetric analysis (TGM), on the other side, was

shown to be suitable for measuring critical temperatures of

magnetic materials [6]. This is particularly important at

high temperatures where other techniques are not so easy to

be implemented or high applied magnetic fields are

required. For instance, TGM has been used to study the

magnetic permeability of soft ferromagnetic alloys and to

determine their Curie temperatures (TC) [7], to study the

amorphous nanocrystalline transformation [8], and to

measure TC
0s in nanocrystalline alloys [9]. Moreover, a

modified TGM analysis was developed by Luciani et al.
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[10] which allows one to measure the magnetic suscepti-

bility using this kind of technique as well.

In this study, the TGM analysis was employed to study

the effect of the milling time (tmill) in the Curie temperature

(TC) of a series of nanopowders with composition of

Fe56Co7Ni7Zr10B20. Amorphous ribbons with the same

sample composition were also produced but using a melt-

spinning technique for comparison. The samples were

characterized by X-ray diffraction (XRD) and by scanning

electron microscopy (SEM). The thermal stability was

investigated using differential scanning calorimetry (DSC).

Experimental procedure

Blended elemental powders of Fe (99.5%, 100 mesh), Co

(99.9%, 100 mesh), Zr (99.5%, 100 mesh), Ni (99%, 100

mesh), B (99.7%, 325 mesh) were milled in a Fritsch

Pulverysette-5 planetary mill with vials and balls made of

stainless steel. The elements were stoichiometrically

weighted to yield an alloy with nominal composition of

Fe56Co7Ni7Zr10B20. The milling ball-to-sample weight

ratio (MB:MS) was set to 5:1, while the rotation speed

was fixed in 300 rpm. The millings were made under an

argon atmosphere and tmill was varied in the interval

1–100 h. Small amounts of the milled powder were col-

lected after pre-defined time intervals for structural and

thermal analyses. The remained powder is then further

milled for another time interval. We believe that this

procedure reduces composition variation associated to the

preparation of the starting blended powder. An amorphous

ribbon with the same nominal composition was prepared

using a melt-spinning technique with the copper wheel

rotating at a speed of 2800 rpm. The precursor alloy used

in the melt-spinning was prepared by melting a pellet

made with the starting blended powder in an arc-furnace

under an inert atmosphere of argon. The pellet was melt

for five times to increase its homogeneity. The powder

samples structure and composition were analyzed by

XRD using a Bruker–Siemens D5000 diffractometer with

Cu-Ka radiation. The full width at a half maximum

(FWHM) of the peak corresponding to the a-Fe phase

(main solvent element) was used together with Scherrer’s

formula [11] to determine the average particle size. The

instrumental broadening used to correct the peak with of

the milled samples was determined from a XRD mea-

surement performed in a powder quartz sample. The

average micro-strain introduced by the milling process

was also determined as a function of the tmill using

Williamson–Hall plots [12]. The morphology of the mil-

led powders was observed using a JEOL 5900 SEM.

The thermal analyses were made using a thermal ana-

lyzer Labsys Evo system (made by SETARAM). The

thermogravimetric (TG) and the differential-thermal

(DTA) analyses and the DSC measurements were made

using a Labsys Evo system (by SETARAM) under a con-

tinuous flux of 99.995% pure argon passing through the

sample-probe space. Crucibles and lids made of alumina

and powder samples weighting in the range 20–30 mg were

used throughout the measurements. The Curie temperature

was determined by applying 100 Oe magnetic field at the

sample space, while the sample weight was measured as a

function of the temperature (T). The applied magnetic field

was generated by a 2-cm thick NdFeB toroidal hard magnet

with internal and external diameters of 8.5 and 17.0 cm,

respectively. The magnetic force component added to the

sample weight while it is in the ferromagnetic phase nearly

vanishes at TC. Baselines were obtained by performing the

measurements in the absence of the applied field for cor-

recting the magnetic data. The TGM system was tested by

measuring TC of powders of high purity (99.99%) Ni, Fe,

and Co yielding 632, 1043, and 1390 K for the critical

temperatures, respectively. These values agree well with

the ones reported in the literature [13, 14].
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(f) Fig. 1 XRD patterns for as-

blended (a) and for powder

samples of Fe56Co7Ni7Zr10B20

alloys milled for 10 (b), 30 (c),

and 100 h (d) and for an

amorphous ribbon with the

same sample composition (e).

Two SEM micrographs for

powder samples milled for 1

and 50 h are shown in (f) and

(g), respectively

826 G. F. Barbosa et al.

123



Experimental results

Representative XRD patterns obtained for the blended and

for the as-milled powders for milling times of 10, 30, and

100 h are shown in Fig. 1a–d. For comparison, the pattern

for the amorphous ribbons is also shown in Fig. 1e. The

spectra were multiplied by different factors to help one to

better visualize the relative peak intensities in each of the

diffractograms and the increasing in the width of the peaks

due to the milling process. It was observed that most intense

peak corresponding to the a-Fe (110) component becomes

broader while its intensity decreases with increasing milling

time. The average crystallite size (D0) was found to decrease

from 45.4 nm for the sample milled for 1 h to 5 nm after

milling the sample for 100 h. The average micro-strain (e)
was also obtained. It was found that e increases monotoni-

cally with the milling time. The increasing in e results mostly

from plastic deformations introduced by mechanical colli-

sion between the grinding elements (balls and vessel walls)

and the powder. The XRD analyses are summarized in

Fig. 2. It is important to notice that the powder milled for

100 h has a single broad peak XRD pattern which resembles

the one for the amorphous ribbon. The morphology of the

particles was investigated by SEM. Two micrographs for

powder samples milled for 1 and 50 h are shown in Fig. 1f

and g, respectively. They indicate that the morphology

evolves from aggregate of small particles to a set of plastic-

deformed and flattened grains.

Figure 3 shows DSC data for the powder samples milled

for 10, 30, 50, 70, and 100 h. The DSC data were recorded

from room temperature to 1273 K in the heating mode at a

rate (b) of 0.167 K/s. The indication of Tg, Tx, and Tp in

Fig. 3 followed those established by other authors and are

in good agreement with the values obtained for material

with sample composition close to the ones reported in this

study [15, 16]. In order to verify that the samples indeed

crystallize above Tx we performed room temperature XRD

measurements after thermal cycling the samples. The

X-rays spectra for a sample milled for 100 h before and

after a thermal cycle are shown in Fig. 4a, b. It is important

to notice the appearance of several peaks due to the for-

mation of a solid solution in Fig. 4b, while the most intense

peak becomes less broader than the corresponding one in

Fig. 4a. DSC data for b = 0.133, 0.167, 0.200, and

0.250 K/s are also presented for the sample milled for

100 h in Fig. 5. This set of curves allows one to determine

the glass transition temperature (Tg), the crystallization

temperature (Tx), and the crystallization temperature peak

(Tp) as a function of the heating rate as shown in Fig. 6.

Moreover, the activation energy associated to the crystal-

lization process was estimated to be 193 kJ/mol using

the Kissinger’s method, e.g., from the slope of a plot of

ln[b/Tp
2] versus Tp

-1 [17]. The TGM data obtained for the

milled powder samples yielded values for TC varying in the
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Fig. 2 Average crystallite size (left hand side scale) and average

micro-strain (right hand side scale) as function tmill for powder

samples of Fe56Co7Ni7Zr10B20
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Fig. 3 DSC data for a heating rate b of 0.167 K/s and for powder

samples milled for 10, 30, 50, 70, and 100 h
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Fig. 4 X-rays spectra for a sample milled for 100 h before (a) and

after thermal cycling (b) the sample at a heating rate of 0.167 K/min

Influence of milling time in Curie temperature of Fe56Co7Ni7Zr10B20 827

123



range 1122.0–1130.8 K. This variation is more likely to be

associated to the uncertainty inherent in the determination

of TC plus the error introduced in subtracting the TGM

background. However, the Curie temperature for amor-

phous ribbon was found to be 482 K which is substantially

smaller than values for the nanocrystalline powder sam-

ples. A TGM set of data for the powder sample milled for

100 h and for a melt-spun amorphous ribbon (inset) is

shown in Fig. 7. TC was measured for different heating

rates, but no significant variation was observed. This is a

somewhat expected result since TC is a thermodynamical

parameter which depends mainly on the magnetic inter-

action among spins of nearest neighbors and its dynamics

is substantially faster than the structural dynamics.

Discussion and conclusions

The XRD data showed that powder milled for 100 h the

average particle size becomes quite reduced (5 nm). The

XRD diffractogram did also show that the pattern for this

sample is essentially made of a quite broad single-peak

while a well-defined glass-to-crystalline (Tg) transition

temperature was found to be present in the DSC curves.

These features are signatures that have been used to

assume that the sample is near a transition to an amorphous

phase. However, as seen in the XRD spectra for an

amorphous sample with the same sample composition the

peak for an amorphous phase is significantly broader than

the one observed for samples milled for long periods of

time. Furthermore, by measuring TC as a function of the

milling time it was found that this parameter varied little

with tmill and it remained substantially higher than the

value obtained for the amorphous ribbon (482 K). This is

true even for the powder milled for 100 h and indicates

that this sample is far from being amorphous despite of the

signatures present in the XRD and in the DSC data. Thus,

the Curie temperature showed to be a parameter which can

be used to evaluate the degree of amorphosity in ferro-

magnetic samples. TC, like many other magnetic parame-

ters, is strongly influenced by the crystalline structure and

more particularly by local and short range interaction and

can be readily measured by TGM. The glassing and the

peak of the crystallization temperatures were found to vary

monotonically with the DSC heating rate while the crys-

tallization temperature remained invariant with b. More-

over, the DSC data yielded 193 kJ/mol for the activation

energy associated to the crystallization process in powder

samples of the Fe56Co7Ni7Zr10B20 alloy prepared by a

milling technique.
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Fig. 5 DSC data for a powder sample of the Fe56Co7Ni7Zr10B20 alloy

milled for 100 h for heating rates b of 0.083, 0.133, 0.167, 0.200, and

0.250 K/s
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Fig. 6 Tg, Tx, and Tp determined from the DSC data versus the

heating rate b for the powder sample milled for 100 h
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Fig. 7 TGM data for a powder sample of the Fe56Co7Ni7Zr10B20

alloys milled for 100 h. The inset is the TGM data for a melt-spun

amorphous ribbon with similar composition
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