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a b s t r a c t

The dynamic viscosity of four Fe-based bulk metallic glass-forming alloys, [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4
(alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and
(Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D), was investigated as a function of temperature in the supercooled
liquid region, as well as above the melting point. The alloy B is Cu-added alloy A, while the alloy D was
obtained upon fine-tuning the alloy C composition. All these alloys may form bulk metallic glasses upon
copper mold casting. The viscosities in the supercooled liquid region were calculated using the data
obtained upon parallel plate rheometry measurements, as well as upon differential scanning calorimetry
(DSC). The values of the supercooled fragility parameter m, 61, 66, 52 and 60 for the alloys A, B, C and D
respectively, indicate that these alloys are intermediate glass formers. The behavior of the same alloys, in
the molten state, was studied using a high temperature torsional oscillation cup viscometer. The values of
the corresponding fragility parameter M was calculated as 5.03, 5.91, 4.25, 4.93 for the alloys A, B, C and
D, respectively. They confirm the supercooled liquid behavior and predict that the alloys A and C may
form glasses easier than the fine-tuned compositions B and D. Angell plot is constructed for the entire
range of viscosities and the values from both regions, i.e. above melting point and supercooled liquid
region, fit well with the model.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The dynamic viscosity of the liquid metals is considered as a key
parameter in the prediction of fluid flow in many metallurgical
researches and industrial manufacturing processes [1]. The vis-
cosity plays an important role as well in determining the glass-
forming ability (GFA) of liquid alloys [2]. High temperature vis-
cosity governs the transformation kinetics close to the solidification
point and hence the critical cooling rate for the vitrification [3]. The
high temperature viscosity of metallic materials is rarely studied
mainly because of the experimental problems, especially the re-
action between the melt and crucible material. The viscosities of
glass-forming alloy systems increase over many orders of magni-
tude upon cooling from a stable, equilibrium liquid into the glassy
r Complex Materials, Helm-

arthiban).
state [2]. Such increase in viscosity in respect with the change in
temperature indicates the resistance to atomic movement [4]. The
concept of fragility was for the first time introduced by Angell in
1985 [5]. The term “fragility” has been chosen in order to indicate
the sensitivity of the liquid structure to the change of temperature.
In 1992 B€ohmer et al. [6,7] introduced a new fragility parameter,m,
to quantify the fragility of the supercooled liquids. The supercooled
fragility is measured from solid amorphous state (metallic glasses),
it reflects the stability and structural change in glasses. Smaller the
m lesser the liquid structural variationwith increase in temperature
and higher themmore the liquid structural variation with increase
in temperature. However, the fragility parameter m in undercooled
melts can be calculated only after producing the glassy samples. To
overcome this, Bain et al. [8] measured the viscosity of alloy melts
in Al-based systems and defined a new fragility parameter, M,
calculated for temperatures above the respective melting point.
They established a good correlation between the GFA and the
fragility of the alloy. The glass forming ability of a liquid mainly
depends on two competing processes, liquid phase stability and
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Fig. 1. Schematic illustration of oscillation cup viscometer.
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precipitation of the crystallization phase [9].M is considered as the
theoretical parameter which reflects the relative stability of the
liquid phase. The smaller the M, the stronger the liquid is, and
larger the GFA. The liquid with high values of M experiences rapid
structure rearrangement towards the melting point.

In recent years the Fe-based metallic glasses are gaining more
interest because of their high strength and soft magnetic proper-
ties, but there are very limited viscosity data available on the lit-
eratures [10,11]. However, their GFA is relatively poor when
compared with the typical Zr- or (Cu, Zr)- based alloys [12].
Therefore, the analysis of the viscosities above melting may give a
proper image on their GFA. In the present work, we concentrated
on FeeCoeBeSieNb and FeeCoeBeSieNbeCu alloys because they
have a good combination of structural and functional properties
(sf: ~4000 MPa, Ms: ~1T, m:~12,000, Hc: ~2 A/m) [13e16]. Similarly
the FeeMoePeCeBeSi and FeeNieMoePeCeB alloyswere chosen
because of their enhanced glass forming ability, good ductility and
high magnetic saturation [17,18]. Viscosity measurements were
performed on the aforementioned metallic glasses, in both super-
cooled liquid regions and above liquidus temperature, using par-
allel plate rheometry, differential scanning calorimetry (DSC) and
high temperature torsional oscillation cup viscometer respectively.
The fragility parameters m and M were calculated and it will be
shown that their trend is in good agreement with g-parameter, as
well as with the reduced glass transition temperature Trg, the well-
known parameters that are usually associated with the GFA [19].
Moreover, they correlate as well with the maximum achievable
geometrical dimensions under which the respective alloys can be
cast as fully amorphous samples.

2. Experimental details

2.1. Sample preparations

The master alloys [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A) and
{[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B) were pre-
pared in several steps. First, the eutectic Fe25Nb75 (wt.%) prealloy
was produced by arc melting pure Fe (99.9 mass%) and pure Nb
(99.9 mass%) lumps. The FeNb prealloy, together with Fe and Co
lumps (99.9 mass%), crystalline B (99.5 mass%) and crystalline Si
(99.99 mass%) were melted together by induction melting under
protective Ar atmosphere. Similarly, the master alloys
Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy
D)were prepared by inductionmelting using Fe, Ni, Mo lumps (99.9
mass%), as well as crystalline B (99.5 mass%) and crystalline Si
(99.99 mass%). As C it was used pure graphite and as P it was used
an industrial FeP pre-alloy, with P content of 14 at.%. In this process,
induction melting was preferred in order to assure good homoge-
neity of the entire master alloy. Pieces of master alloy were
remelted in quartz tubes and then the melt was injected into a
water-cooled copper mold under a high purity Ar atmosphere to
produce rod shaped specimens of 2 mm in diameter and 60 mm in
length. The thermal stability and the melting behavior of glassy
samples were evaluated using a NETZSCH DSC 404C differential
scanning calorimeter (DSC) at a heating rate of 20 K/min. Cylin-
drical samples of 2 mm diameter and 0.5 mm thickness were used
in parallel plate rheometry (PerkineElmer dynamic mechanical
analyzer).

2.2. Viscosity measurements

The parallel plate rheometry as described by Stefan [20] and
Diennes et al. [21] was used to measure the viscosity of the glasses
in supercooled liquid region (SLR). In this method quartz penetra-
tion probes of 3 mm diameter were used as parallel plates, and the
sample was placed between the plates. The measurements were
performed under Ar atmosphere at a constant heating rate of 20 K/
min, with the penetration probes compressed by a force of 2.6 N. By
measuring the change in height of the sample as a function of time,
the viscosity at any temperature is given by the Stefan equation
[20,21]:

h ¼ � 2Fh3

3pa4
�
dh
dt

� (1)

where F is the applied load, a is the radius of the samples, and h is
the height of the sample.

The temperature dependent viscosities of the samples above the
melting point were measured using an oscillation cup viscometer
during cooling. Fig. 1 illustrates schematically the oscillation cup
viscometer. Boron nitride crucibles were used to avoid the friction
between the liquid metal and container wall, as well as for mini-
mizing the chemical reactions that may give rise to experimental
artifacts. The wire suspension system is constructed in such a way
that it gives low moment of inertia and in the same time is used to
position the sample container exactly in the middle of the heating
zone. The heating zone is well insulated from the outer water-
cooled body. The detailed measuring process is described in Ref.
[22]. The dynamic viscosity of the liquid was calculated directly
without the use of any reference liquid, i.e. upon the absolute
method.

The suitable equation for the calculation of dynamic viscosity
was proposed in 1958 by Roscoe and Bainbridge [23]. Brooks et al.
[1] subsequently modified the equation and it is given by

h ¼
�

JL
pR3 HZ

�2 1
prT

; (2)

where

Z ¼
�
1þ R

4H

�
a0 �

�
3
2
þ 4R
pH

�
1
P
þ
�
3
8
þ 9R
4H

�
a1

P2
(3)



Table 1
Glass transition temperature (Tg), crystallization temperature (Tx), liquidus tem-
perature (TL), g parameter and reduced glass transition temperature Trg for
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5

(alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D)
metallic glasses.

Alloys Tg (K) Tx (K) TL (K) g Trg

Alloy-A 825 858 1475 0.372 0.559
Alloy-B 793 818 1475 0.361 0.537
Alloy-C 733 768 1283 0.380 0.571
Alloy-D 698 732 1260 0.374 0.554
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L
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In these equations R denotes the inner radius of the crucible,
which can be directlymeasured.H, the height of the samples within
the cup, was calculated from the sample's mass taking the tem-
perature dependency of the mass density r into account. The
method is described elsewhere [24]. The Eq. (3) was then solved
numerically using the experimentally determined oscillation pa-
rameters time period T and logarithmic decrement L. The loga-
rithmic decrement a0 of the empty pendulumwas subtracted prior
to the determination of the viscosity [22].

3. Results

The DSC traces for the as cast 2 mm diameter rods of alloys A, B,
C and Dweremeasured at a constant heating rate of 20 K/min Fig. 2,
which clearly shows the glass transition event followed by the SLR
and crystallization. Further, all alloys melted completely in a range
of temperatures, indicating that none of them is eutectic. The glass
transition temperature Tg, crystallization temperature Tx, and the
melting temperature TL were considered as the onsets of the
respective events upon heating, and their values are given in
Table 1. From the DSC curve (Fig. 2) of the alloy B, it is clear that Tg
and Tx decrease with addition of 0.5 at.% Cu. This can be easily
attributed to the early growth of nano-crystals [25]. The GFA
parameter g¼ Tx/(Tgþ TL) [19] and reduced glass transition tem-
perature Trg¼ Tg/Tm, (were Tm is usually considered to be the liq-
uidus temperature TL) are listed in Table 1.

3.1. Viscosity measurement in supercooled liquid region

The viscosity variation with respect to temperature in the SLR
Fig. 2. DSC traces of the [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2-

Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77-
Mo5P9C7.5B1.5 (alloy D) glassy alloys, measured at a constant heating rate of 20 K/min.
for the alloys A, B and C, D are shown in Fig. 3(a) and (b) respec-
tively. From the graphs it is clearly evident that the glassy alloys
undergo large variation in viscosity, more than one order of
magnitude. In the case of alloy A, the viscosity decreases from
2.0 � 109 to 7.0 � 107 (±35 � 106) Pa s. The alloy B shows a
particular behavior, with two distinct viscosity drops: from 2 � 109

to 6 � 107 (±35 � 106) Pa s during the first one and from 2 � 109 to
5 � 107 (±35 � 106) Pa s during the second. This indicates that the
alloy B possesses two glass-transition-like events, results which are
in agreement with our previous findings (manuscript submitted
elsewhere). There we have shown that above the first crystalliza-
tion the structure of the sample consists of only bcc-(Fe, Co) solid
Fig. 3. Viscosity as a function of temperature of the amorphous (a)
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A) and {[(Fe0.5Co0.5)0.75B0.2-

Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), (b) Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77-
Mo5P9C7.5B1.5 (alloy D) alloys. The connecting lines are just guide for the eyes.
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solution along with the residual amorphous matrix, which later
undergoes glass-transition like event. The alloy D has a similar
variation (like alloy-A), from 2� 109 Pa s to 7� 107 (±35� 106) Pa s.
A somehow smaller variation is observed in the case of alloy C, for
which the viscosity decreases from 1.5 � 109 to 3 � 108 (±35� 106)
Pa s. The re-increase in the viscosity takes place at the peak tem-
peratures (Tp) as observed upon DSC measurement.

In order to calculate the fragility of the supercooled liquids the
variation of the viscosity in SLR as a function temperaturewas fitted
with both Arrhenius type relation (Eq. (6)) and
VogeleFulchereTamman (VFT) type relation (Eq. (7)).

h ¼ h0exp
�
Ea
RT

�
(6)

where, h0 is a constant, Ea the activation energy for viscous flowand
R the molar gas constant.

h ¼ haexp
�

B
T � T0

�
(7)

where ha is a pre-exposed factor, B and T0 are fit parameters and T is
temperature in K.

The value ha was calculated according to the relation [15].

ha ¼ NA$h
V

(8)

where NA is Avogadro's constant, h is Planck's constant and V is the
molar volume [23]. The parameter T0 is “ideal” glass transition
temperature [26,27], where the barriers with respect to flowwould
go to infinity [28]. Fig. 4(a)e(d) show the measured viscosity as a
function of temperature fitted with Arrhenius type relation (red
line) as well as with VFT type relation (blue line) for the whole
supercooled region for the alloys A, B, C and D respectively. The
fitting parameters h0, ha, B, T0 and activation energy for viscous flow
Ea are given in Table 2. The values obtained from the above equa-
tions were used to calculate the fragility parameter of the alloys.

The fragility parameter m (steepness index) is given by the Eq.
(9) [6,7].

m ¼
������
dlog10tðTÞ
d
�
Tg
T

�
������
T¼Tg

¼
������
dlog10hðTÞ
d
�
Tg
T

�
������
T¼Tg

(9)

If the experimental measured viscosity values are in good
agreement with the Arrhenius type relation (Eq. (6)), thenm can be
expressed as:

m ¼ Ea
RTgln10

(10)

On the other side, if the VFT type relation (Eq. (7)) is used to
model the experimental values, then m can be expressed as:

m ¼ BTg�
Tg � T0

�2ln10 (11)

For the present case, both Arrhenius and VFT fitting give similar
values. The fragility parameter m calculated at different heating
rate for all the alloys A, B, C and D are almost the same. Therefore,
since 20 K/min is considered as a standard heating rate for all the
measurement, the fragility parameterm calculated at a heating rate
20 K/min for all the alloys A, B, C and D are summarized in Table 3.

Sokolov et al. introduced in 1993 a new equation to calculate the
fragility parameter m from non-equilibrium state [29]. In this
model they used the activation energy for viscous flow E(h) and
glass transition temperature Tg to calculate the fragility. Later, Hu
et al. [30] modified the equation introduced by Sokolov. The
modified equation can be written as

m ¼ DH*

RTg
(12)

whereDH* is the activation enthalpy for the glass transition and the
value of DH* can be calculated from the equation [31,32]:

ln ðФÞ ¼ � DH*

RTg Ф
þ constant (13)

where f is the scanning heating rate, R is the gas constant, Tgf is the
glass transition temperature at different heating rate. Fig. 5 shows
the plot ln(f) vs 1000/Tgf and the slope m values are given in
Table 3, under the name “DSC fit”.

3.2. Viscosity measurement above the melting temperature

The high temperature viscosities of the alloys were measured
above their liquidus temperature and, in order to minimize the
errors, the experimental data were recorded during the cooling,
which was performed at a constant rate of 1 K/min. Due to the
technical limitations the alloys were overheated only up to 1530 K.
The alloys A and B reach the viscosity of 10.8 (±0.5) and 9.9 (±0.5)
mPa s respectively at their liquidus temperature TL ¼ 1475 K,
whereas alloys C and D reach the viscosity of 16.5 (±0.5) and 15.9
(±0.5) mPa s at their respective liquidus temperatures of 1283 K
and 1260 K. In case of alloy D the viscosity of the melt drops down
steeper after 1425 K, this may be due to further breakdown of liquid
structure. Fig. 6 shows the viscosity data for the alloys at temper-
atures above liquidus. The full curves represent the fitting of the
experimental data according to the Eq. (6). The results (i.e. the
plots) confirm that the measured data for alloys melts obey
Arrhenius equationwithin the experimental error. The values of the
fitting parameters h0 and E/R for the alloys are given in Table 5. The
fragility of the melt can be defined as the viscosity variation rate of
overheated liquid towards the liquidus temperature. Mathematical
concept given by Bain et al. [8] about fragility of the melts can be
written as

M ¼
������
v½hðTÞ=hðTLÞ

v

�
T
TL

�
������
T¼TL

¼
����
����dhrdTr

����
Tr¼1

����; (14)

where, hr¼ h/hL, Tr¼ T/TL, TL is the liquidus temperature and hL is
the viscosity at the liquidus temperature. If the viscosity variation
h(T) can be expressed by Arrhenius-type relation (Eq. (6)) then the
fragility M becomes [33]:

M ¼
���� hoEahLRTL

exp
�
Ea
RTL

����� (15)

The calculated M values are summarized in Table 5.

4. Discussion

Recently Takeuchi et al. proposed a newmethod to calculate the
GFA of the alloys from VFT plot [34], but in general the most
commonly accepted means to evaluate the GFA of the alloys are the
reduced glass transition temperature Trg and g parameter [19].
Higher Trg and g values usually mean a better GFA. The existence of
correlation between the Trg and g for all studied alloys indicates



Fig. 4. Viscosity in the supercooled liquid region as a function of inverse temperature, calculated from parallel plate rheometry, measurement performed at a constant heating rate
of 20 K/min, for (a) [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (b) {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5, (c) Fe74Mo0P10C7.5B2.5Si2 and (d) (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 glasses. The experi-
mental data (open symbols) are fitted with both Arrhenius-type relation (continuous line) and VFT-type relation (discontinuous red line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Fit parameters h0, ha, B, T0, and activation energy for viscous flow Ea for [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B),
Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D) metallic glasses.

Alloys Fitting type h0, ha (Pa s) Ea (kJ/mole) B (K) T0 (K)

Alloy-A Arrhenius h0 ¼ 6.39 � 10�6 406 ± 8 e e

VFT ha ¼ 6.34 � 10�7 e 20,455 ± 250 273 ± 3
Alloy-B Arrhenius h0 ¼ 4.29 � 10�6 315 ± 6 e e

VFT ha ¼ 6.36 � 10�7 e 19,083 ± 250 260 ± 3
Alloy-C Arrhenius h0 ¼ 1.30 � 10�6 282 ± 4 e e

VFT ha ¼ 5.93 � 10�7 e 21,062 ± 250 173 ± 3
Alloy-D Arrhenius h0 ¼ 1.24 � 10�7 350 ± 5 e e

VFT ha ¼ 5.85 � 10�7 e 14,945 ± 250 320 ± 3

Table 3
Calculated supercooled fragility parameter m for [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4
(alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2
(alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D) metallic glasses.

Alloys Supercooled fragility m

Arrhenius fit VFT fit DSC fit

Alloy-A 26 ± 0.5 24 ± 0.6 62 ± 0.5
Alloy-B 21 ± 0.5 23 ± 0.6 66 ± 0.5
Alloy-C 19 ± 0.5 21 ± 0.6 52 ± 0.5
Alloy-D 26 ± 0.5 31 ± 0.6 60 ± 0.5
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that these alloys have a good GFA [19]. Among the four alloys
investigated, the alloy C has the highest and the alloy B has the
smallest Trg and g values: 0.571, 0.380 and 0.537, 0.361 respectively.
All values (see Table 1) are very close to those measured for other
known BMGs [19,35] and are in good agreement with the
maximum achievable diameter for which the samples are still
amorphous: 3 mm for alloy A [36], 2 mm for alloy B (present work),
5 mm for alloy C [37] and 2.5 mm for alloy D [18]. Compared to
other alloys, alloy C encounters a relatively lesser drop in viscosity
magnitude in supercooled liquid region, which indicates the exis-
tence of a stronger relationship between better GFA and dynamic
behavior of supercooled liquids. In order to estimate the real GFA of



Fig. 5. The variation of ln(f) vs. 1000/Tg for [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A),
{[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C)
and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D) glasses.

Fig. 6. Viscosity as a function of inverse temperature of the liquid alloys
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5
(alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D). The
experimental data (open symbols) are fitted with Arrhenius-type relation (continuous
red line). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Table 4
Variation of the crystallization Tx and glass transition Tg temperatures with the in-
crease of the heating rate for the [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A),
{[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C)
and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D) metallic glasses.

Alloys Temperature (K) Heating rate (K/min)

5 10 15 20

Alloy-A Tx 837 843 849 858
Tg 812 817 821 825

Alloy-B Tx 797 804 811 818
Tg 780 786 790 793

Alloy-C Tx 751 759 764 768
Tg 720 725 729 733

Alloy-D Tx 718 727 730 732
Tg 688 693 695 698

Table 5
Fitting parameters h0 and E/R of the Arrhenius equation (Eq. (7)), liquidus temper-
ature TL, viscosity at liquidus temperature hL and the calculated fragility parameter
M for [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2-

Si0.05]0.96Nb0.04}99.5Cu0.5 (alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77-
Mo5P9C7.5B1.5 (alloy D) glass-forming alloys.

Alloys ho(m Pa s) E/R (K) TL ± 3 (K) hL ± 0.5 (mPa s) M ± 0.2

Alloy-A 0.0673 7485.3 1475 10.8 5.03
Alloy-B 0.0281 8661.7 1475 9.9 5.92
Alloy-C 0.2443 5418.3 1283 16.5 4.25
Alloy-D 0.0948 6426.4 1260 15.9 4.94
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these alloys it is vital to know how strong or fragile the liquid is. The
concept of fragility in liquids, polymers and plastic crystals was first
applied by Angell and co-workers [38,39]. The temperature
dependence of the viscosity in open network glasses such as SiO2
can be described very well by Arrhenius law (i.e. Eq. (6)). These
glass formers are called strong liquids and exhibit high equilibrium
melt viscosities of the order of 104 Pa s. On the contrary, materials
such as polymers show strong deviation from Arrhenius law and
they are termed as fragile liquids which can be described by a VFT
type relation [41]. In 1995, Komatsu [40] applied the concept of
fragility to metallic glass formers and found that the alloys having
fragility parameter in the rage of 30e40 are strong liquids with a
lower limit z16, and the fragile liquids exhibit values greater than
80. The alloys with values between 40 and 80 were referred to as
the intermediate category [41]. For the alloys presented here, the
viscosities in SLR were fitted with both Arrhenius type relation and
VFT-type relation (see Fig. 4). As it can be observed, Arrhenius-type
relation gives relatively better fit than the VFT-type relation.
Moreover, the T0 (temperature at which the barriers to flow would
go to infinity) values for the alloys A, B, C and D are 273, 260, 173
and 320 K, respectively; these T0 values are very small, and hence
supercooled viscosities of these alloys cannot be fitted with VFT
type relation. The calculated supercooled fragility m values
(Table 3) for these alloys A, B and D are 26, 21 and 26 respectively
which are smaller than those of other glasses [40,41] and close to
silica [6,7]. In the case of alloy C, the m value is 19 being almost
closer to the lower limit of the fragility parameter. This is mainly
because fragility is a dynamic parameter [6] and it is more signif-
icant in the non-equilibrium state. The viscosity value obtained in
the supercooled region is not an equilibrium value (the viscosity
was measured at a heating rate of 20 K/min). The glass transition
and crystallization events shift to higher temperatures with in-
crease in heating rate. Tx and Tg for different heating rates of 5,10,15
and 20 K/min are given in Table 4. Fig. 7 shows the plot of ln(f) vs.1/
Tgf. Them value calculated by this method for the alloys A, B, C and
D are 61, 66, 52 and 60, respectively. These fragility parameter m
values predict that these alloys belong to the category of interme-
diate glass formers, which is in between strong glass formers like
SiO2 and GeO2 (m~20) and weak glass formers like polystyrene and
polypropylene (m ¼ 139 and 137, respectively) [41,7]. These values
are in agreement with the experimental findings [13e18].

In 1972 Uhlmann [42] suggested that the GFA of materials
mainly depends on the magnitude of the viscosity at the melting
point and on the rate of increase in viscosity with decrease in
temperature below the melting point. Among the four alloys cho-
sen for this study, the alloy C has the highest viscosity at its liquidus
temperature and also highest Trg and g (data summarized in
Tables 5 and 1, respectively) indicating the best GFA, whereas alloy
B has the lowest viscosity at its liquidus temperature and also it has
the lowest Trg and g. This proves the positive correlation between
melt viscosity and GFA for the glass forming systems. Ultimately,
the Fe-based alloy system obeys the Uhlmann theory. The viscosity



Fig. 7. Angell plot over the entire range of measured viscosities for
[(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 (alloy A), {[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5
(alloy B), Fe74Mo4P10C7.5B2.5Si2 (alloy C) and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 (alloy D) glasses.
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reflects the bonding nature of atoms in liquid, which in turn de-
termines the stability of the liquid structure. Recently A.L. Bel'-
tyukov et al. [10] studied the variation of the melt viscosity in FeeSi
and FeeSieB systems above their liquidus temperature with in-
crease in Si and B contents respectively. In their work they studied
how the addition of Si and B atoms influences the bonding nature of
other atoms, which in turn affects the liquid viscosity of the alloys.
It was found that in the range from 15 to 30% Si the melt viscosity is
maximal, presumably due to the implementation of the Fe3Si-type
short-range ordering in this range of concentration. Bain et al. [8]
studied the fragility of Al-based alloys above liquidus tempera-
ture and they correlated the fragility parameter M with the GFA
directly. In certain alloy systems such as Al-based, it is very difficult
to describe m, since the alloy melts are easier to obtain than the
supercooled state, and M allows the evaluation of the dynamic
behavior of the alloy systems. This method has been successfully
tested in AleCoeCe [8] and in PreFeeCueAl [43] systems. The
calculated fragility M value for all the four alloys A, B, C and D are
given in Table 3. The calculated fragility values of the alloymelts are
in good agreement with Bain's theory and our experimental find-
ings, i.e. alloy C with smaller M can be easily cast as metallic glass
rods with diameter up to 5 mm, whereas alloy B with larger M
could have been cast as glassy rods with maximum 2mm diameter.

Both the supercooled and alloy melts fragilities exhibit the
change of viscosity with respect to temperature, which in turn re-
flects the stability and change of liquid structure with increase in
temperature. The supercooled fragility is measured from solid
amorphous state (metallic glasses), hence the supercooled fragility
is more important since it reflects the stability and structural
change in glasses. On the contrary, the fragility of the alloy melts is
obtained from completely molten alloy liquids, which reflects the
changing of the viscosity at higher temperature. While the fragility
of the melts is obtained at the beginning of the process, the
supercooled fragility rather is obtained at the end of the process.
Hence, the ability of an alloy to produce glass could be predicted by
studying the fragility of the corresponding melt.

Angell plot or fragility plot introduced by Angell et al. in 1988
[38] is constructed by plotting logarithm of relaxation time t(T) or
viscosity h(T) as a function of the temperature ratio Tg/T. This plot
reflects the stability of the structure in the liquids with increase in
temperature. There they have shown that strong and fragile liquids
refer to the stability of the structure in the liquids against increase
in temperature. Fig. 7 shows the Angell plot constructed for the
alloys A, B, C and D for the entire range of measured viscosities, i.e.
abovemelting point and supercooled liquid region. From the Angell
plot it is clear that alloy C has relatively stronger glass forming
tendency. These observations are in good agreement with experi-
mental findings.

5. Conclusion

The viscosity of [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4,
{[(Fe0.5Co0.5)0.75B0.2Si0.05]0.96Nb0.04}99.5Cu0.5, Fe74Mo4P10C7.5B2.5Si2
and (Fe0.9Ni0.1)77Mo5P9C7.5B1.5 bulkmetallic glass forming liquids in
supercooled liquid state was studied using parallel plate rheometry
and also calculated using the values obtained from differential
scanning calorimetry. The viscosities measured from the above
methods were used to calculate the fragilities in supercooled liquid
state. The fragility values calculated for the alloys A, B, C and D using
Tg and DH*are 61, 66, 52, 60 respectively, this method gives more
reasonable fragility parameter values than parallel plate rheometry
(non-equilibrium state). These values clearly show that these alloys
belongs to intermediate category in glass forming alloys group.

The high temperature viscosities of these alloys were studied
using torsional oscillation cup viscometer, and the calculated
fragility parameter M of the alloys A, B, C, D are 5.03 (±0.2), 5.92
(±0.2), 4.25 (±0.2), and 4.94 (±0.2) respectively. The values are in
good agreement with the experimental findings, i.e. the maximum
achievable diameter upon copper mold casting for which the
samples were still amorphous. Thus, the alloys having relatively
stable structure, i.e. M less than 5, can be easily frozen in to glass,
whereas the alloys having higher M values needs higher cooling
rate.
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