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The conventional dilatometric technique is applied to study the thermal expansion of the
metallic glass Cog;(FeNi),,V,Si,oB,5 with cylindrical samples rolled from ribbon. The heating-
rate effect on expansion and differential thermal analysis (DTA) is investigated. The non-linear
region of the temperature variation curves of relative elongation all show a broad peak and a
distinct peak which correspond to those in DTA. The broad peak in DTA resolves into two
peaks: the first one is associated with the glass transition which is interpreted as a quasi-first-
order transformation. On comparing with X-ray diffraction analysis, the crystallization is
determined to be a two-stage process in which Co(4F) precipitation is a controlling factor.

1. Introduction
Metallic glasses undergo devitrification when heated,
resulting in marked variations in macroscopic proper-
ties. Structural relaxation and phase transitions of
metallic glasses are usually studied using measure-
ments of mechanical, electrical and magnetic quan-
tities. For example, simultaneous measurements of
internal friction, relative shear modulus and electric
resistance of the metallic glasses a-Pd,; sNigSig s,
a-Pdgs sSiy4 5, a-Pd;7 5CueSiie s, a-Fe oNigoPy,Bsg
and a-Pdg,Si,, resolve the glass transition and crys-
tallization at very low heating rate and the nature of
the glass transition in a heating process is studied [1].

The volume (thermal expansion coefficient) change
in a heating process, usually a contraction (reduction)
owing to densification, attracts a lot of attention since
it provides clues to the microscopic mechanisms of
structural relaxation and crystallization. However, ex-
cept for the Pd—Ni—P and Pt-Ni-P series which are
easily quenched to the glassy state and from which a
cylindrical sample is readily made [2], special appar-
atus design is necessary for applying dilatometric
techniques to the typical ribbon-shaped metal glasses,
e.g. Fe—Ni base metal glass [3]. Correlations between
physical quantities are made to clarify the micro-scale
processes, using measurements of densities and
Young’s moduli [4], thermal expansion coefficients
before and after crystallization [5, 6], length contrac-
tion during crystallization and in low-temperature
relaxation [7], relative elongation and modulus
change [8], and determination of kinetic parameters
through dilatometric measurements [9].

Extensive studies of the thermal expansion of
amorphous metal alloys show that dilatation meas-
urement, when related to other characterization meas-
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urements, is essential for understanding the structural
relaxation and crystallization of metal glasses. In this
work, we study the process of relaxation and crystal-
lization of the metallic glass Co44(FeNi),,V,Si;,B;s, 2
Co-base amorphous alloy which possesses outstand-
ing magnetic properties [ 107, by applying the conven-
tional dilatometric technique. Thermal expansion is
measured with a ribbon sample rolled into a cylinder.
The heating-rate effect on thermal expansion is invest-
igated and activation energies are determined. The
thermal expansion coefficients before and after relaxa-
tion and the contraction rates are determined by
thermal cycling. The dilatation measurements are re-
lated to differential thermal analysis (DTA) and X-ray
diffraction (XRD) studies. On this basis, the structural
relaxation is discussed with the model of degeneration
of short-range order (SRO) [1] and crystallization is
determined to be a two-stage process in which the
precipitation of Co(4F) crystals is a controlling factor.

2. Experimental procedure

Metallic glass ribbon, 15 mm wide and 60 um thick,
was fabricated by melt-spinning. The nominal com-
position was Cogz3Fe,;NigV,Si,,B;s and XRD con-
firmed that the initial state of ribbon was amorphous.
To overcome buckling instabilities of ribbon samples
when loaded in compression, a new sample prepar-
ation was adopted: the 15 mm wide ribbon was rolled
lengthwise for five turns into a cylinder, 15 mm high
and 8 mm in diameter. The ribbon was fixed by point-
welding and the top and bottom were trimmed by a
electrical spark machine. The elongation of this cylin-
der was measured using a conventional compression
dilatometer. A fused quartz bar exerted a compression

0022-2461 © 1993 Chapman & Hall



force of 8 N on the sample, whose creep could be
negligible as shown from the results (next section). The
quartz tube with the sample and quartz bar of the
dilatometer were installed inside a tube furnace. The
elongation of the sample was read by a micrometer.
The sample temperature was monitored by a small
thermocouple of 0.5 K accuracy, set within the sample
cylinder. The resolution of the thermal expansion
coefficient reached 0.5 x 1078 K~ 1. Experiments were
carried out in the atmosphere. Calibration was
performed using a pure iron sample.

This sample preparation makes conventional
dilatometric techniques suitable for determining ther-
mal expansivities of the common ribbon-shaped sam-
ples of metallic glass. It is simple and effective
compared with special designs of apparatus proposed
before [3, 7-9].

Dilatation measurements were made on the cylin-
drical sample of metal glass Cogz(FeNi),oV,5i;oB;5
with different heating rates within the range 2 to
30 K min~!. Thermal expansion measurements were
also made in thermal cycling to determine contraction
rates and thermal expansion coefficients before and
after relaxation and crystallization. A Perkin-Elmer
1700 was used for the DTA measurements and a
diffractometer (Rigaku D/MAX 3A) with CuK,, radi-
ation and scanning rate 2° min~! was used for in
situ high-temperature XRD studies.

3. Results

The temperature variation curves of the relative
elongation Al/l,, where [, is the initial length of the
cylindrical sample (15 mm) and Al =1 — I, is shown
in Fig. la, b, ¢ and d for four heating rates: 5.5, 9.0, 15
and 25 K'min "1, respectively. When the temperature
is lower than 700 K, thermal expansion is linear with
temperature. The normal thermal expansion resulits.
When the temperature increases to above 700 K, the
temperature dependence of thermal expansion turns
non-linear and two thermal expansion peaks P; and
Py are observed in each curve. The elongation slows
down first so that the curves deviate from straight
lines. It then decreases with temperature at the first
peak temperature 77 and the contraction reaches a
maximum (the minimum of elongation) at ~ 800 K. A
broad peak P, results between 700 and 800 K. The
metal glass expands again when heating continues but
elongation drops (the sample contracts) at the second
peak temperature Ty. Al/l; also reaches a minimum at
an even higher temperature and resumes its increase
later. A distinct peak Py results. The curve of Al/l,
versus T shifts to a higher position when the heating
rate increases, while both T; and Ty shift to higher
temperatures. Table I shows the effect of the temper-
ature increase rate on the peak temperatures.

To understand physical processes occurring in ther-
mal expansion, results of in situ XRD testing with a
heating rate of 5 Kmin~™* are shown in Fig. 2: the
XRD patterns were recorded at (a) 723, (b) 823 and
(c) 923 K, each held for 1 min. State (a) is on the low-
temperature side of the peak P, and the sample is
expanding non-linearly. The XRD pattern shows that
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Figure 1 Heating-rate effect on thermal expansion of the metallic
glass Cog;3NigFe,V,SioB,s at different heating rates: (a) 5.5,
(b) 9.0, (c) 15,(d) 25 K min~*.

a few small spikes begin to appear on the background-
like halo pattern of the usual amorphous state. It can
be concluded that the metal glass essentially maintains
an amorphous state before any distinct pattern of
crystal phase appears. However, tiny crystallites of less
than 0.1 um diameter may appear and also contribute
to the background-like pattern. The non-linear ex-
pansion around P; is hence related not only to struc-
tural relaxation but also to the beginning of crystal-
lization. State (b) is in the valley between Py and Py
In the XRD pattern two crystalline phases, Co(4F)
and Co,Si, precipitate from the amorphous matrix but
a partial amorphous phase still holds. This indicates
that crystallization is in operation. The results of
Fig. 2a and b show that the broad peak P, involves
both structure relaxation (glass transition) and crys-
tallization (densification). On the low-temperature
side, relaxation is the main process but on the high-
temperature side, crystallization dominates over the
former. State (c) is one of normal expansion, and
crystallization completes. The XRD pattern shows a
rapid increase of the content of the face-centred cubic
phase Co(4F) and the precipitation of Fe, (Ni;g sBq,
another crystalline phase. The distinct peak Py results
from the crystallization process only.

As a brief recapitulation of the above-mentioned
results, the phase transition of the metal glass
Co43FegNi, V,Si (B s in a heating process involves
structural relaxation and crystallization. In the first
stage, structural relaxation of amorphous metal alloy
is the main process when the temperature is low but
precipitation of Co(4F) and Co,Si occurs in the high-
temperature range. In the second stage, crystallization
completes with further precipitation of Co(4F) and
Fe, sNi, g sBg. It is noticed that the lattice parameter
of Co(4F) determined from the XRD is a, = 0.345 nm,
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TABLE 1 Dependence on heating rate T of peak temperatures in thermal expansion and DTA curves

Thermal expansion DTA
5.5Kmin~! 9.0 Kmin~! 15Kmin™! 25Kmin~! 50Kmin~! I0Kmin™! 15Kmin~! 25Kmin~!
Te(K) 736.0 743.0 746.0 750.0
T(K) 754.0 763.5 773.0 778.5 762.0 774.0 778.5 788.5
Tu(K) 859.0 871.0 883.0 901.0 873.5 884.0 895.0 905.0
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Figure 3 Thermal expansion curves of metallic glass sample under
thermal cycling at a heating rate 25 K min~! with maximum tem-
perature (@) 723 and () 923 K.
2 thermal cycles at the same heating rate of 25 K min~*
©) 3 3 reach maximum temperatures of 723 K (cycle I) and
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Figure 2 X-ray diffraction patterns at different relaxation and crys-
tallization stages: (a) 723, (b) 823, (c) 923 K. (1) Co(4F), (2) Co,Si,
(3) Fey s8ii5.5B6.

3% larger than that of the ASTM standard card. It is
likely that the dissolution of other atoms of the iron
group of similar sizes and properties in the Co(4F)
phase is the reason. To resolve glass transition and
crystallization, further investigation is necessary.
Contraction occurs following structural relaxation
or crystallization owing to densification. To determine
the contraction rates and thermal expansion coeffic-
ients before and after phase transformation, thermal
expansion measurements during thermal cycling were
carried out and the results are shown in Fig. 3. Two
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923 K (cycle II), respectively, i.e. cycle I is performed at
the end of relaxation and cycle II at the end of
crystallization. Furnace cooling follows the heating.
The metal glass shows irreversible changes in Al/l,
and the hysteresis of the cooling curve exhibits the
length contraction of the sample. The length contrac-
tion rates are 0.066 and 0.154% for structural relaxa-
tion (cycle I) and crystallization (cycle IT), respectively.
The temperature rates of volumetric contraction
[B~3d (In))/dT] are then 0.198 and 0.462% for
relaxation and crystallization, respectively, so the total
contraction rate is 0.66%. Our results are in agree-
ment with published results, e.g. of the same order of
magnitude as those of Pd—Cu-S8i, Ni-P-B-Al and
Fe-P-Si—Al (Table IT of Chen [4]) and similar to
what Kursumovic et al. [7] observed for the length
contraction rates of Fe,oNi,gB,,. The thermal ex-
pansion coefficient o is also obtained from Fig. 3. o for

_ cycle I in heating is about the same as that in cooling,

10.5x 1079 K™%, but o of cycle II decreases by 7.6%
to 9.7 x 1078 K ™! after crystallization.

DTA at different heating rates provides further
information as shown in Fig. 4. The peaks P, and Py
correspond to two endothermic peaks in heating.
However, the DTA has a higher resolution than the
expansion measurcments: the peak P, splits into
peaks P and P, .. The peak temperatures Tg, Ty, and
Ty, all increase with heating rate 7" (Table I) as well as
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Figure 4 Heating-rate effect on DTA curves at different heating
rates: (a) 5.0, (b) 10, (¢) 15, (d) 25 Kmin %,

the splitting between Pg and Pp. Fig. 5 shows the
Kissinger graph of In(7/T#= — Ep/kRp+con-
stant [11] where the subscript pis for G, L and H, AE,
is the activation enthalpy of phase transition and k the
Boltzmann constant. It is determined that. AE
= 327 eV, close to AE; = 3.19 ¢V but more different
from AEg = 3.97 ¢V; and AEy(expan) = 3.32 eV, close
to AE4DTA) = 3.18 eV. Besides, all values of
Ty(DTA) are higher than Ty(expan), similar to
T;. > T.. Hence we identify P;. with P,

It is noticed that the activation enthalpies AE;
and AEy, are essentially identical: AE; = 3.19¢V,
AE;=318eV in DTA and AE; =327¢€V,
AE,; = 3.32 eV, in dilatation measurements. The aver-
age of AE; and AEy is 3.185 and 3.295¢V for DTA
and dilatation measurements, respectively. The differ-
ence (0.11 eV) is caused by the experimental methods.
Correlated with the XRD data, both P, and Py
concern crystallization process and there should be
only one identical activation enthalpy. Taking the
average of the two methods, AEx=3.24¢V 1+0.06¢V,
where the subscript X is for crystallization.

The peak temperature T of the peak P (736 K at
T = 5K min~ ') is comparable to 723 K in expansion
experiments, which we take as the end of the structural
relaxation in elongation and XRD measurements. The
upward temperature shift in DTA (~ 10 K) compared
with the elongation measurements (Table I) shows
that this difference is not significant and is only caused
by different experimental methods (sample size, de-
tector efc.). Compared with the internal friction, rela-
tive shear modulus, resistivity and DSC investigations
[1] in which the glass transition and crystallization
are resolved, Py, is likely to be associated with the glass
transition. The activation enthalpy AEg = 3.97¢V is
considerably larger than AEy, which shows that the
physical mechanism is different.

From these experimental results, we conclude that
non-linear thermal expansion of Cog;NigFe,
V,Si,oB,s starts with a glass transition and pre-
cipitation of Co(4F) and Co,Si. These two processes
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Figure 5 Kissinger graphs for (O) thermal expansion and
(®) DTA data.

occur almost simultaneously at low heating rate but
separate in the case of fast heating. Further crystal-
lization occurs only after about 100 K with the pre-
cipitation of the crystalline phase Fe, sNi;g sBg,
which results in another peak of non-linear relative
elongation. Endothermic peaks appear near the tem-
peratures of the glass transition and two stages of
crystallization. The height and the peak temperature
of these peaks, in expansion or in DTA measure-
ments, depend on the rate of temperature increase.

4. Discussion
The elongation measurements give similar results as
previously reported. For example, the linearity of Al/l,
indicates that interatomic forces vary concurrently
with the mean interatomic distances [8]. The contrac-
tion rates of relaxation and crystallization are of the
same order of magnitude, which is likely to be related
to a rather high degree of short-range order in metal
glass compared with that in crystalline alloys [7].

Correlation between the elongation measurements,
XRD and DTA provides further information on the
relaxation—crystallization kinetics. The crystallization
of Cog(FeNi),,V,5i 4B, s divides into two stages re-
presented by P, and Py in which different crystalline
phases precipitate but the precipitation of Co(4F)
persists. The activation enthalpy of crystallization of
this Co-based amorphous metal alloy is 3.24 eV,
which is similar to but about 10% larger than the self-
diffusion activation energy of cobalt. We conclude
that the. precipitation of Co(4F) is the controlling
process in the crystallization of this metal glass.

The assignment of the peak Pg could be further
verified by thermal cycling as carried out by Zhang
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et al. [1]. The glass transition of a metal glass in
heating is a glass— viscoelastomer transition and has
been proposed as a quasi-first-order phase trans-
formation [1]. The physical picture is the model of
degeneration of SRO: a metal glass near the temper-
ature T 1s an assembly of SRO clusters moving co-
operatively, separated from each other by disordered
films constructed from large atoms. On heating to a
temperature lower than the crystallization one, the
solid structure changes: the cluster size, degree of SRO
and thus the solid-state viscosity reduce, and the
cluster number increases. Partial chemical bond
breaking follows and an endothermic peak appears.
On the other hand, peaks P, and Py concern the
nucleation of crystalline phases.

5. Conclusions

The dependence on the heating rate of the thermal
expansion, DTA have been investigated for the metal
glass Cog4(FeNi), ,V,5i; 4B, 5. Resolution between the
glass transition (structural relaxation) and crystalliza-
tion is achieved. Compared with the results of XRD
studies, crystallization of the metal glass is shown to
be a two-stage process with different crystalline phases
precipitated, in which the precipitation of Co(4F}) is
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the controlling factor. The glass transition peak shown
in DTA could be the same as the peak of quasi-first-
order phase transformation investigated previously.
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