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The ferromagnetic resonance technique was used to study the ageing behaviour of the
metallic glass Fes;NizsCri4P1,B¢ (Metglas 2826A). The peak-to-peak linewidth was
measured for several isothermal annealing times in the temperature range 350 to 375° C.
After an initial decrease, attributed to structural relaxation, the linewidth increases
linearly with the transformed fraction of the first crystallization phase. For 0.05 <f <
0.50, the transformed fraction, 7, as a function of time, ¢, satisfies the Avrami equation
with the exponent 7 being between 1.58 and 1.71. The activation energy for the first
crystallization phase is estimated from the times to reach 5 to 40% transformation to be
306 kJ mol~!. The experimental results suggest that the second phase of crystallization
begins when the transformed fraction of the first phase is of the order of 50%.

1. Introduction

The thermal stability of metallic glasses is a
subject of practical interest, because temperature-
induced structural changes may affect the per-
formance of these engineering materials. Ferro-
magnetic resonance (FMR) spectroscopy seems to
bea convenient method of observing these changes,
because it is a fast, sensitive and non-destructive
technique.

In the present work, the FMR technique was
used to investigate the annealing behaviour of the
commercial alloy Metglas 2826A (Fes;NisgCryg-
Py3Bs), manufactured by Allied Chemical Cor-
poration. The purpose of this study is two-fold:
First, to assess the usefulness of the method, when
applied to this particular system; second, to obtain
new data about the relaxation and crystallization
kinetics of the alloy.

2. Theory
The FMR parameters of a crystalline, ferromag-
netric sample are related to the Landau—Lifshitz
equation [1]
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where M is the magnetization vector, ¥ =ge/2m
the gyromagnetic ratio, A the relaxation frequency
and M; the saturation magnetization. The peak-to-
peak linewidth of the first-derivative FMR adsorp-
tion curve, calculated by solving Equation 1, is
given by [2]
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where v is the microwave frequency.

In the case of amorphous alloys [3], a fre-
quency-independent term, AHj, due to the inhom-
ogeneity of the internal magnetic field, must be
included in Equation 2. In annealed metallic glas-
ses, this term is related to two processes [4, 5]: (2)
for small ageing times, the magnetic dipoles in the
sample are reoriented, through a magnetostriction
effect, towards a lower energy configuration which
corresponds to a more homogeneous distribution
of magnetic dipoles than in the virgin sample;as a
consequence, AH; decreases; (b) for longer ageing
times, crystallization nuclei start to form and to
grow; the internal field becomes less homogeneous
and AHjyincreases.

It has been observed experimentally [3] that
the linewidths caused by relaxation broadening,
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AHp;, and inhomogeneity broadening, AHj, are
additive. In other words, the measured linewidth
may be expressed as

Apr = AHLL + AHI. (3)

From the preceding discussion it follows that
the linewidth caused by inhomogeneity broaden-
ing, AH;, should reflect any temperature-induced
structural changes occurring in the sample. In this
work, we used this fact to investigate the anneal-
ing behaviour of the Metglas 2826 A alloy.

3. Experimental procedure

All the measurements reported in this study were
obtained using samples cut from a ribbon (2mm
wide x 70 um thick) of Metglas 2826 A alloy with
the composition Fez,NizgCrigP;Be. Isothermal
heat treatments were carried out by immersing
small pieces of the ribbon (2 to 4mm long) in a
salt bath, with the temperature controlled to
+0.5° C, followed by a water quench.

FMR measurements were performed at 77K,
because the alloy is paramagnetic at room tem-
perature (T,=—19°C) [6]. The samples were
mounted at the tip of a quartz tube, which was
immersed in a liquid nitrogen bath. All measure-
ments were taken with the static field parallel
to the sample surface and along the long axis of
the ribbon.

First-derivative FMR spectra were recorded at
9.5GHz using an X-band Varian E-12 spectrom-
eter. The magnetic field was calibrated with a
proton resonance gaussmeter.

4. Experimental results

4.1. FMR spectra

The FMR spectra of a virgin sample and of sam-
ples annealed for various times at 375°C are
shown in Fig. 1. The resonance curve of the amor-
phous phase AB in Figs. la to d is the only one
that can be seen for short ageing times. For ageing
times longer than 50 min at 375° C, a second curve
appears, whose positive peak is indicated by C in
Figs. 1¢ and d. The negative peak cannot be
observed because it is masked by peak B of the
amorphous phase. The amplitude and linewidth of
this second curve increase with ageing time: for
long ageing times, it dominates the spectrum. At
the same time, the second curve becomes so broad
that the positive peak disappears. The negative
peak, however, becomes visible. This peak is indi-
cated by D in Fig. le.
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4.2. Linewidth measurements

The peak to peak linewidth, AHy,, of curve AB
is shown in Figs. 2 and 3 as a function of annealing
time, for four ageing temperatures between 350
and 375° C. For short annealing times (Fig. 2), the
linewidth first decreases, goes through a minimum
of about 11.5mT and then starts to increase. For
medium ageing times (Fig. 3) AH,,, increases very
quickly with ageing time. For long ageing times
(Fig. 3), the linewidth increases more slowly and
tends to a constant value of about 70 mT.

5. Analysis

5.1. Short ageing times

For short ageing times, the linewidth of curve AB
decreases with ageing time (Fig.2). This is attri-
buted to the reorientation of magnetic dipoles in
the amorphous material (see Section 2). In other
metallic glasses, such as Metglas 2826, with com-
position FeqoNigP14Bs [7], and the amorphous
alloy FeqoNigqoB2zo [81, this relaxation process
occurs in two stages, with different time con-
stants. For the annealing temperatures used in this
work (350 to 375° C), the first stage of relaxation
probably occurs too fast to be measured. The
second stage of relaxation was analysed assuming
that the process can be described by a first-order
kinetic equation, as in other metallic glasses [7—9].
In that case, in terms of the linewidth AH,,, the
kinetic equation can be written in the form

In (Apr - AHLL) = Cc— kt, (4)

where ¢ is a constant and AHpy is the Landau—
Lifshitz linewidth, given by Equation 2.

The value of AHy;, was determined by fitting
Equation 4 to the experimental data for three
ageing temperatures: 350, 359 and 367° C, (for
375°C, the relaxation process is too fast to be
measured with any accuracy). Fig. 4 shows, as an
example, the fitting for samples annealed at
359° C. The experimental values of ¢ and & in
Equation 4 are shown in Table I for the three
temperatures investigated. The average value of the
Landau—Lifshitz linewidth was AHg,p, = 11.3mT.

TABLE I Experimental values of the coefficients ¢
and k in Equation 4

7¢O c k{min~!)
350 1.474 0.033 66
359 1.582 0.037 66
367 1.563 0.056 76
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Figure I FMR spectra of Metglas 2826 A samples. (a) As-
received; (b) annealed for 5min at 375° C; (¢) annealed
for 50 min at 375°C; (d) annealed for 4h at 375°C;
(e) annealed for 24 h at 375° C.

The apparent activation energy, £y, for the sec-
ond stage of the relaxation process was determined
with the help of an Arrhenius-type plot (Fig. 5).
The result was £ = 100 kI mol ™,

5.2. Medium ageing times
For medium ageing times, the linewidth of curve
AB increases rapidly (Fig.3). This broadening is
attributed to nucleation and growth of the first
crystallization phase, MSI [10—13],2 53% Ni—47%
Fe solid solution.

The apparent activation energy, £,, for the
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ok ' I . Figure 2 Linewidth of line AB as a func-
o tion of annealing time, for short anneal-
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crystallization of phase MSI cannot be determined
from a first-order kinetic equation, because the
reaction is non-homogeneous [13]. The activation
energy was calculated from the temperature
dependence of the time to a certain value of the
linewidth, fA 5, according to the equation

tag = Aexp (—EJkT), (5)

where A4 is a constant and £, is the activation
energy.

Plots of In £, g as a function of 1/T are shown in
Fig. 6 for several linewidths. The corresponding
values of Ej, as obtained from the slopes of straight-
line fits to the experimental points, are shown in
Table II. The measured activation energy is reason-
ably constant for linewidths up to 30 mT, with an
average value £, = 306kJImol™. The reason for
the increase in the apparent activation energy for
larger linewidths will be discussed in the following
section.

5.3. Long ageing times
For long ageing times, the linewidth of Curve AB
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increases more slowly (Fig. 3); at the same time, a
new line, CD, appears in the spectrum (Figs. ¢ to
e). This is attributed to a second crystallization
phase, MSII {10, 11}, with composition (Ni,Fe,-
Cr);(P,B). The activation energy of this second
phase cannot be determined from linewidth
measurements because the corresponding reson-
ance line is so broad that its positive peak is not
observed (Fig. le) except for a narrow range of
ageing times (between 1 and 4h at 375°C; see
Figs. 1¢ and d).

TABLE II Experimental values of the apparent activa-
tion energy of phase MSI, E,, for several values of the
linewidth, A Hyp

A Hp(mT) Eo(kImol™)
15 309
20 303
25 305
30 306
40 334
50 397
60 433
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6. Discussion

6.1. Structural relaxation

The process of structural relaxation in metallic
glasses has been studied by several researchers
[4,5,7-9, 14] using different techniques. A com-
parison between the activation energy, £y, meas-
ured in the present work and the activation energy
for the second stage of relaxation in other metallic

glasses is shown in Table III. The activation energy
for Metglas 2826A is of the same order as that of
the alloy FesoNigoB,g and about twice as large as
that of Fe4oNisP14B¢ (Metglas 2826). This sug-
gests that chromjum and phosphorus additions
have opposite effects on the process of structural
relaxation.

Figure 4 Plot of In (AHy, — AHp1) asa
function of annealing time. The straight

1.5 T T
7, =359°¢C
’?-J' 10— —
£ "
<]
i
&
Ay
2 osf- i
£
00~ N
1 [
0 10 20
TIME, # {min)

30 line is a least-squares fit to the experi-
mental points.
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Figure 5 Arrhenius plot for the second stage of the relaxa-
tion process.

6.2. MSI phase

As was seen in the preceding section, the broaden-
ing of curve AB for medium ageing times is attri-
buted to nucleation and growth of the crystalline
phase, MSI. The measured activation energy is
compared with the results obtained by other
researchers in Table IV. The agreement is fair.

The fact that the activation energy as measured
by FMR is in reasonable agreement with data
obtained using different methods is an indication
that there is indeed a well-defined relation between
the linewidth of curve AB and the transformed
fraction of phase MSL In order to determine the
form of the relationship, the linewidth for several
ageing times and temperatures was plotted against
the transformed fraction of phase MSI, as meas-
ured by Heimendahl and Maussner using TEM [10].
The result is shown in Fig. 7. The relationship is
approximately linear and is the same for all tem-
peratures investigated. A straightline fit to the
data points, assuming that AH,, = AHy;, = 11.3
mT for =0 (see Section 5.1) yields the equation

TABLE III Experimental values of the apparent activa-
tion energy of the second stage of structural relaxation,
ER, for three metallic glasses

Composition Eg(k¥mol™) Reference
Fe,,Ni;Cr, P,,B, 100 Present Work
(Metglas 2826A)

Fe,,Ni  P;,B, 46 {71

(Metglas 2826)

Fe,oNi By, 96 (8]
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Figure 6 Plot of In tag as a function of inverse annealing
temperature. The straight lines are least-squares fits to the
experimental points.

AH,, = 11.3 +57.0f, (6)

where f is the transformed fraction of phase MSI
and AH,, is the linewidth in mT.

Once the relationship between AH, and f is
known, it is possible to determine the Avrami
exponent, 1, for the transformation. To do that,
the parameters n and k in the Avrami equation

f = 1—exp[—(kt)"], (M

were chosen so as to give the best fit to the experi-
mental points, calculated using Equation 6 to
determine the transformed fraction from line-
width data. The results are shown in Fig. 8 and
Table V. As can be seen in Fig. 8, the trans-
formed fraction satisfies the Avrami equation up
to a transformed fraction of about 50%. The

TABLE IV Experimental values of the apparent activa-
tion energy of phase MSI, E,, as measured by different
methods

Experimental method E(kImol™) Reference
FMR 306 £ 25 Present Work
TEM 270 + 22 [10]

DSC 286 [15]
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experimental results in Table V were obtained by 6.3. MSII phase

least-squares fitting, using only the experimental
points for f<0.5. The average value of n for all
annealing temperatures is 1.65, close to the value of
1.7 reported by Heimendahl and Maussner [10] and
to the theoretical value of 1.67 proposed by Iisch-
ner [16].

With the help of Equation7 and using the
results in Table V, the transformed fraction as a
function of annealing time may be plotted. This is
shown in Fig. 9 for three annealing temperatures.
The figure also shows the experimental points
obtained from linewidth data, using Equation 6, as
well as by TEM [10]. For small and medium trans-
formed fractions, the agreement between the
theoretical curves and both sets of experimental
data is fair; for large transformed fractions, how-
ever, the actual transformed fraction is less than
its theoretical value. The reason for this discrep-
ancy is discussed below.

As seen in Section 4, for long annealing times the
FMR spectrum shows an absorption line (CD)
broader than line AB (see Figs. 1d and e). This line
is attributed to a second crystallization phase,
MSII. The existence of a second crystalline phase
may help to explain two anomalies that were
found in the analysis of the data for phase MSI:
the increase in the apparent activation energy for
AH,, > 40mT (Section 5.2) and the difference
between the experimental and theoretical values
of the transformed fraction for f > 0.5 (Section
6.2). In fact, according to Equation 6, a linewidth
AH,, =40mT. corresponds to a transformed
fraction of about 0.5, so that both anomalies
appear for transformed fractions of phase MSI
larger than 50%. It is for transformed fractions of
the order of 50% that line CD begins to appear in
the FMR spectra. It is thus reasonable to assume
that MSII particles start to form when the
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T Figure 9 Transformed fraction of phase
MSI as a function of annealing time. The

curves are theoretical (Equation 7).
Experimenial points: e, &, o, measured
by FMR (present work); x, +, v, meas-
ured by TEM [10].

T 1

-
=z 1.0
=
-

08
Q F
4
: 0.6 s a
4
T 04- o X =375°C
o
L 8,4 T3 =359°C

W= ° i

E 0.2r_ Q,v 7 =350"¢C
o
= 1

00 4 8 12 16

TIME, ¢ (h)

transformed fraction of phase MSI is about 50% and
that nucleation of phase MSII inhibits the growth
of phase MSI particles. This is probably due to
the fact that the phases have different composi-
tions [11, 12]. As the particles of phase MSI
(which is an Fe—Ni solid solution) nucleate and
grow, the amorphous matrix becomes enriched in
chromium, phosphorus and boron. Phase MSII
presumably starts to form when the concentration
of these elements reaches a certain critical value.
This is consistent with the fact that when phase
MSII starts to form, the crystallites of phase MSI
do not dissolve, but are embedded in the crystal-
lites of phase MSII [11].

6.4. The FMR spectrum of phase MS|

A final word should be said about the FMR spec-
tra shown in this work. The spectrum observed
in virgin samples (line AB in Fig. 1a) is certainly
due to the amorphous phase. According to the
interpretation proposed here, line AB becomes
narrower (Fig. 1b) for short annealing times due
to structural relaxation; for longer ageing times,
the line broadens due to the influence of phase
MSI crystallites. The broader line (CD) which
appears for transformed fractions of phase MSI
larger than 50% (Figs. 1c to e) is attributed to
phase MSII. Where, then, is the spectrum due to

TABLE V Experimental values of the Avrami expo-
nent, #, and the reaction rate, k, for the crystallization of
phase MSI

T O n k(™)
350 1.66 0.08
359 1.58 0.18
367 1.71 0.34
375 1.66 0.82
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phase MSI crystallites? There are two possible
explanations: either phase MSI particles are
antiferromagnetic, weakly ferromagnetic or
paramagnetic (in that case, the spectrum would
be too weak to be seen) or line AB in annealed
samples is a superposition of the spectra of the
amorphous phase and of MSI particles. The fact
that the intensity of line AB increases with anneal-
ing time up to large transformed fractions of phase
MSI seems to rule out the first hypothesis. On the
other hand, the resonance fields of the amorphous
phase and of phase MSI are expected to be almost
equal, since both phases have the same short-range
order, as shown by TEM diffraction patterns of
virgin and annealed samples [17]. In addition, the
inhomogeneity of the internal magnetic field
caused by nucleation and growth of the crystal-
lites, should affect both lines in the same way. We
are thus led to the conclusion that line AB is
probably the sum of two lines, one due to the
amorphous phase and the other due to MSI
crystallites.
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