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Correlation between electrical properties and
thermal stability in Ni-Si-B metallic glasses
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The temperature coefficient of resistivity (TCR), specific resistivity g;00«. Crystallization tem-
perature 7, and activation energy £, for crystallization in various Ni-Si-B metallic glasses were
measured and relationships among them were examined. It was found that the values of TCR
decreased with increasing metalloid (Si, B) contents and by substituting silicon atoms for
boron atoms, but conversely the values of g5, 7, and E, increased. A very close correlation
was observed between TCR and 7, or £,. The compositional dependences of TCR, g300«. 7
and £, and good correlations among them can be explained qualitatively by considering the
short-range structure and the directional chemical bonding between nickel and silicon or

boron atoms.

1. Introduction

Metallic glasses prepared by rapid quenching tech-
niques are thermodynamically unstable and relax
toward more stable structure during thermal anneal-
ing and finally lead to crystallization. Since many
excellent properties are generally lost by crystalliz-
ation, the thermal stability which corresponds to
resistance against crystallization is very important not
only for technical applications but also for under-
standing the structure of metallic glasses. Donald and
Davies [1] and Donald et a/. [2] have examined the
compositional dependence of crystallization tem-
perature T, in various iron- and nickel-based metallic
glasses and have shown that the values of T, are
related to both the average outer-electron concen-
tration of the transition elements in the alloy and the
atomic size difference between solvent and solute
metal species. It has been reported that the values of
T, in some metallic glasses increase as the temperature
coefficient of electrical resistivity (TCR) becomes
more negative [3-5]. Nagumo et al. [6] have indicated
that the composition with a minimum in ther-
moelectric power in Ni;(Si, B),; metallic glasses has a
maximum in 7,. These results clearly indicate that the
electrical properties of metallic glasses are closely
related to their thermal stability. More extensive
studies on the correlation between electrical properties
and thermal stability in various metallic glasses are
strongly desirable.

In the present study, the compositional depen-
dences of TCR, specific resistivity 9;px, I, and acti-
vation energy E, for crystallization in various Ni-Si-B
metallic glasses were measured and correlations
among them were examined in order to obtain more
detailed information about the thermal stability of
metallic glasses. Ni-Si—B metallic glasses are generally

paramagnetic materials and thus magnetic effects on
TCR, 0500k » Iy and E, can be negligible. Furthermore,
the structure of nickel-based metallic glasses has been
extensively studied and the short-range structure has
been clarified [7-9]. It is considered therefore that
Ni-Si-B metallic glasses are very suitable for the study
of the correlation between clectrical properties and
thermal stability in metallic glasses.

2. Experimental procedure

Various Ni-Si-B metallic glasses, Nig_,(Sip5Bgs)e
(24 <€ x € 34), NiSi,Bys_, (3 < x € 16), Niyp-
Si,By (2 < x < 14)and NipSi By 2 € x £ 15)
were prepared in the form of a ribbon, about 20 um
thick and 1.5mm wide, by rapid quenching using a
single-roller casting apparatus. These compositions
locate in the glass-forming region reported by Donald
and Davies [10]. The amorphous state of samples was
confirmed by X-ray diffraction.

The specific resistivity at room temperature g, and
the TCR in Ni-Si—-B metallic glasses were measured.
The measurements of electrical resistivity were made
using a four-point probe method. The samples were
spot-welded carefully to small copper wires. The area
of cross-section of ribbons for an estimation of specific
resistivity was evaluated from the density, which
was obtained using Archimedes’ method. TCR was
measured in the temperature range from 220 to 310 K.
The values of g5 and TCR in Nijg,_ , (Sig 5 Boss),
metallic glasses have been reported in a previous paper
by the present authors [11].

As a measure for the thermal stability of Ni-Si-B
metallic glasses, the peak temperature of crystalliz-
ation 7, and the activation energy for crystallization
E, were examined. The value of 7, was determined by
differential scanning calorimetry (DSC) at a heating
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Figure I Temperature dependence of the relative resistivity changes
R(T)/R(220K) for NiySi,B,,_, metallic glasses between 220 and
310K.

rate of 10K min~'. The crystals precipitated in
Ni-Si-B metallic glasses were identified by the X-ray
diffraction analysis. The value of E, was determined
from DSC curves at various heating rates. The kinetic
equation for DSC data analysis used in the present
study is the modified Ozawa-type plot proposed by
Matusita et al. [12]. According to Matusita er al.,
when crystal particles grow m-dimensionally, an
equation expressing the relationship between the heat-
ing rate a and the volume fraction x of crystals pre-
cipitating in a glass is expresssed by

mkE,
nRT
+ constant 1)

Ine = —1.052

- %ln [—In(1 — x)]

where 7 is a numerical factor depending on the
nucleation process. The plot of Ino against 1/7, where
T is the temperature at which the crystal volume frac-
tion reaches a specific value, gives a straight line and
the slope gives the value of 1.052 (m/n)E,. Since it is
known that the volume fraction of crystals at the peak
temperature T, in DSC curves is almost the same
irrespective of heating rate [13], the above equation
should apply for the peak temperature.

3. Results and discussion
3.1. Electrical properties
The temperature dependences of the relative resistivity
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Figure 2 Temperature coefficient of resistivity (TCR) between 220
and 310K as a function of silicon content: (0) Ni;sSi,Bys_,, (@)
Niyy Si, By, (8) NiggSi,By_..
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Figure 3 Specific resistivity ;¢ at room temperature as a function
of silicon content: (O) Ni,Si, Bys_,, (®) Ni;Si, Byy_ ..

changes R(T)/R(220K) for Ni,Si,B;,_, metallic
glasses between 220 and 310K are shown in Fig. 1. It
is clear that the resistivity increases linearly with
increasing temperature in this temperature range. The
values of TCR were estimated using a least-squares fit
of these data. A similar temperature dependence of
resistivity was observed in other Ni,;Si B, . and
Ni;, Si, By, metallic glasses. The values of TCR in
these metallic glasses are shown in Fig. 2 as a function
of silicon content. The values of gk are shown in
Fig. 3. It can be seen from Figs 2 and 3 that the values
of TCR decrease gradually with increasing metalloid
contents and by substituting silicon atoms for boron
atoms, but conversely the values of g5y increase. The
values of TCR in Ni,y_,(Sig,sBgss). metallic glasses
decrease monotonically with increasing metalloid con-
tents and the values of g5k increase conversely, as
reported in the previous paper [11]. The correlation
between the values of TCR and g5 in Ni-Si-B
metallic glasses are shown in Fig. 4. It can be seen that
the sign of TCR changes from a positive value to a
negative value at around g4k = 140 pQ cm. This indi-
cates that the Mooij correlation [14] is retained in
these Ni—Si—B metallic glasses.

3.2. Thermal stability
The DSC curves of Niy,_ (Sl Bgss ), metallic glasses
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Figure 4 Correlation between the temperature coefficient of resistivity
(TCR) and the specific resistivity gspox : (O) Nijgg_, (S 25 By 75)., (@)
Ni, Si, By, (&) NiggSi By, ..
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Figure 5 DSC curves of Nijg,_(Siy,sBgss), metallic glasses at a
heating rate of 10 Kmin~".

at a heating rate of 10 K min~' are shown in Fig. 5. In
metallic glasses (x = 24, 26 and 28) with around
Ni,s(Si, B),s composition, only one peak was observed.
It was found from X-ray diffraction that this peak is
due to the crystallization of an Ni;B-type phase. In
metallic glasses (x = 30, 32 and 34) with high metal-
loid contents, two peaks were observed. The crystal-
line phase of the first small peak in these metallic
glasses could not be identified at the present study.
The second large peak is due to the crystallization
of an Ni,B-type phase. In the DSC curves of other
metallic glasses, Ni,sSi,By ., Ni,Si, By, and
NiySi, By, ., one or two crystallization peaks were
observed depending on the ratio of silicon and boron
contents, and it was found that the crystallization of
Ni, B-type phase occurs mainly in these metallic glasses.
That is, the results of DSC measurements and X-ray
diffraction analysis indicate that the main and com-
mon product in the crystallization in all Ni-Si—-B
metallic glasses which were used in the present study
is the Ni,B-type phase. The peak temperatures 7, of
crystallization of Ni;B-type phase in these Ni-Si—-B
metallic glasses are shown in Figs 6 to 8 In
Nijgo_,(Sig2sBos), metallic glasses, the values of T,
increase with increasing metalloid contents. In
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Figure 6 Peak temperature T, and activation energy (m/n) E, of

crystallization of Ni,; B-type phase as a function of metalloid content
in Nijgo_,(Sigas By s), metallic glasses.
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Figure 7 Peak temperature 7, and activation energy (m/n)E, of
crystallization of Ni, B-type phase as a function of silicon content in
Ni;sSi, B,s_, metallic glasses.

Nijs8i Bys_ ., NipSi By, and NiySi B,,_, metallic
glasses, the values of 7, increase by substituting silicon
atoms for boron atoms up to around 10at % Si, but
decrease by further substitution.

The activation energy E, for the crystal growth of
Ni,B-type phase in Ni—Si—B metallic glasses was
examined by using Equation 1. The relationship
between the natural logarithm of heating rate, In «,
and the reciprocal of peak temperature, 1/7,, in BDSC
curves of NiSi, B,s_ . metailic glasses is shown in Fig.
9. From the slopes, the values of (m/n) E, were deter-
mined. To determine the value of n, the variation of
In{—In (I — x)] with In & was examined. The results
in NiysSi; B, metallic glass are shown in Fig. 10, where
x is the volume fraction of Ni;B-type crystals pre-
cipitating at 693K. The value of n = 2.94 was
obtained and this value is very close to n = 3. The
variation of In [—In (I — x)] at 767K with In « in
Niy; Sip, s B, s metallic glass is shown in Fig. 11 and the
large value of n = 7.18 was obtained. Similar large
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Figyre 8§ Peak temperature T, and activation energy (m/n) E, of
crystallization of Ni; B-type phase as a function of silicon content in
Ni,, Si, By, metallic glasses.
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Figure 9 Relationship between natural logarithm of heating rate,
In o, and reciprocal of peak temperature of crystallization, 1/7,, in
DSC curves of Ni;sSi, B,,_, metallic glasses.

values were obtained in other metallic glasses such as
Nigs (Sig 25 B 75)as (1 = 5.90).

It is well known that the value of # must be below
4 theoretically, and thus the large values of n beyond
4 obtained in some metallic glasses are not fully under-
stood. These large values of » might arise from the
feature of crystallization in metallic glasses that the
nucleation and growth occur almost simultaneously.
The crystallization mechanism in Ni—-Si—B metallic
glasses has been studied by some authors [15-17], but
the kinetics of nucleation and growth have not been
clarified. We are now in the course of more extensive
study on the crystallization mechanism in Ni—Si—B
metallic glasses.

Although the values of (m/n) E, are apparent acti-
vation energies for the crystallization of Ni;B-type
phase in Ni—Si—B metallic glasses, it seems meaning-
ful to examine the compositional dependence of the
values of (m/n) E,, because the Ni,B-type phase is a
common and main product in the crystallization and
it is considered that the crystallization mechanism of
Ni; B-type phase will not be very different within the
same Ni—Si—B metallic glass system. The values of
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Figure 10 Variation of In [—1In (I — x)] at 693 K with natural log-
arithm of heating rate, In «, in Ni;sSi; By, metallic glass; n = 2.94,
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Figure 11 Variation of In [—1In (1 — x)] at 767 K with natural log-
arithm of heating rate, Ina, in NiySij;,sB,s metallic glass;
n = 1718.

(m/n) E, obtained in the present study are shown in
Figs 6 to 8. In Ni,4_,(Sig,s By ss). metallic glasses, the
values of (m/n) E, increase with increasing metalloid
contents. In Ni;;Si, B,s_ metallic glasses, the values of
(m/n) E, increase by substituting silicon atoms for
boron atoms, and this compositional dependence is
different from that of T,. In Ni,Si B, . metallic
glasses, the compositional dependence of (m/n) E, is
almost the same as that of T,. The correlation between
the values of (m/n) E, and T, is shown in Fig. 12. It can
be seen that the values of (m/n)E, increase with
increasing values of T,.

3.3. Correlation between electrical properties
and thermal stability

The relationship between the TCR and T, in
Nijgy (Sig2sBoss)ys NigsSiyBys_, NippSi By, and
Ni,, Si, By, metallic glasses is shown in Fig. 13. It can
be seen that a good correlation is observed between
them and the values of 7, increase with decreasing
values of TCR. A similar good correlation was observed
between TCR and the activation energy (m/n) E,, as
shown in Fig. 14. That is, the activation energy of
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Figure 12 Correlation between peak temperature T, and activation
energy (m/n) E, of crystallization of Ni,B-type phase in various
Ni—Si—B metallic glasses: (O) Nijgg_ (Sig5Bg7s)cs (@) NipsSi, Bos_
(&) Niz,Si,Bay_,.
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Figure 13 Correlation between temperature coefficient of resistivity
(TCR) and crystallization peak temperature T, in various Ni-Si-B
metallic glasses: (O) Nijgo_ . (Siy,5Bgs)s. (@) NipsSiBys ., (a)
Niy, Si,Byg_,, (a) NiggSi Byg_,.

crystallization in Ni—Si—B metallic glasses with small
values of TCR is larger than that in metallic glasses
with large positive values of TCR. A similar close
relationship between TCR and T, has been reported in
Fe—Ni—B metallic glasses by Hilmann and Hilzinger
{31, in Fegx TM;By; (TM; 3d, 4d and 5d transition
metals) metallic glasses by Lovas er al. [4] and in
Pdy,. [TM,Si,; (TM; Fe, Co and Ni) metallic glasses
by Xinming et al. [5].

Some authors [3, 5] explained successfully the corre-
lation between TCR and T, using the Nagel and
Tauc’s model [18], which indicates that metallic glasses
with a composition of 2k; = K, are the most stable
against crystallization, where k. is the Fermi wave
vector and Kj is the wave vector of the first peak in the
structure factor. However, the Nagel and Tauc model
has been criticized [19, 20] and it does not appear to be
universally applicable [21]. Furthermore, since accu-
rate values of 2kp in Ni—Si—B metallic glasses have
not been determined experimentally, we will discuss
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Figure 14 Correlation between temperature coefficient of resistivity
(TCR) and activation energy of crystallization (m/n) E, in various
Ni-8i-B metallic glasses: (O) Nijgy_ . (SigsBoss)., (@) NisSi, By,
(2) NipSi By .

Figure 15 (a) Trigonal prismatic coordination polyhedron observed
in Ni—-B metallic glasses. (b) Arrangement of trigonal prismatic
polyhedra to share edges. (c) Arrangement of trigonal prismatic
polyhedra to share rectangular faces allowing B—B contact. This
arrangement might be possible in Ni—B metallic glasses with high
boron contents. (O) nickel, (@) boron, (@) nickel for high nickel
contents or boron for high boron contents.

the correlation between TCR and 7', or (m/n)E,
obtained in the present study by using information
about the short-range structure and the nature of
bonding between constituent atoms.

It has been reported that the basic structure unit in
Ni—B metallic glasses is a trigonal prism Ni, B and this
trigonal prism is retained in a wide composition range
(Nijgo_.B,; 18 < x < 40) [7-9]. In particular, Panissod
et al. [8] have suggested that, when the boron con-
centration increases, more trigonal prisms share rect-
angular faces allowing boron—boron contact. Donald
and Davies {10] have reported that Ni-Si—B metallic
glasses with high metalloid (Si, B) concentrations are
less ductile in the as-quenched state, probably due to
the increasing proportion of directional metalloid—
metalloid covalent bonds. The structure of the trigonal
prism Ni, B and two possible arrangements of trigonal
prisms in Ni—B metallic glasses are shown in Fig. 15.
The structure of Ni—Si-B metallic glasses has not
been clarified and thus the structural positions of
silicon atoms are not known at the present time. How-
ever, since the main metalloid atom in Ni-Si-B
metallic glasses used in the present study is boron, it
might be reasonable to assume that a trigonal prism of
Ni; B-type is a basic structure unit in these Ni-Si—B
metallic glasses, and that as-quenched metallic glasses
are composed of a random packing of trigonal prisms
of Ni;B-type.

The values of 7, and (m/n) E, estimated in the
present study correspond to a degree of resistance
against the crystallization of Ni;B-type phase in
Ni-Si- B metallic glasses. In other words, these values
correspond to the degree of resistance against rear-
rangements of trigonal prisms of Ni;B-type from a
random packing to a long-range ordered state. In
Nijgo_«(Sig 25 Bo 75 ), metallic glasses, the thermal stabil-
ity (7, and (m/n) E,) increases with increasing metal-
loid contents as shown in Fig. 6, and this might be
interpreted as follows.

It is weil known that the directional chemical
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bonding between transition metal and metalloid atoms
has a very significant role for the glass-forming ability
or the thermal stability in transition metal—metalloid
metallic glasses [22, 23]. Tanaka ef al. [23] studied the
valence electronic structures of Ni—-B and Ni-Si
metallic glasses using soft X-ray spectroscopy and
have reported that chemical bondings between nickel
and silicon or boron atoms are very important for
glass formation. Messmer [24] has suggested theoretic-
ally that there are considerable bonding nickel and
boron atoms in Fe,Ni,B,, metallic glass. Thus, it
seems reasonable to consider that in Ni—Si—B metallic
glasses the portion of directional chemical bonding
between nickel and silicon or boron atoms increases
with increasing metalloid content, and conversely that
the portion of isotropic metallic bonding between
nickel atoms decreases. Furthermore, it is expected
that local arrangements of trigonal prisms such as
those shown in Fig. 15 will be connected more tightly
in Ni—Si-B metallic glasses with high metalloid con-
tents, and rearrangements of trigonal prisms to the
long-range ordered state by thermal annealing will be
harder.

In Niy;Si,Bys_ ., Ni;Si By, and NigSi By,
metallic glasses, the thermal stability (7, (m/n) E,)
increases by substituting silicon atoms for boron
atoms up to around 10at% Si. The dependence of
thermal stability on the Si/B ratio might arise from
both the difference in the strengths of Ni-Si and
Ni—B chemical bondings and the large difference in
atomic sizes of silicon and boron atoms. The atomic
sizes of silicon and boron are 0.102 and 0.078 nm,
respectively [25]. It should be mentioned here that the
melting temperatures of Ni; Si and Ni; B compositions
are 1523 and 1428 K, respectively [26]. It is considered
that in Ni-Si—B metallic glasses with high contents
of silicon atoms of larger atomic size the diffusion of
constituent atoms by thermal annealing is harder than
that in metallic glasses with high contents of boron
atoms of smaller atomic size, and consequently the
crystallization temperature or the activation energy
for crystallization would increase with increasing sili-
con content. Furthermore, if the directional chemical
bonding between nickel and silicon atoms in Ni—Si-B
metallic glasses is stronger than that between nickel
and boron atoms, the substitution of silicon atoms for
boron atoms would also increase the thermal stability
as observed in the present study.

As can be seen in Figs 7 and 8, the values of T,
increase by substituting silicon atoms for boron atoms
up to around 10at % Si, but decrease by further sub-
stitution. The reasons for the decrease of 7, are not
clear at the present moment. However, it should be
emphasized that metallic glasses with high silicon con-
tents beyond 15at % cannot be formed easily. Recently,
Komatsu et al. [27, 28] measured the compositional
dependences of the thermal expansion coefficient a,
the difference (AT = T, — T,) between the glass
transition 7, and crystallization 7, temperatures, and
the volume changes AV, due to the structural relax-
ation in Ni;Si, B,s_, metallic glasses, and found that
the values of a, AT and AV} reach a maximum around
Si/B = 1. That is, the compositional dependences of
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these quantities are very similar to that of T, in
NiysSi, Bys_, metallic glasses. As discussed by Komatsu
et al. [27, 28], the distribution of bond lengths, angles
and coordination numbers in the short-range struc-
ture and the packing of basic structural units in
Ni—Si—B metallic glasses might vary considerably
with the composition, depending on the Si/B ratio.
These results may indicate that the short-range struc-
ture, e.g. distortion or packing of basic structural
units, is one of the important factors for the thermal
stability of Ni—Si—B metallic glasses.

The close correlation between electrical properties
and thermal stability observed in the present study
would indicate that the electron transport phenomena
in Ni—Si—B metallic glasses are strongly affected by
the directional chemical bondings between nickel and
silicon or boron atoms or the short-range structure.
When the directional chemical bonding increases and
thus the isotropic metallic bonding decreases, conduc-
tion electrons will be more scattered, and it is expected
that g, increases and the TCR decreases with
increasing silicon or boron contents. On the other
hand, the electrical properties in nickel-based metallic
glasses such as Ni-P, Ni-B and Ni-Si~B have been
explained qualitatively using the Ziman theory by
several authors [11, 28—-32]. If it is assumed that the
value of the Fermi wave vector kg of nickel atoms in
Ni—Si—B metallic glasses increases with increasing
silicon or boron content, it is expected that the value
of TCR decreases with increasing silicon or boron
content using the Ziman theory. One of the most
severe problems for an application of the Ziman
theory to the electrical properties of transition
metal-metalloid metallic glasses is to estimate accu-
rately the value of kg, and therefore it is strongly
desirable to determine the value of kp experimentally
as a function of metalloid content.

4. Conclusion

The temperature coefficient of resistivity (TCR), specific
resistivity @ik, Crystallization peak temperature T,
and activation energy (m/n) E, for crystallization in
various Ni—Si—B metallic glasses were measured and
relationships among them were examined. Good corre-
lations were obtained between TCR and gy,
between T, and (m/n) E,, between TCR and T,, and
between TCR and (m/m) E,. The present results
strongly suggest that the thermal stability in Ni—Si-B
metallic glasses is closely related to the electrical
properties. The compositional dependences of TCR,
os00x» Ty and (m/n) E, and good correlations among
them can be well explained qualitatively by consider-
ing the short-range structure and the directional
chemical bonding between nickel and silicon or boron
atoms.
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