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It is generally accepted that measurements of the magnetic properties are more sensitive than
measurements of the enthalpy changes in the detection of the onset of crystallization of
ferromagnetic phases emerging from a paramagnetic amorphous alloy. In this work, it is shown that
the formation of a very fine nanocrystalline microstructure can make this assumption incorrect.
Under some circumstances, the nanocrystallization onset temperature obtained from magnetic
techniques is higher than the one obtained from enthalpy changes. The phenomenon is explained in
terms of the superparamagnetic behavior of the uncoupled nanocrystals at the very early stages of
nanocrystallization. €005 American Institute of PhysidDOI: 10.1063/1.1849826

I. INTRODUCTION ferromagnetic phaséa-Fe-typg embedded in a residual
amorphous matrix, also ferromagnetic but with a IoW@r3
A widespread technique to obtain nanocrystalline alloysThis microstructure facilitates the averaging of the magneto-
is the controlled partial crystallization of a precursor amor-crystalline anisotropy due to the exchange coupling of the
phous alloy with a suitable composition. The optimization ofnanocrystals via the ferromagnetic amorphous matrix. The
the material properties requires an accurate determination e&éduced value of the overall anisotropy is responsible for the
the onset temperature of nanocrystallizatidg, This param-  outstanding soft magnetic properties exhibited by these
eter, which depends on the heating rate due to the thermallgiloys” The difference in the nanocrystallization onset tem-
activated character of the devitrification process, can be diperatures obtained from the calorimetric and magnetic tech-
rectly measured from enthalpy changes. However, indirechiques will be analyzed taking into account the possibility of
measurements, like changes in the electrical resistivity or ifa superparamagnetic behavior of the emerging monodomain
the magnetic properties due to the formation of a new phasaanoparticles embedded in the paramagnetic amorphous
are claimed to be more sensitive than calorimetric measurenatrix.
ments for the detection of the emerging crystaldis attrib-
uted higher sensitivity is in agreement with the fact that the
onset temperature extracted from magnetic techni¢ug¥) Il. EXPERIMENT
is usually lower than the one obtained from differential scan-
ning calorimetry(T259).! Magnetization measurements are  Samples of FgCo,NDbgB1Cly,  FesCoaNDsB 16
especially useful whefiy is above the Curie temperatufg  (Hitperm-type alloyy and Fe,Si;NbsBsCu, (Finemet-type
of the amorphous phase. In this case, a zero signal is olwere studied. They will be denoted in the following as
tained previous to the onset of crystallization and the signaCu-HT, HT, and FM, respectively. Ribbons 5—10 mm wide
increases as the crystalline volume fract¥rincreases, al- and 10—20um thick were produced by melt spinningk>°
lowing detailed kinetic studies of the transformatfon. was measured by differential scanning calorimé®$CO) in
In this paper we report experimental results indicatinga Perkin—Elmer DSC7 calorimeteTy?d was measured by
that, under some circumstances, the assum@BH<TY>®  thermomagnetic gravimetfTMG) in a Perkin—Elmer TGA7
is no longer true. For this purpose, Fe-based nanocrystallingiermobalance using a small magnénhaximum field
alloys have been studied. Their characteristic microstructure-20 mT). Both measurements were performed at heating
consists of randomly dispersed crystallites10 nm of a  rates of 10 K/min. A vibrating-sample magnotemei¢gM)
was used to study quantitatively the dependence of the mag-

3 Author to whom correspondence should be addressed; F/84¢-95/461-  Netic signal W_ith the applied magnetic fie_IBt0.00Z, 0.02,
2097; electronic mail: conde@us.es and 0.2 T, using a heating rate of 5 K/min.

0021-8979/2005/97(4)/044308/4/$22.50 97, 044308-1 © 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.1849826

044308-2 Blazquez et al. J. Appl. Phys. 97, 044308 (2005)

Ill. RESULTS ' T ' ' 7

The microstructure of the Cu-HT and HT alloys is simi- /
lar. Both develop a nanocrystalline-Fe,Co phase and
present the same crystalline volume fraction at the end of the
nanocrystallization proces(9<~0.63.5 However, the addi-
tion of 1 at. % of Cu in the Cu-HT alloy with respect to the
HT alloy provokes a strong refinement of the microstructure
through an enhancement of the heterogeneous nucleation due
to the formation of Cu clusters before nanocrystallizaﬁon.
Consequently, the mean grain sizes are very differént:
~5 nm for Cu-HT and~20 nm for HT In the case of the
FM alloy, the Cu-clustering phenomenon is also present, and
the mean grain size of the-Fe, Si phase at the end of nanoc-
rystallization is~15 nm? Although the Cu-clustering phe-
nomenon occurs in both the FM and Cu-HT alloys, a larger
grain size is obtained in the case of PM.lower Nb content 1 ™G
(3 at. %) with respect to that of Cu-HT6 at. %) and the N
presence of Si in the-Fe crystals could be the origin of this
larger grain growth in the FM alloys.

In order to calculate the crystalline volume fraction, both
calorimetric and magnetic measurements can be used. In the Temperature (K)
fIr,St case, the CryStalllne volume fraqﬂdncan be aSSOCIated FIG. 1. Thermomagnetic gravimettfMG) (dM/dt) and differential scan-
with the enthalpy changeX=AH), while for magnetic mea- ning calorimetry(DSC) (dH/dt) plots at a heating rate of 10 K/min. The
surements it is connected to the magnetizatigmcM). In TMG signal is obtained as the derivative of the experimektér) data for
fact, the magnetization of the nanocrystals depends on th" @pplied field of~0.02 T.
temperature but, in the case of isothermal experiments or for
small temperature rangéprovided that the Curie tempera- for the Cu-HT alloy. However, it cannot explain the differ-
ture of the phase is distant enoQigleasonable results can be ence between th&y values observed by DSC and TMG for
obtained by considering a temperature-independent magnetihe FM alloy, for which an even higher density of Cu clusters
zation of the phase. Under these conditions it can be assumd#an for the Cu-HT alloy is expectéd.
that the crystalline fraction is directly proportional to the  To investigate these differences in the crystallization on-
magnetization signal. Nevertheless, the relationship involvset detected by DSC and TMG techniques for the studied
ing enthalpy and crystalline fraction is also not exempt fromalloys, the applied magnetic field in the TMG measurements
criticisms, as it disregards the continuous compositionalwas changed to test its influence on the observed value of
change of the amorphous matrix along the nanocrystallizaTx > Table | showsTy values obtained by DSC and by TMG
tion process. The signal measured in a DSC run correspondtsing two applied fields controlled by the position of the
to the time variation of the enthalpy of the system during themagnet at the thermobalance: the maximum achievable field
transformationdH/dt. (high) and a field which supplies a signal equal to 10% of the

Both techniques, TMG and DSC, allow a very good con-maximum signaklow). It can be observed that whereas for
trol of the heating rate. Therefore, a comparison betwgen the HT and FM alloysTy® is almost independent of the
obtained at the same heating rate will give an idea of thdield, for the Cu-HT alloy,T3"*%is higher for low-field mea-
Sensitivity of the technique without being affected by theSUrementS than for hlgh-fleld ones. In the case of low-field
thermally activated character of the process. Figure 1 show@easurement]3*dis even higher than that observed from
the normalized DSC plotgpeak area=)lof the three as-cast the DSC measurements.
alloys, together with the normalized first derivative of the A quantitative study of the field dependenceTgfwas
TMG curves(at a field of~20 mT) with respect to the tem- done using a VSM. Figure 2 showd versus temperature
perature(the noise in these curves is due to the numericaPlots for the Cu-HT and HT alloys obtained for different
derivatives. The onset of crystallization is detected at a
lower temperature by TMG than by DSC. However, whereagABLE |. Values of Ty measured from DSC and TMG techniques at the
the difference inTy between both techniques is only of 3 K same heating rate,_lO K/min.‘High fi_eld corresponds to the positioning of
for the Cu-HT alloy, that difference clearly increases for thei_he magnet to obtain the maximum signal at room temperatu@) m).

. ow field is obtained for a signal equal to 10% of that maximum.
other two alloys, being~10 K.

To explain this effect, the Cu-clustering process before IO (22 K)  TI%(+2 K)
nanocrystallization in the alloys with Cu could be taken into Alloy Composition(at. %9 T3>C (+1 K) (high field  (low field)
account. The formation of this Cu-rich nonmagnetic phasé
S Cu-HT  FegCogNbgB1:Cuy 727 724 731
implies that an extra amount of enthalpy change would be Fe, CouNDByc 750 741 240
observed at a lower temperature. This could make the onset,, Fey,SiyNbyBCly 784 771 769
temperatures detected from DSC and TMG closer, as found

(=)

77 T T T

Registered signal ~ dX/dt (a.u.)
o
~
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! - '+,+'* ' taneous nucleation regime, i.e., the number of nanocrystals
5 F % Cu remains constant during the nanocrystallization. After this, it
0.15- ,’ i . is easy to obtain the value &, for each alloy: 0.01 and
. & 0.00016 nm® for the Cu-HT and HT alloys, respectively,
= .-' ; | which yields X~65% for a value ofD of 5 and 20 nm,
= 0107 i) R respectively. The value ah can be obtained as the number
= . A of atoms in the nanocrystal times its atomic magnetic mo-
0.05-1 f I . ment, which can be estimated as j2z2 The bcc unit cell
j ¢+"* Mu ] contains two atoms in a volume equal &, where a
0.00 L™ o ] =0.28625 nm is the lattice paramet&therefore,
—o— 0.002T ,'/ 0%Cu | m(D) = 2 &LB%W_DS (2)
d . .
0154 —+— 0027 ] gl a 6
a
—a— 0, / # . . — .
°— 027 2 At this point, magnetization can be obtained as a func-
£ 0.104 _/' tion of the grain size using Eql), whereN, would charac-
s ] terize the microstructure of each particular case. The next
& _-' step will be to relate the grain sif2to the temperature. This
0.051 can be done using the known kinetic parameters of these
alloys™'?and the Avrami equation. Although this equation is
0.00 valid for isothermal regimes, we are only interested in a very

700 720 740 760
Temperature (K)

small temperature range, just after the onset of crystalliza-

tion. Therefore, kinetic parameters will be used in the fol-
lowing with nsidering their thermal ndence.

FIG. 2. MagnetizatiorM(T) curves for F@OColngGBle_yCuy (y=0,1 al- 0 % thout .CO Sd? gt ebl'the a dlep_e dﬁ. CE

loys at a heating rate of5 K/min registered in the vibrating-sample mag- The Avrami equation establishes a relationship between

netometer(VSM) at the early stages of nanocrystallization using different the fraction of the pI’OCES% and the timet,

applied fields.
X =1-exg- (K", (3)

applied magnetic fields. Samples were heategt&tK/min.  whereK is the frequency factor and is the Avrami expo-
For the highest fieldB=0.2 T), even the paramagnetic ma- nent. The Avrami exponent is approximately 1 and is inde-
trix gives a nonzero signal. However, it is possible to distin-pendent of the temperature at the early stages of
guish a temperature at which the signal rises due to the onsghnocrystallizatiot? K follows an Arrhenius-type depen-
of nanocrystallization. In the case of the alloy without Cu, dence with the temperature,
T¥29=730+1 K and is independent of the applied field. On
the other hand, for the alloy with CT?% increases as the K =Ko exp(— Q/kgT), 4
applied field is decreased;*=707, 712, and 722+1 K for whereKj is a constant an@ is an activation energy. From
.B=0'2' 0.02, and 0.002 T, respectwtlal.y.. At first sight, th!sthe kinetic results,~ 103 s* andQ~ 2.4 eV?In the aim
Increase could be relatgd to the sensitivity of the measuring simplifying the calculations and taking into account that
equment. However, thls can be ruled out as the signal lev e are interested in a very small temperature range, the ther-
for a given field value is the same for both the Cu-HT and mal dependence ok has been neglected and a value of
HT samples and th&y increase as the applied field decreases _0.0004 st (at T=725 K) has been used’ =X/0.65 for
is only observed for the Cu-HT samples. both the studied alloys, thu$' =1 at the end of the nanoc-
rystallization. Fromt=(T-Ty)/3, and taking into account

IV. DISCUSSION (2) and(3),
An explanation of this effect may be found in the differ- B 3
ences observed in the microstructure of the studied alloys. At T=Tx- |” 1- ﬁN Y6 D ' (5)

the very beginning of nanocrystallization, very small crystals
are formed, which can be considered isolated and, thereforgshere Ty is 710 K for the Cu-HT alloy and 730 K for the
in a superparamagnetic state. The magnetization produced BT alloy, and 8=5 K/min, the same value as used in the
a monodispersed superparamagnetic system is described BYSM experiments.
_ Considering a sensitivity of the VSM device of

M =N,mLMBkeT), @D o1 memu, the detection limit of the magnetization will be
whereN, is the numerical density of particles) the mag- about 0.1 mT in the case of the studied sampksmple
netic moment of the individual particle® the magnetic mass~8 mg, density~7.8 g/cm®). Figure 3 shows the ef-
field, T the temperaturekg the Boltzmann constant, arld  fect of the applied field on the detected crystallization onset
the Langevin function. as is expected under the assumptions indicated above; ex-

Several assumptions may be made to have a view of thperimental values from Fig. 2 are also included. It can be
existing microstructure at the very early stages of nanocrysseen that the observed behavior is qualitatively reproduced.
tallization. A first approximation would be to consider instan- An important effect of the applied magnetic field is found for
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into account. On the other hand, as the crystalline volume
fraction increases, the interaction among the particles will
modify the magnetic response of the system from the simple
Langevin function used in this work. Nevertheless, the ob-
served trend is successfully described.

V. CONCLUSIONS

In conclusion, for a comparison of calorimetric and mag-
netic techniques as tools for detecting the crystallization on-
set, it has to be taken into account that the sensitivity of the
latter can be dependent, in some cases, on the applied mag-

netic field. The generally accepted idea that magnetic tech-
nigues have a higher sensitivity than the calorimetric ones is
FIG. 3. ExperimentalT§® obtained by vibrating-sample magnotemeter MOt necessarily true in presence of a very fine microstructure,
(VSM) measurementolid symbol$ and results of the modellizatighol- ~ which can produce a superparamagnetic behavior.

low symbols of Fe;CogNbgBy,Cu, (y=0,1) alloys as noninteracting
monodispersed superparamagnetic parti¢tesmerical densities\,=0.01
and 0.00016 nn¥ and crystallization onset temperatifig=710 and 730 K
for the alloys with and without Cu, respectivelirhe experimental symbols
are joined by lines as a guide to the eye.

applied field (T)
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