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A B S T R A C T

Electron transport properties and thermal stability of Ni33.3Zr66.7 metallic glass (MG) have been studied using an
original device for simultaneous measurements of electrical resistivity and absolute thermoelectric power (ATP)
controlled by a LabView software written by one of us. The electrical resistivity and absolute thermoelectric
power were measured simultaneously and very accurately over a temperature range from 25 to 400 °C with a
nominal heating rate of 0.5 K min−1. The electronic thermal conductivity was also determined using the
Wiedemann–Franz law in the same temperature range. Due to its high efficiency, this technique is more and
more used because it is characterized by a high sensitivity to detection of the phase transitions related to
electronic transport, which is the aim of this study. Analysis of the temperature dependence of the resistivity and
ATP of the Ni33.3Zr66.7 glassy ribbons proves the potential of this characterization method to study the thermal
behavior of metallic glasses. The crystal structure and the morphology of Ni33.3Zr66.7 metallic glass in the as-
quenched state and after heat treatments were studied using X-ray diffraction (XRD), and scanning electron
microscope (SEM).

1. Introduction

Metallic glasses (MGs) have attracted tremendous attention in the
field of materials science and applications over the last few years.
Different metallic glasses have been developed with binary and mul-
tinary systems [1]. These materials compared to their crystalline
counterparts have a series of superior properties such as high me-
chanical hardness and strength, excellent soft magnetic behavior com-
bined with good corrosion resistance [2–4]. The binary NieZr metallic
glass is one of the most studied systems because of its high glass forming
ability (GFA) over a wide range of concentrations (30–80 at.% Zr)
[5,6], and also for their unusual and unique physical properties, which
are very sensitive to any small structural variations [7]. Furthermore,
Zr-3d metallic glasses and partially crystalline alloys have a promising
profile as interstitial hydrogen hosts because of their high number of

tetrahedral sites (hydrogen storage) [7,8]. It is known that these in-
teresting unique properties are directly related to the maintenance of
the highly disordered amorphous state (i.e. absence of lattice periodi-
city and crystalline defects). For this reason, the crystallization of
amorphous alloys may reduce the majority of its great advantages
especially associated with the amorphous atomic structure.

The operating temperature of MGs is influenced by the glass tran-
sition temperature (Tg) and the onset crystallization temperature (Tx),
as well as by the temperature dependent behavior, that must be studied
to have a clear and precise information about these functional materials
and ensure their good exploitation performance. The temperature in-
terval between the glass and crystallization temperatures
ΔTx = Tx − Tg, defines the width of the supercooled liquid region
(LSR) which is considered as a basic indicator of the glass forming
ability (GFA) and is used for the development of new amorphous alloys

https://doi.org/10.1016/j.jnoncrysol.2017.11.012
Received 4 September 2017; Received in revised form 30 October 2017; Accepted 9 November 2017

⁎ Corresponding author.
E-mail address: billel.smili@univ-annaba.org (B. Smili).

Journal of Non-Crystalline Solids xxx (xxxx) xxx–xxx

0022-3093/ © 2017 Elsevier B.V. All rights reserved.

Please cite this article as: Smili, B., Journal of Non-Crystalline Solids (2017), https://doi.org/10.1016/j.jnoncrysol.2017.11.012

http://www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2017.11.012
https://doi.org/10.1016/j.jnoncrysol.2017.11.012
mailto:billel.smili@univ-annaba.org
https://doi.org/10.1016/j.jnoncrysol.2017.11.012


[9]. The thermal behavior of metallic glasses is a topical problem either
for fundamental or applied research. The fundamental aspect is directed
towards questions relating to the nature of glass, glass transition, and
devitrification; as to the applied aspect, it depends on the crystallization
and its importance in the development of new generation of amorphous
materials having improved functional properties.

Electronic transport properties (i. e. electrical conductivity σ,
Seebeck coefficient S also called Absolute Thermoelectric Power (ATP)
or absolute thermopower, and thermal conductivity k) are among the
most sensitive indicators of structural transformations and of their ki-
netics for all of crystalline, amorphous and liquid conductive materials
[10] since these properties are measured with a very high resolution. A
variation in the slope is also an indicator of a phase change of matter.
Some experimental results obtained via these characterization methods
(resistivity and ATP) can be compared to those calculated by various
theoretical elaborated models [11,12].

Generally, the electrical conductivity is proportional to the density
and to the mobility of the charge carriers. Therefore this characteriza-
tion technique is more accurate than that of calorimetry (DSC) [13],
especially in the case of low heating rate regime< 0.5 K min−1 for
long periods of time (non-isothermal mode). From a practical point of
view, this new method for simultaneous measurements of electrical
resistivity and ATP has the advantage of following the phase variations
in resistivity or in thermopower alone or in both at the same time. Thus,
the phase transformations can be easily followed during several days
(isothermal mode). In addition, the Seebeck coefficient has proved to be
an effective means of non-destructive testing of most structural defects
on semi-conductors and metallic materials (quality control of mate-
rials).

In this work, the amorphous alloy ribbons Ni33.3Zr66.7 prepared by
the melt spinning technique were studied in detail by electrical re-
sistivity, absolute thermoelectric power and DSC measurements, from
room temperature to 400 °C. The amorphous and crystalline structures
of the Ni33.3Zr66.7 metallic glass have been investigated by X-ray dif-
fraction (XRD) and by scanning electron microscopy (SEM).

2. Experimental procedures

2.1. Sample preparation

Master alloy ingots of Ni33.3Zr66.7 (at.%) have been prepared by
vacuum arc melting of high purity elements of Ni (99.9%), and Zr
(99.9%) under a titanium-gettered Ar atmosphere. The pre-alloyed in-
gots were re-melted repeatedly in order to assure its compositional
homogeneity. Glassy ribbons of 45 μm thickness were prepared by rapid
melt solidification technique on a single-roller melt-spinner at a tan-
gential wheel speed of 41 m/s under Ar flow.

2.2. Structural characterization

The phase analysis of the ribbons samples in as-spun and annealed
states was carried out by X-ray diffraction (XRD Bruker D8 Advance), at
room temperature, using Cuα K radiation (λ = 0.15418 nm) in the 2θ
range (20°–90°), with a step angle of 0.02°. The X-ray diffraction pattern
of a pure aluminum sample was used as a standard under the same
conditions as the studied amorphous ribbons. The microscopic structure
of the ribbons was investigated by means of scanning electron micro-
scope (SEM, JEOL 6300) operating at 25 keV.

2.3. Electrical characterization

The automated measurements of electrical resistivity and absolute
thermoelectric power were carried out on an original experimental
device working between 300 K and 1600 K. The instrument was de-
signed for the simultaneous measurements of resistivity and ATP using
the LabView software for computer data-acquisition [14,15].

The electrical resistivity measurements have been performed with a
four-point probe method by means of the passage of a DC current
through the two ends of the ribbon (sample), in a circuit containing a
standard resistance Rstand in series with the sample to be measured. The
electrical resistivity of the sample ρsamp is given as:

U

U

R

Csamp
samp

stand

samp
= ×ρ

(1)

where Usamp is the voltage drop across the sample, Ustand is the voltage
drop across the standard resistance, and C is a sample constant char-
acterizing its length (L) and cross-section (S)l. The resolution of the
electrical resistivity is better than 0.02%. The standard deviation de-
termined by repeating a large number of measurements at room tem-
perature is lower than 0.05%. Thus, we have an extremely high accu-
racy on small changes of resistivity and of the slope of the resistivity.
There is also a systematic error on all measurements due to the in-
accuracy of the determination of the geometry of the sample. We esti-
mated it to be lower than 2% since we measured many times the length,
the thickness and the width of the ribbons with a high-resolution mi-
crometer. Temperature measurements are within 1 °C since we recali-
brated the emf versus T law. It is necessary to remember that the sys-
tematic error on the geometry does not affect the temperature at which
the change of the resistivity or of its slope occurs. The absolute ther-
moelectric power (also called absolute thermopower or absolute
Seebeck coefficient) is measured by the small temperature gradient
method (differential method), in which ΔT varies symmetrically be-
tween −2 °C and +2 °C. The Seebeck coefficient of the sample Ssamp is
calculated using the formula described by A. Bath [16]:

S
S

P
S

1
samp

AB
A=

−

+ (2)

where SAB is the Seebeck coefficient of the thermocouple AB (positive
leg: chromel/negative leg: alumel), SA is the Seebeck coefficient of the
positive element A (chromel (K) and nicrosil (N) in our case), and P is
the slope that manages the variations in the voltages ratio ΔV24/ΔV13.
ΔV24 is the voltages between alumel-sample-alumel and ΔV13 is that
between chromel-sample-chromel.

The measurement system is made up of two alumina flat parts with
two holes, designed and sintered in the laboratory, ensuring the con-
nection between the thermocouple junctions and the sample measuring
points, and holding the sample in a stainless steel sample holder. It
enables measurement of different shapes of materials (ribbons, wires,
rods …). Four N or K-type thermocouples (Tref, Tmod, Text1, Text2) cali-
brated with pure platinum and using the absolute thermoelectric power
values of Roberts et al. [17], were used to control the temperature on
the four measuring points in contact and around the sample (ribbon).
An auxiliary thermocoax heater is used to create a variable with time
temperature gradient at both ends of the sample during the ATP mea-
surements. All voltages were measured on each specific channel of
scanner card in a Keithley 2000 multimeter with an accuracy better
than 0.01%. All electrical wires of thermocouples are assembled in a
multi holes ceramic insulating tube of 1 m length, in order to isolate
and protect the electrodes and guarantee the mechanical rigidity of the
measurement system (auxiliary furnace part). After making the contact
of the thermocouples on the two sides of the ribbon (measuring point),
the sample holder is fixed inside a quartz tube of 60 mm diameter
connected to a vacuum system and Ar pure gas supply. The tube is
placed in the center of a horizontal cylindrical furnace equipped with
an external control thermocouple connected to a PID temperature
controller JUMO dTRON 300, which provides a resolution of tem-
perature of the furnace better than± 0.1 K. For ATP measurements it is
recommended to use a lower heating rates (< 1 °C/min), in order to
give a time necessary at each loops (between 4 and 10 min) to ensure
high measurement accuracy. In the present work, ATP is determined
with a resolution of 0.03 μV K−1 and an accuracy of± 0.3 μV K−1.The
comparison with the standard element made of a very pure
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thermoelectric copper wire is at< 0.1 μV K−1 from the Roberts [17]
standard value. In order to avoid the thermoelectric parasitic effects
during the resistivity measurement, a new generation of current relays
(USB ROPTO 16 from “Digimétrie” company) has been used to estab-
lish, cut and invert the current in the sample. A series of the electrical
resistivity measurements have been carried out for a ribbon at room
temperature with various current ranges (from 10 mA to 200 mA) in
order to choose an appropriate value of DC current (40 mA in present
work)required to reduce the effect of Joule heating to a negligible
value. It has to be noted that in this study, several hardware compo-
nents of the measuring system such as type thermocouple, sample
fixation system, ceramic insulator, auxiliary heater and its self-con-
trolling, current reverser system, and even the data-acquisition program
have been developed and improved considerably compared to the
measuring device system used previously by Abadlia et al. [18].

It is well known that the sample geometry, difficult to evaluate with
precision, is an important parameter for electrical resistivity measure-
ments. Most noteworthy, the knowledge of the most accurate resistivity
at room temperature requires extremely precise measurement of the
geometrical constant. In practice, we used a specific measurement
configuration (PVC blocks) installed inside an isothermal parallelepiped
box, containing a special sample holder assuring a very precise di-
mension of the sample. In order to reduce the error over the sample
constant, the sample length is measured several times under a stable
and homogeneous temperature. A section of a long ribbon has been
measured in a repeated way (at least 20 measurements) with a micro-
palmer of very high degree of accuracy and precision (resolution of
≈1 μm). The voltages required for resistivity and temperature mea-
surements are taken by the thermocouples placed at the selected loca-
tions where the terminals of Keithley 2000 are connected. Generally,
this measurement procedure takes over one week and allows resistivity
values to be recovered over a linear range between 20 °C and 45 °C. For
Ni33.3Zr66.7 ribbon, this calibration was conducted without constraints
and the obtained measurements are of high accuracy. The overall error
on the geometric constant C=∫ 0

Ldl/s(l) is estimated to be between 1
and 2%.

2.4. DSC experiments

In order to obtain more information on the thermal properties of the
studied metallic glass, continuous heating DSC measurements of the
ribbon samples were performed using a differential scanning calori-
meter (NETZSCH DSC 404) under the protection of high-purity Ar at-
mosphere at a heating rate of 0.5 K min−1. The characteristic tem-
peratures (Tx, Tg, and Tp) were determined with a standard error of
0.3 °C.

3. Results and discussion

3.1. Phase change phenomena at low-rate heating

3.1.1. Electrical resistivity measurements
As shown in Fig. 1, the value of electrical resistivity (ρ) of

Ni33.3Zr66.7 metallic glass measured at room temperature is equal to
180.13 μΩ cm. This high resistivity value is mainly related to the low
mean free path of the electrons resulting from the high atomic disorder
in metallic glasses. The latter inherited directly from the liquid state
generates very interesting physical properties [19]. The room-tem-
perature electrical resistivity of the majority of metallic glasses based
on transition metals commonly varies in the range of 50–250 μΩ cm
[20]. According to the geometric constant accuracy of the studied
sample, our room-temperature resistivity value is in good agreement
with those of other similar alloys published elsewhere [21–23]. The
temperature dependence of electrical resistivity of the NixZr(x-1) me-
tallic glasses has been reported to show the highest value at the Ni50Zr50
composition, which corresponds to the lowest thermopower value [24].

Upon the first temperature rise (heating), the electrical resistivity
decreases almost linearly up to 330 °C with a negative temperature
coefficient of resistivity (TCR) equal to −1.17 × 10−10 Ω m K−1,
which is in good agreement with the Mooij correlation [25]. This ne-
gative TCR can be interpreted in the frame of the extended Ziman
theory [26]. It is well known that the electrical resistivity depends on
the number of charge carriers and their mobility at the Fermi energy EF.
Accordingly, the negative temperature coefficient of the resistivity of
the Ni33.3Zr66.7 metallic glass can be explained by the decreasing in-
tensity of the structure factor S(Q) upon increasing temperature near
the Fermi wave vector [27].

The mobility of the charge carriers is expressed in Faber Ziman [28]
formula as an integral from zero to 2kF of the product of the structure
factor times the form factor squared (or t matrix squared). In this
publication, the authors refer to all earlier improvements of the form-
alism. A change of one of these functions has an important effect on the
resistivity. So the resistivity change characterizing the recrystallization
of the amorphous alloy corresponds to an important change of the
structure factor as can be seen on synchrotron measurements [27]. A
more subtle transition is that occurring at the Curie point. It has been
experimentally observed on many metals like pure nickel [18] or
amorphous alloy like Fe86Cr6P6C2 presented at the last LAM’16 con-
ference in Bonn (Germany) by some of us and also in crystalline state
[29]. In extended Faber-Ziman formula, the Curie point induces a
change in the scattering i.e. in the squared t matrix. Experimentally, the
Curie point corresponds to a change of the resistivity temperature
coefficient in all the papers cited above.

In the temperature range of 335–360 °C, the resistivity decreases
much more rapidly and shows a sharp decline as shown in Fig. 1. This
sudden drop indicates a first order phase transformation from amor-
phous to crystalline structure. Upon further heating from 360 °C, the
resistivity begins to increase more slowly with a positive TCR and
reaches the value of 117.13 μΩ cm at 400 °C. At this stage, the amor-
phous ribbon is totally crystallized. The change in slope of the re-
sistivity versus temperature (from negative to positive TCR) after the
complete crystallization of the glassy sample (360 °C) can only be ex-
plained in the context of the known conductor's ohmic behavior.

The zoomed part of resistivity curve (176–180 μΩ cm area) pre-
sented in Fig. 2 shows clearly a change of slope at 120 °C. While above
120 °C, a less pronounced change in slope is observed. This change
reflects the phase transition temperature (TPT) which by analogy with
identical behaviors of metals, amorphous and crystalline alloys can

Fig. 1. Measurements of the electrical resistivity (left scale) and ATP (right scale) for the
Ni33.3Zr66.7 glassy alloy as a function of temperature at a heating rate of 0.5 K min−1. We
can observe the temperature dependence of electrical resistivity for the Ni33.3Zr66.7 melt-
spun ribbons measured in several successive heating-cooling cycles. The statistical error is
very lower than the size of the symbols (≤0.05%). The systematic error, which is the
same at all temperatures, is of the order of the size of the symbols (≤2%), thus does not
affect the observation of phase transitions.
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reasonably be considered as a change from a ferro to paramagnetic
behavior at the Curie point since Shirakawa et al. [30] reported a
concentration dependence of the Curie temperature of TM-Zr alloys.
The same phenomenon has been observed in other metallic glasses
studied previously [13,27]. Generally, the Curie point is clearly de-
tectable by the resistivity and magnetic susceptibility measurements
but goes unnoticed by X-ray diffraction studies as a function of tem-
perature. In resistivity curves, we did not find any other change of
slope. We conclude that 120 °C is the Curie temperature of the alloy, but
this needs to be confirmed by magnetic susceptibility measurements.

When the temperature decreases (first cooling up to 25 °C), the
electrical resistivity of the crystallized Ni33.3Zr66.7 ribbon (i.e. heated to
400 °C) varies linearly with a positive temperature coefficient over the
whole temperature range. It should be noted that the electrical re-
sistivity value of the crystallized alloy loses 37% of its initial value in
the amorphous state (glass), which stabilized at 99.31 μΩ cm.

The variation in electrical resistivity during the crystallization
process of metallic glasses is governed at high temperatures by the
crystal nucleation and crystal growth, mainly related to the atomic
diffusion [31]. Accordingly, the modification of the arrangement of
atoms aggregates caused by the appearance of the crystal grains in the
residual matrix has a great influence on the atomic and electronic
structure of the metallic glasses, which leads to the sudden drop in the
value of the electrical resistivity upon crystallization [32]. Similar re-
sults have been reported in the works [33,34]. Due to the high re-
semblance of the electron transport properties [24] between amorphous
metals and liquid metals according to the large disorder in atomic
structures, the Ziman theory [35] developed especially for liquid metals
may also be applied in the analysis of the results of electronic transport
properties of amorphous metal alloys. It can eventually be used for
crystalline alloys but only at higher temperature.

3.1.2. Thermoelectric power measurements
It can be seen from Fig. 1 that the absolute thermoelectric power (i.

e. the logarithmic derivative of the resistivity as a function of energy) of
Ni33.3Zr66.7 metallic glass measured at room temperature is positive and
equals to S = 1.95 μV K−1. This value is slightly lower than those cited
in the literature [24,36,37]. This positive ATP value, also reported by
Pekala and Oleszak [38], is related to the room temperature resistivity
value higher than 150 μΩ cm. The ATP becomes negative when the
electrical resistivity falls below 150 μΩ cm [39]. Kaban et al. [27] ex-
plained the positive thermopower and the negative temperature coef-
ficient of resistivity using the structure factor S(Q) measurements in
terms of the position of the main peak 2kF on the increasing or de-
creasing side of the structure factor by crystallization of a Ni-Pd-P

metallic glass. Hence, structural changes upon heating of a metallic
glass lead to a significant modification of the electronic transport
properties.

Upon heating, the absolute thermoelectric power increases con-
tinuously and almost linearly in the amorphous phase proportionally to
the temperature with a positive temperature coefficient up to the first
change in the slope corresponding to the glass transition temperature
Tg = 296 °C as shown in Fig. 3. This indicates an inherent difference
related to the electron transport between the glassy state and the su-
percooled liquid state. The glass transition temperature (Tg) detected
via the variation of the Seebeck coefficient slope is reported for the first
time by Peckala et al. [40]. The high-accuracy of our ATP measure-
ments allowed us to detect the glass transition temperature, which in
very good agreement with DSC measurements.

Thereafter, the ATP increases continuously up to 335 °C and shows a
slight decrease in the interval of 335–347 °C (see Fig. 3). Then it follows
an abrupt and sizable decline at Tx = 347 °C similar to that of the re-
sistivity, and giving the lowest value of S = 0.86 μV K−1 corresponding
to the end of the crystallization process. The crystallization onset is
observed with ATP and resistivity practically at the same temperature.
By further heating above 353 ° Cup to about 400 °C, the ATP decreases
slightly with temperature (Fig. 1). Afterward, at cooling, the ATP in-
creases quasi-linearly down to room temperature. Finally, the absolute
thermoelectric power of the crystallized ribbon remains positive and
reaches a value (S = 1.94 μV K−1) very close to that of the as-spun
(unheated) ribbon.

During the thermoelectric power measurements, a concave bump
with a minimum centered at about 155 °C reproducible by heating and
cooling, is observed in the temperature range from 125 °C to 200 °C as
shown in Fig. 1.This effect does not exist in resistivity measurements. It
is thought that this abnormal decrease can be interpreted, either as a
physical behavior characteristic of the studied alloy or as a phenom-
enon related to the thermocouples used (the thermocouples are directly
involved in the characterization of the ATP). For that reason, an in-
depth study was carried out in order to explain the causes of this ab-
normal behavior by first focusing on the type of thermocouple. The ATP
measurements of Ni33.3Zr66.7 metallic glass shown in Fig. 4, in which
the chromel-alumel couple (K-type) was replaced by nicrosil-nisil (N-
type), have revealed the disappearance of this bump. Hence, the
probable relation of this bump with the type of thermocouple used was
confirmed by realizing parallel ATP measurements with both types K
and N thermocouples on a pure copper sample (ribbon). The results
obtained are compared in Fig. 5, with those of Roberts [41], which
indicate the presence of the bump with type K thermocouple only and
its disappearance with type N thermocouple. In order to check the ac-
curacy of the measuring apparatus, we plot in the inset of Fig. 5 the

Fig. 2. Expanded scale for electrical resistivity as function of temperature between 40 °C
and 240 °C for the Ni33,3Zr66,7 amorphous ribbon at heating rate of 0.5 K min−1.The
plotted straight lines are a guide to the eyes to determine accurately the temperature of
the phase transition.

Fig. 3. Expanded scale for measurements of the electrical resistivity (left scale) and ATP
(right scale) for the Ni33.3Zr66.7 MG as function of temperature at heating rate of
0.5 K min−1.The plotted straight lines are a guide to the eyes to determine accurately the
temperature at which a transition begins to occur.
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difference between the thermopower of Roberts and our one as a
function of temperature with different thermocouple types. The dif-
ference between Roberts values (standard of thermoelectric power) and
ours is smaller than 0.10 μV K−1 and 0.12 μV K−1 when using the type
K and type N thermocouple respectively (except at 173 °C), which can
be considered as highly accurate measurements.

After a thorough study of the evolution of the thermoelectric power
of the chromel/alumel pair, it appears that the problem of this bump is
related to the gaussian contribution to the polynomial fit for the
chromel/alumel pair obtained from the NIST's thermocouple tables in
ASTM book. We measured ATP of an alumel wire by using N-type
thermocouple. The measured ATP of alumel is different from that de-
duced from the ASTM functions. This means that the two alumel wires
that we bought are both different from that used by the NIST. It was
possible to establish a new correction formula of ATP for alumel and
also for the chromel-alumel thermocouple found commercially. Based
on the above results, the corrected formula is given by the following
expression:

S
S

P
S

1
X

Cr Al
Cr=

−

+
−

(3)

SCr and SCr-Al are the values that we have determined. Thus, using
this formula, the measurements already made have been corrected by

the addition of a new Gaussian function whose effect concerns only the
temperature area of the bump relative to the thermopower polynomials
of the chromel/alumel delivered by the NIST. Therefore, we can con-
firm that this phenomenon is far from any structural interpretation and
is oriented towards the type of K thermocouple.

The curves of the second heating/cooling cycles of electrical re-
sistivity (ρ) and thermoelectric power (S) shown in Fig. 1 and Fig. 6
respectively are almost superimposed and without any inflection. Both
resistivity and ATP curves remain perfectly on the same line of the first
cooling with a slightly positive temperature coefficient for the electrical
resistivity TCR and a linear dependence of a negative temperature
coefficient for the absolute thermoelectric power over a wide range of
temperatures. We can, therefore, conclude that these reproducible
curves confirm the high thermal and structural stability of this alloy
after its full crystallization. It should be noted that the ATP value of the
crystallized sample after the 2nd cooling up to room temperature, is at
2 hundredths of μV K−1 (S = 1.93 μV K−1) compared to the thermo-
power of the glassy sample (unheated ribbon) at room temperature
(S = 1.95 μV K−1).

3.1.3. Deduced thermal conductivity
It is well known that charge transport in materials is mainly gov-

erned by the electron displacement, while heat transport occurs
through a joint contribution divided between electrons and phonons.
Generally, the thermal conductivity of metallic glasses can be defined as
the sum of the electronic contributions (kel), and the phonon con-
tributions (kph) as:

k k ktotal el ph= + (4)

However, in most metals, the electronic contribution, kel, to the
total thermal conductivity is very larger compared to the low phonon
contribution, kph, which may be neglected [42].

In order to get more information about the electronic-transport
properties of Ni33.3Zr66.7 metallic glass, the electronic thermal con-
ductivity, kel, generally related to the electrical resistivity and to the
thermopower, can, therefore, be calculated based on the Wiedemann-
Franz (WeF) law [43]:

L T L T
k

S
el

0
2

k 0 k
= ≈

−

ρ ρ
( )

(5)

Where L0 is the Sommerfeld value of the Lorenz number
(Lo = 2.45 × 10−8 W Ω K−2), and ρ is the electrical resistivity. The
simplified expression of Eq.(5), is called the Wiedemann–Franz (WeF)
law. It can be used without problems if the Seebeck coefficient is not

Fig. 4. Measurements of ATP using N thermocouple and K thermocouple (before and after
correction) for Ni33.3Zr66.7 metallic glass as function of temperature at heating rate of
0.5 K min−1.Vertical lines indicate the temperature region between which the scale of
thermoelectric power of K thermocouple is not correct.

Fig. 5. Thermoelectric power measurements for pure copper as a function of temperature
at heating rate of 0.5 K min−1using N thermocouple, K thermocouple before and after
application of the new ATP correction formula. The inset shows the difference of ATP
between this work and Roberts [41].

Fig. 6. Temperature dependences of absolute thermoelectric power for the Ni33.3Zr66.7
glassy alloys measured in several heating-cooling cycles after the application of the new
ATP correction formula.

B. Smili et al. Journal of Non-Crystalline Solids xxx (xxxx) xxx–xxx

5



measured. If it is measured, we can use the exact formula.
Temperature dependences of the electronic thermal conductivity,

kel, of Ni33.3Zr66.7 metallic glass calculated from the experimental data
are presented in Fig. 7. The electronic thermal conductivity value of the
glassy sample at room temperature is about 4.09 W m−1 K−1, as shown
in Fig. 7. The electronic thermal conductivity increases almost linearly
with increasing temperature up to the onset of crystallization tem-
perature with a positive temperature coefficient (PTC), then we observe
a sudden rise, giving a larger value of 14.08 W m−1 K−1 at 400 °C. At
cooling the electronic thermal conductivity decreases quasi-linearly
down to room temperature. The room-temperature electronic thermal
conductivity, kel, of the crystallized ribbon is equals to
7.44 W m−1 K−1. Thereby, the thermal conductivity value of the glassy
state is lower than that of the crystalline state at room temperature. We
observe no change of slope since the W.F. law contains a contribution
proportional to T.

The calculated electronic contribution (kel) for the
Ni33.3Zr66.7metallic glass (at room temperature) is in good agreement
with the results of Zr55Al10Ni5Cu30 BMGs and comparable to that of the
Pd40Cu40-xCuxP20 BMGs [44]. Moreover, Umetsu et al. [45] reported
that the phonon conductivity, kPh, of Zr-based BMG in both glassy and
crystallized state, is approximately constant, and presents a minor
contribution (< 10%) to the total thermal conductivity, ktotal, com-
pared to the dominant contribution of kel.

3.1.4. DSC measurements
In order to compare the results of resistivity measurements with

calorimetric measurements, differential scanning calorimetry (DSC)
was carried out at the same heating rate of 0.5 K min−1. Both resistivity
and DSC scans are presented together in Fig.8. The crystallization
temperatures (Tx) obtained from the slope changes of the electrical
resistivity and the Seebeck coefficient are in good agreement, whereas
the crystallization onset temperature revealed by DSC analysis is shifted
by 5 °C towards higher temperatures(see Fig. 8). This shift is explained
by the immediate reaction of the resistivity to the electrons released at
the detection of the phase transition, whereas in DSC measurements,
the heat flux takes a longer time to react. Similar results have been
observed in the literature [46,47]. In addition, the only exothermic
peak observed by DSC analysis implies that the crystallization transition
mechanism exhibits only one main process, this confirms the high
purity of the studied alloy, which has low oxygen contamination during
its ultrafast liquid quenching [48].

The heat flow curve of Ni33.3Zr66.7 metallic glass reveals that the
glass transition temperature (Tg), and the onset crystallization tem-
perature (Tx) are respectively identified as 298 °C and 353 °C, their
difference giving rise to a large supercooled liquid region

ΔTx = Tx − Tg = 55 °C. The crystallization onset temperature Tx (=
353 °C) is generally related to the nucleation process where the crystals
begin to precipitate in the amorphous matrix, whereas, the peak tem-
perature Tp (= 360 °C) (indicate the maximum temperature value of
exothermic curve) corresponds to the growth mechanism [49]. During
the crystallization process, the nucleation mechanism requires a greater
quantity of energy than that of grain growth process [2]. The large SLR
(= 55 °C) is mainly due to the difficulty of precipitation of the crys-
talline phase because of the high solid-liquid interfacial energy neces-
sary for the transition from the disordered to the ordered state [50].
This may confirm that the Ni33.3Zr66.7MG exhibit a high thermal sta-
bility, which in turn indicates the high glass-forming ability. The
crystallization temperature zone of Ni33.3Zr66.7 metallic glass indicated
by the various measurement techniques (resistivity, ATP, and DSC) is
almost similar.

3.2. Phase change at constant temperature

The isothermal experiments were carried out by heating the glassy
ribbons at a constant rate of 0.5 K min−1 from room temperature up to
30 K below the annealing temperature, located above Tg and below Tx,
in the supercooled liquid region (SLR) obtained from ATP and DSC
experiments. Then the heating rate was gradually decreased to
0.1 Kmin−1 to the beginning of the isothermal test (at constant tem-
perature of 335 °C)·The sample was maintained at this temperature for
a certain period until the end of the crystallization process. Then rapid
cooling to room temperature is used to keep the crystallized state of the
heated samples.

Time-dependent isothermal measurements of both electrical re-
sistivity and absolute thermoelectric power of Ni33.3Zr66.7 metallic glass
were plotted at a constant temperature of 335 °C, during 240 min as
shown in Fig. 9. The exponential decay of the resistivity starts from
175.7 μΩ cm and stabilizes at 109.7 μΩ cm. The time constant can be
easily determined. The same pattern is observed on the ATP curve,
which shows a strong decrease from an initial value of 3.05 μV K−1.
After 240 min, the ATP curve stabilizes at a value of 0.84 μV K−1 in-
dicating the complete transformation of the amorphous phase to the
crystalline phase. Since it is absolutely necessary to ensure a very well
stabilized temperature during the isothermal experiments, the furnace
temperature is also plotted as function of time throughout the experi-
ment, as illustrated in Fig. 9. It can be seen that the temperature remain
very stable around 335.47 ± 0.3 °C during the experiment time, which
confirms the high thermal stability of the measuring system.

Fig. 7. The temperature dependences of the electronic thermal conductivity for the
Ni33.3Zr66.7 amorphous ribbon at a heating rate of 0.5 K min−1.

Fig. 8. The temperature dependence of the electrical resistivity (red squares left scale)
and DSC trace (green curve right scale) of Ni33.3Zr66.7 metallic glass at heating rate of
0.5 K min−1. The characteristic temperatures Tg (glass transition temperature), Tx (onset
of the crystallization temperature), and Tp (peak temperature) are indicated. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.3. SEM and XRD analysis

Fig. 10(a) illustrates an XRD diffraction pattern of as-cast
Ni33.3Zr66.7 MG. The XRD pattern mainly consisting of a single broad
symmetric peak at about 37°, without any sharp Bragg diffraction
peaks, characteristic for crystalline phases. This confirms the formation
of a single glassy phase (amorphous nature) of Ni33.3Zr66.7 alloys. This
fully amorphous structure is also confirmed by scanning electron mi-
croscopy (SEM) shown in the inset of Fig. 10(a), where no precipitate
was observed on the ribbon surface. As shown in Fig. 10(b), the dif-
fraction pattern of the preheated ribbon (i. e. annealed in isochronous
regime up to 400 °C) contain the Bragg reflection peaks, indicating
devitrification of the Ni33.3Zr66.7 glassy alloy. The SEM images of the
crystallized glass revealed that the mean grain size is about 10 μm, as
seen in the inset of Fig. 10(b).

The transition from the amorphous to the crystalline state is par-
tially achieved after 33% of volume fraction transformed, during
80 min of isothermal heating at 335 °C, as shown in Fig. 11(a). Ob-
viously, the inset of Fig. 11(a) shows the appearance (precipitation) of
small micro-sized crystallites (of about 2 μm) in the residual matrix,
which is also confirmed by the low-intensity peaks in the corresponding
X-ray diffraction as shown in Fig. 11(b). By increasing the isothermal
annealing time to 240 min, the diffraction peaks intensities become
much more intense as shown in Fig. 11(b). The grain size of the crys-
tallized phase is increased up to 10 μm (see inset of Fig. 11(b)), almost
similar to that of the isochronous regime (up to 400 °C)·The time and
temperature-dependent changes in the structural properties of
Ni33.3Zr66.7 glass alloy indicate that the crystallized phase increases

under the effect of temperature and time.
The XRD diffraction patterns of the crystallized alloys indicates that

the crystallized phase corresponds predominantly to NiZr2 of tetragonal
structure with the space group I4/mcm and having a crystal lattice
parameter of a = 6.492 Å, c = 5.287 Å, and vol = 222.826 Å3, in good
agreement to reference 00-019-0857 from the ICDD-PDF2 2003 data-
base. The sharp decrease in the electrical resistivity of the Ni33.3Zr66.7
amorphous alloy during the phase transition (crystallization) is also due
to the appearance of the tetragonal NiZr2 crystal structure embedded in
the amorphous matrix. Grains of spherical geometry and a size of a few
μm may change the band structure by changing the atomic arrange-
ments of our alloy. Therefore, the appearance of this crystalline phase
will favor the mobility of the electrons during the growth of the crys-
tals, and thus gradually reduce the electrical resistivity until the end of
the crystallization process [51]. Hence, the change of structure leads to
a significant modification of the electronic transport properties.

4. Conclusions

In this study, we have investigated the electron transport behavior
and thermal stability of the Ni33.3Zr66.7 metallic glass using simulta-
neous measurements of resistivity and absolute thermoelectric power
(new methodology) with a very high degree of accuracy between room
temperature and 400 °C. These characterization techniques are as an
additional means of analysis equivalent to the DSC (if not better). The
main results may be summarized as follows:

1. The room-temperature resistivity value of Ni33.3Zr66.7 metallic glass
is equal to180.13 μΩ cm. By heating up to 330 °C, the Ni33.3Zr66.7
MG generates a negative TCR of the order of
−1.17 × 10−10 Ωm K−1, and then changes its sign after complete
crystallization below 400 °C. This behavior is reproduced during the
first cooling and then during the subsequent heating and cooling
cycles. The amorphous to crystalline transformation has lowered the
value of the resistivity of about 37%.

2. The Curie point is traduced by a change of resistivity slope at 120 °C.
3. The ATP value of Ni33.3Zr66.7 metallic glassy alloy measured at room

temperature is positive (1.95 μV K−1) and decreases to about
0.84 μV K−1 at 400 °C. Upon cooling, the absolute thermoelectric
power of crystallized Ni33.3Zr66.7 glass reaches the value of
1.94 μV K−1 at room temperature, which is practically the same as
that of the as-prepared, unheated glassy ribbon.

4. A local minimum detected on thermopower temperature depen-
dence at about 155 °C by using a K-type thermocouple is related to
the K-type thermocouple polynomials and Gaussian functions ob-
tained from NIST's thermocouple tables. These polynomial and

Fig. 9. Time dependent electrical resistivity (left scale) and ATP (right scale) during
phase transformation of the Ni33.3Zr66.7 amorphous ribbons at the constant temperature
of335 °C. The temperature stability at 335 °C during phase transformation is also plotted.
It oscillates between 335.3 and 335.6 °C.

Fig. 10. X-ray diffraction pattern and SEM observation of Ni33.3Zr66.7 melt-spun ribbon,
(a) in as-received condition (bottom), (b) after heating up to 400 °C (top) (heating rate of
0,5 K min−1).

Fig. 11. X-ray diffraction pattern and SEM observation of isothermally annealed
Ni33.3Zr66.7 MG at 335 °C, (a) after annealing for 80 min (bottom), (b) after annealing for
240 min (top).
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Gaussian functions do not correspond to thermocouples that can be
bought. The Roberts copper ATP measurements, taken as a re-
ference, were used to validate the correction. Thus, it may be con-
sidered that our results fit excellently the Roberts values
(~0.1 μV K−1).

5. A wide supercooled liquid region ΔTx = 55 °C indicates a good
thermal stability and high GFA of the Ni33.3Zr66.7 amorphous alloy.
The additional characterization study of the Ni33.3Zr66.7 MGs using
DSC and XRD confirms the thermal profile obtained by the re-
sistivity and thermoelectric power measurements.

6. The isochronal and isothermal heat treatment of Ni33.3Zr66.7 me-
tallic glass leads to the devitrification of the amorphous ribbon with
tetragonal NiZr2 crystallization product.

7. The high-accuracy of our ATP measurements allowed us to detect
the glass transition temperature Tg, which is in good agreement with
DSC measurements.
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