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The Thermal, Magnetic, and Structural
Characterization of the Crystallization
Kinetics of FggZr;B,Cu;, An
Amorphous Soft Magnetic Ribbon

A. Hsiao, M. E. McHenry, D. E. Laughlin, M. J. Kramer, C. Ashe, and T. Ohkubo

Abstract—The characterization of the crystallization ki-
netics of an amorphous soft magnetic alloy, RgZr;B4.Cu,,
called NANOPERM, is presented. Vibrating sample magne-
tometry (VSM), X-ray diffractometry, and differential scanning
calorimetry have been used to observe crystallization kinetics. The
VSM observations take advantage of the Curie temperature of the
amorphous phaseT; amorphous Of the NANOPERM alloy being
below its primary crystallization temperature T,,. This allows
for the volume of nanocrystals transformed in the crystallization
process to be inferred magnetically, as well as thermally and
structurally. The Johnson—Mehl-Avrami model for isothermal
crystallization kinetics is compared with the Kissinger model for
nonisothermal crystallization kinetics using data gathered from
the three characterization methods. Linear regression and non-
linear regression analysis of crystallization data for NANOPERM
ribbon and the significance of the values that describe them,
namely, the activation energy@ and the morphology indexn are
investigated for isothermal and constant-heating crystallization.
The activation energy for NANOPERM ribbon is presented here
to be in the range of @ = 2.8-3.4 eV, with the crystallization
kinetics proceeding by three-dimensional diffusion and imme-
diate nucleation, where the morphology index isn 1.5. A
time constant to account for initial nonisothermal conditions
during isothermal heating is introduced and determined to be
T = 120-200 s.

Index Terms—Activation energy, crystallization kinetics, differ-
ential scanning calorimetry, NANOPERM, vibrating sample mag-
netometry, X-ray diffractometry.

I. INTRODUCTION

exhibits excellent magnetic properties in its amorphous phase,
the crystallization kinetics represents the limit at which these
properties begin to deteriorate. Therefore, thermal stability
determines the magnetic stability of the amorphous phase of the
material. Second, for the case of alloys that exhibit excellent
magnetic properties in the two-phase nanocrystal-amorphous
matrix structure, control over the crystallization kinetics allows
for the ability to tailor the microstructure. The amount of
nanocrystals formed within the matrix can be controlled to
achieve the desired magnetic performance. The modes of
crystallization from the metastable amorphous state to the
stable crystalline state depend on various parameters, such as
the composition, the concentration of nucleation sites, diffusion
coefficients, the activation energy for diffusion, the free-energy
difference between amorphous and crystalline phases, and the
thermal history of the sample.

Il. MODES OFCRYSTALLIZATION AND FREE ENERGY
A. Polymorphous, Primary, and Eutectic Crystallization

In metallic glasses, there are three important modes of crystal-
lization that have been found to occur by nucleation and growth
processes, depending on the composition of a particular alloy.
Polymorphous crystallization describes the crystallization of
an amorphous phase to a crystalline one without any change in
the composition of that phase. There is no concentration differ-
ence across the reaction front because the concentration does not

HE understanding of the crystallization kinetics of magchange Primary crysta!lizatipn describes the crystallization
netic amorphous alloys is of scientific interest for twd@®fan amorphous alloy in which a phase of one of the alloy con-

important reasons. First of all, for the case of an alloy thatituents is first to crystallize. This dispersed primary crystal-
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The Fe—Zr alloy system has an eutectic composition that is
close to the pure transition metal composition, i.e., that of a high
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quantitatively described. The peak temperatifferefers to

the change in heat content due to the change in the thermal
properties of the sample when a reaction occurs in differential
thermal calorimetry. Kissinger first established that the peak
temperaturel}, was dependent on the heating rateand that

the variation inZ}, could be used to determine the activation
energyQ for first-order reactions. He later extended this to
apply to reactions of any order [1].

=
o
:lg B. Johnson—Mehl—Avrami Model
T The Johnson—-Mehl-Avrami (JMA) model describes the
crystallization kinetics during an isothermal process. The JMA
[1] polymorphaus aystalization rate equation is derived assuming that the following conditions
[2] primary crystalizaion apply.

[3] eutectic crystalization

1) Nucleation and growth occur at a constant temperature,
0 20 i.e., isothermal crystallization.
Fe Zr 2) Nucleation is random throughout the bulk of the sample,
which is assumed to be infinite.
Fig. 1. Free-energy curves illustrating polymorphous [1], primary [2], and 3) Growth is isotropic until crystals impinge upon one
eutectic [3] crystallization of Fe—Zr. another.

) o ~ The JMA equation is sometimes rederived to match specific
Fe content. This means that the alloy can maintain the highggherimental conditions if these conditions are not satisfied. The

induction and can be quenched to directly obtain an amorphqisyme fraction transformed during crystallization is written as
structure. Zr serves as a glass forming element, and its large X =1 (= (k)] @
=1-—exp|—

atomic size can be expected to affect the interaction with Fe and
the mechanism for diffusion. When Fe—Zr liquid is quenched to which the volume fraction transformed;, as a function of

its metastable amorphous phaseFe is the first to crystallize in time ¢ is related to the rate constahf time ¢, and the mor-
the two-phase region. The kinetic steps of crystallization for thpology index». The value of the morphology index is indica-
eutectic composition of rapidly quench amorphougoh&re s tive of the dimensionality of, and the mechanism responsible

can then be described as for, the phase transformation occurring during crystallization.
Fey 2Zro.s (liquid) — Fey 2Zro s (amorphous) The rate constant can be written as
. o _QJMA
Feno.2Zrg s — a-Fe+ amorphous matrix k(T) = kjna exp <T> ©)
— a-Fe+ Fe3Zre +amorphous matrix whereks,, , is the rate constant coefficient a@y.s is the
— a-Fe+ FeysZrg. activation energy. Given the JMA model and the Kissinger

A schematic for the free-energy curves corresponding to t del, it is of interest to compare the activation energjes

three modes of crystallization is depicted in Fig. 1. Primary cryg- each.tThe T\O:pthczjllo?y |n(_je>€[,halso Iknown as trt]e Avr?rlrl
tallization of «-Fe occurs for any composition afz. in the exponentn, calcuiated irom isothermal experiments on the

region of the amorphous curve marked by points (a) and (P{F”a“_”g sample magnetometry (VSM) and the differential
Secondary crystallization of E€Zrg occurs for a composition canning calorimetry (DSC) can be compared also.

of xz, in the region of the amorphous curve marked by poin Nucleation and Growth Kinetics

(b) and (c). These crystallization events are metastable, with the ] o

equilibrium composition being &a-Fe + Fey3Zrg) phase as The fundamental importance of these empirical transforma-

represented by the line tangent to both th&e and Fg;Zrg  tion kinetics lies in coupling them with a model for nucleation
free-energy curves. and growth. The morphology index can be compared with

model-specific predictions of nucleation and growth kinetics

in which particle geometry is considered, as shown in Table I.

Other values of, are possible, for example, if the growth is not

A. Kissinger Model of Crystallization Kinetics of spherical particles. These experimental values serve to de-
The Kissinger model describes crystallization kinetics durirggribe the kinetics quantitatively.

continuous heating. The Kissinger equation
¢ Ox IV. EXPERIMENTAL ANALYSIS OF CRYSTALLIZATION KINETICS
In <—> — + constant Q)
I3

RT, A. Via Differential Scanning Calorimetry
relates the natural log of the heating rateand the peak  Six sets of NANOPERM ribbon were prepared, each with a
temperaturel}, to the activation energy?r, the ideal gas weight of 10 mg+ 2 mg. A heating rate was assigned to each
constantR, and 13,. The activation energy)x allows for sample, resulting in six different heating rates to be tested:
the energy barrier opposing the phase transformation to »8C/min, 5°C/min, 10°C/min, 20°C/min, 40°C/min, and

I1l. M ODELS OFCRYSTALLIZATION KINETICS
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TABLE | o o . . . .
NUCLEATION TYPES AND ASSOCIATED GROWTH GEOMETRIES = [ Fe. 7r.B.C
AND MORPHOLOGY INDICES 7t 5 4L g3y W ]
T o [ o
. Growth m) for chemical "\ ¢ diffusion 8 f

Nucleation Type reaction  (linear . ~ 3F 7]

Geometry (parabolic law) | i ]

law) g I i ]

Instantaneous Bulk 1-D growth 1 12 g s [ H ]

Nucleation (site ~ Bulk 2-D growth 2 1 N [ ‘ ]

R e o H 4

Saturation) Bulk 3-D growth 3 32 g 1k i k

Constant Rate Bulk 1-D growth 2 32 %0 :%“”e' amorphous Terystf 1 Teurie, cryst. ]

Homogeneous Bulk 2-D growth 3 2 2 0 s ) i.,.”‘v L U, L ]
Nucleation Bulk 3-D growth 4 512 0 200 400 600 800 1000

Temperature (°C)

Fig. 3. Magnetization versus temperature for NANOPERM ribbon.

at a saturation time of 2 h for the isothermal temperatures
of 490°C, 500°C, and 510C, and a saturation time of 1 h
for isothermal temperatures of 52Q, 550°C, and 570C.
From each curve, it was seen that the crystallization transfor-
mation occurred gradually, after an initial incubation time, at
isothermal temperatures lower than 510 At isothermal tem-
peratures greater than 590, it was observed that the reaction
occurred immediately. The presence of an incubation time at
lower temperatures suggests that a mathematical time constant
needed to be considered. This time constant would also account
for the presence of initial nonisothermal conditions in all runs
1IT_x 1000 (K" at all temperatures.
1) Linear Regression Analysis of JMA Isothermal Data to

Fig. 2. Kissinger plot of NANOPERM crystallization. The activation energypetermine the Activation Energ@;va: The JMA equation
Qis34eV. can be written with time as the dependent variable, where

is chosen from the experimental data. In this casechosen as
60°C/min. Each sample was heated from°®&to 580°C. the time where the inflection of eadil versus time isothermal
It was shown that the peak temperatdfg increases as the curve occurs. Thug,y; is the time at whichiM/dt (inferred
heating rate increases [2], suggesting a dependendg oh d.X/dt) is a maximum and
the heating rate of the sample. The temperature dependence of Quin
T, on the heating rate demonstrates that the Kissinger model In(tin) = RT )
of transformation can be used to relate the rate of heating t0 hRere() ., is the activation energy for the IMA moddt, s
activation energy and temperature. The activation energy frQfg jgeal gas constant, afidis the temperature of the sample
the Kissinger model was calculated to be 3.4 eV as shown[#) |nitial analysis using a linear regression fit to the line of

Fig. 2. This is the fitted value for the slope of a Kissinger ploln(tinf) as a function ofl /7" showed a poor fit, with a regres-

In /T,

where the regression coefficient wis = 0.999. sion coefficient ofR2 = 0.95. This suggested that a time con-
) stant7 needed to be considered for each isothermal experi-
B. Via Vibrating Sample Magnetometry ment to mathematically account for the physical representation

NANOPERM alloy has essentially zero magnetizationf the time needed for the sample to heat up to and match the
when heated to its crystallization temperature after passing éigperimental temperature. It is not negligible, orimmediate, for
amorphous Curie temperature, as seen in Fig. 3. As the aliegthermal runs at higher temperatures, namely, at&58nd
crystallizes, the magnetization is directly proportional to th&70°C. Linear regression fits withh = 60 s, 7 = 80, and
volume fraction of body-centered cubic (BC&)e that forms. = = 100 s at all six isothermal runs showed that, indeed, the
Thus, the volume fraction transformed can be determined atirae constant had significantimportance at higher temperatures.
fraction of time, since it is directly related to the magnetizatioHowever, a time constant of > 100 s, when the time max-
of the sample, making VSM an excellent method for observinghum rate of volume transformed at 570, is 120 s, indicates
crystallization kinetics. that a run at 570C does not proceed entirely under isothermal

Six samples of RgZr-B,Cu; NANOPERM ribbon were conditions. A series of linear regression fits were performed
prepared and heated at an isothermal temperature ranging fiagnain on the isothermal runs of 490, 500°C, 510°C, 520°C,
490°C for 4 h, 500°C for 4 h, 510°C for 4 h, 520°C for and 55C°C only. A linear regression fit for = 60 s, 7 =
3 h, 550°C for 2 h, and 570C for 1 h. The magnetization 80 s,7 = 100 s,7 = 120s,7 = 160 s, andr = 200 s
of each curve was normalized to the saturation magnetizatisimowed that the value for the activation energy increased and
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the linear regression coefficients increased systematically with TABLE I

increasing time constant. The time constant with the best fit MORPHOLOGYINDEX FROM LINEAR REGRESSIONANALYSIS OF JMA
. . CRYSTALLIZATION KINETICS FORNANOPERM

was 200 s. Similarly, a time constant greater than 60 s, when

thet;,s at 550°C is 227 s, indicates that the kinetics at 580 Temperature (K) Xine Morphology index (n)
are not entirely at isothermal conditions, and the data cannot k™ 743 490°c) 0.33£0.20 16403
considered in the analyses. 773 (500°C) 0.27£0.05 1.5+0.1

Linear regression fits to the three lowest isothermal temper g3 (5100 0.25£0.04 1440 1
atures were performed. The linear regression fitfor= 0 793 (520°C) 0.33+0.04 1.60.1
for temperatures 490C, 500°C, and 510C showed the best 823 (550°C) 0.33£0.06 1.6+0.1

fit with a regression coefficient ok? = 0.98 and a calcu-

lated activation energ@jn 4 Of 3.4 eV. The linear regression TABLE Il

fit for temperatures 498C, 500°C, and 520C with a time KINETIC PARAMETERS FROM NONLINEAR REGRESSIONANALYSIS OF
constant ofr = 200 s showed the best fit, with a regression JMA ISOTHERMAL DATA ON NANOPERM
coefficient of B2 = 0.99 and a calculated activation energy
Qma Of 3.0 eV. Thus, taking the best fit value f@na Lin 490°C 300°C 510°C 520°C
from the two three-point fits, the activation energy for JMA (n) morphology index
isothermal crystallization kinetics is experimentally determined ™2 5 1.95 1.68 1.27 179
for NANOPERM to be in the range afyys = 3.0-3.4 eV,  ~oosec 138 1.58 L13 1.52
when a time constant ¢f < 7 < 200 s is included. A heating 120 185 L.35 1.08 143
time of several minutes is reasonable to expect, however, a pr(~L=150 see 1.81 1.48 X X
cise heating time constant is difficult to model. As a result, thig =180 sec 1.80 1.48 X X
time constant is used as a fitting parameter in the JMA mode T210 s L77 1.45 X X
and aimed at ascertaining the activation energy of crystalliza1=421 see L.36 X X X
tion. (k) rate constant
2) Linear Regression Analysis of JMA Isothermal Data to 0 5¢ 3.2x10° 5.0x10° 8.6x10* 1.2x107
Determine the Morphology Index GivenXi,sfromthe VSM ~ T20sec 3.3x10° 5.0x10° 9.4x10* 14x10”
data, the value of the morphology indexcan be determined 120 se 3.0x10° 5.0x10° 9.7x10° L4x10°
from differentiation of the JMA equation with respect to time ¥130se 3.3x10% 5.1x10% X X
such that =180 sec 3.3x10™ 5.2x10™ X X
=210sec  3.4x10* 5.3x10* X X
% — kﬂ(kﬂ)n71 exp[—(kt)"]. (5) =421 sec 3.7x10* X X X
Substitution of(1 — X) for [exp(—(kt)"] yields the experimental value of;,;. The morphology index, as
dx - determined from linear regression analysis of JMA isothermal
7 kn(kn)" = {1 - X]. (6) crystallization kinetics, is in the range= 1.4-1.6.

3) Nonlinear Regression (NLR) Analysis of Isothermal Data
. i to Determine Morphology Index. and Activation Energy
d-X = n(n — DRk 2[L — X] + kn(kt)" ! <_di> ~ Qyuma,NLr: Table Il summarizes the values of morphology
dt? dt index n and rate constant at seven different time constants
SubstitutinglX /dt = kn(kt)"[1— X] and setting the secondselected from a systematic analysis for NLR fits at 4G0
dervative to zero results in 500°C, 510°C, and 520 C. The NLR fits to isothermal data at

) s oo 1 o 570°C and 550 C were impreciseR? < 0.97) and resulted in

n(n — DE" (k)" ™" = nk" (k)" (1 = X)(kt)""".  (7) inconsistent values of. Therefore, the reaction at 57G and

Cancellation of exact terms from both sides of the equatig?0°C were determined to occur too quickly for the data to be
included in the collective analysis. It can be seen from Table Ill

The second derivative of this equation results in

results in
that the best NLR fit for these four isothermal experiments
n-1_ (kt)™. (8) occurs for a time constant of = 120 s.
n Figs. 4 and 5 show the curves of the JMA equation and the
Substitution of (8) into (2) and rewriting the volume fractiorNLR fit with a 120-s time constant plotted to the data for SQ0

transformedX in terms of the morphology index yields and 520°C, respectively.
It can be seen from these curves and systematic NLR fits that
Xinr =1 —exp <_ (n — 1)> . (9) foratime constant of 120 s, the nonlinear fits are very precise.

n The morphology index is averaged to be 1.5 and within the

This equation shows that the isothermal kinetics at thangen = 1.08-1.85. Fig. 6 shows the plot dh & as a function
maximum transformation rate are a function of the morphologf temperature] /7". The slope of this line is the activation en-
index n only, and the volume fraction transformed at thigrgy. Using the values of the rate constantdetermined from
maximum rate will be the same for a given set of samples tife NLR analysis for each isothermal temperature with a time
a material. Table Il shows the values wfas calculated from constant of 120 s, the activation energy was determined to be
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Fig. 6. Activation energyQ;va,~ur is determined from the slope of
1.2 this curve plottingln & as a function ofl/T(K —'). The rate constart is
determined from NLR fits (with a 120-s time constant) to isothermal data.
QimaxLr = 2.8 eV.
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2.8 eV. The rate constahtdoes not vary with the time constant

and is only dependent upon temperature Fig. 7. Three-dimensional synchrotron diffraction patternsoeFe from
h I fi h . d ill sh 400°C to 800°C, showing the transformation from amorphous to crystalline,
The excellent NLR fits to the NANOPERM data still s OWirst and second crystallization phases, and the growth and coarsening

slight deviations from the JMA function. The observation thathenomena of NANOPERM crystallization kinetics.
these residuals are not random suggests that they are either due

to systematic experimental error, to the precision of the CUky 4 result, the amorphous-to-crystalline transition is clearly
rent JMA model, or to the presence of mixed kinetics, i.e., thghserved by this method, as well as the appearance and identi-
of both bulk and surface diffusion during the crystallizatiogeation of nanocrystalline phases.

process. The latter is not unreasonable for melt-spun ribborgig 7 jllustrates the characteristics of the crystallization
because the dull side of the ribbon (wheel side) often diffefs; sformations of NANOPERM ribbon.

from the microstructure of the shiny side of the ribbon (away
from wheel). Compositional inhomogeneities can cause non- transformation of amorphous to crystalline phase occurs
random nucleation, and surface nanocrystals can form if the nu—2) Primarv crvstallization ofi-Fe is confirmed with the an- '
cleation sites are more prevalent at the surface of the ribbon than pearani/:e gf the Fe(200) peakiai ~510°C P

1) The sharpening of the Fe(110) peak is apparent as the

in the bulk. 3) T,» occurs at~710°C with the crystallization of
. . . FewsZrs.
C. Time-Resolved X-Ray Diffraction Secondary crystallization of E¢Zrs is seen in Fig. 8. Well

Synchrotron radiation has been shown to be an excellafter T, ~715°C, distinct peaks of FgZrs appear. These
source for high-resolution powder diffraction studies. Bpeaks are not present beld,. The appearance of k&g,
using a newly designed high-temperature furnace coupled witistead of FgZr, confirm the nonequilibrium characteristic of
a sample rotation apparatus [4], changes in the diffractienystallization.
pattern are obtained ireal time corresponding to the phase Transmission electron microscopy of the NANOPERM
transformations that occur during the crystallization procesgbhbon taken after being heated to 8@ confirms the presence
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TABLE IV
ACTIVATION ENERGIES AND MORPHOLOGY INDICES FORNANOPERM,
FINEMET, AND HITPERM, ALLOYS

Alloy Analysis  Q(eV) (n) Method
FegrsZrsBs sAly IMA 36 1.5 DSC [6]
Fers 58113.5B¢Nb;Cuy IMA 43 1.5-20 DSC[7]
(FeCo)3sZr/B4Cu, Kissinger 3.3 - DSC [8]

phology index is concluded to be = 3/2 for NANOPERM,
where the reaction is three-dimensionally diffusion limited after
initial immediate nucleation. Values ¢f andn are comparable
with those published in the literature on similar amorphous mag-

0netic alloys. Table IV indicates that kinetic analysis has been

of FeysZrs of NANOPERM. At 546°C, only sharp intensity peaks are presenﬂOne either using the JMA model or the Kissinger model on

for a-Fe. The onset of secondary crystallization occurs at*T1.6

these alloys, but rarely both.

The crystallization kinetics of NANOPERM ribbon were
observed thermally, magnetically, and microstructurally by
the collective use of the conventional method of differential
thermal calorimetry, as well as the novel methods of VSM and
time-resolved synchrotron diffractometry. The activation ener-
gies using Kissinger and JMA models of crystallization kinetics
were found to be similar, and comparable wh values reported
in the literature. NLR analysis of the JMA model, along with
conventional linear analysis, allowed for a precise depiction
of isothermal crystallization kinetics and the mechanisms of
crystallization of this amorphous magnetic alloy.
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