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Abstract. The variation of onset of crystallization temperature (7)) and peak crystallization
temperature (7,) with heating rate (q) is studied. 7, and 7, vary in a power law behavior with
heating rate (q) for Cugy ZryTiz9 metallic glass and these parameters show a linear variation for
CugoZr4o metallic glass. The power law variation is expressed as T (or 7,) = Ty [¢q]’; where, g is the
normalized heating rate, T} is the 7, (or 7},) at a heating rate of 1°Cmin™". Further, the calculated
values of T, (or T,) are found to be in good agreement with the experimental results. Hence, the
power law relation is found to be an appropriate theoretical expression for the variation of
crystallization temperature (7, or 7,) with heating rate (¢) for Cugy ZryTir metallic glass. In
addition to heating rate, the composition of a metallic glass also affects its crystallization
temperature. It is observed that the characteristics temperatures shift towards higher values with
increase in number of components.

Introduction

Metallic glasses are one of the best structural and functional materials now days due to their
excellent properties such as corrosion and wear resistance, high strength, etc. These properties
depend on the structure of metallic glasses, which is meta-stable in nature. The study of its structure
becomes more important from the application point of view. To understand the stability of
disordered structure, thermal treatment can be employed. Inoue et al [1] and Kovneristyj et al [2]
have reported excellent thermal and mechanical properties of Cu-Zr-Ti alloys. CugoTix0Zry metallic
glass is found to have highest glass forming ability (GFA) among various compositions of Cu-Zr-Ti
alloys [1]. Due to its high glass forming ability, various studies have been carried out on this
metallic glass for understanding its crystallization kinetics [3-5]. Metallic glasses if subjected to
thermal treatment exhibits some characteristics temperatures i.e., the glass transition temperature
(Ty), the onset of crystallization temperature (7%), melting temperature (7,,), etc. These temperatures
mark the initiation of various phase changes occurring in the amorphous alloy, such as Ty, 7, and
T,, indicates beginning of glass transition, crystallization, and melting processes. Furthermore, these
temperatures show a variation with heating rates employed. Many approximations are available in
literature to study temperature variation with heating rate [6-13]. Most of the methods suggest that
T depends linearly on heating rate, but this may not be true for all the cases.

In present study, the variation of 7, and 7, with heating rate is studied for Cu-based metallic
glasses. It is found that both onset crystallization temperature and peak crystallization temperature
show an increasing trend with heating rates employed. It shows the kinetic nature of these transition
temperatures. It follows a power law equation [6] for CugoZryTiyy metallic glass and a linear
variation for binary amorphous alloy CueoZr4o. The information about Ty and T, at different heating
rates helps in finding the activation energy of crystallization for metallic glasses by the use of
various iso-kinetic and iso-conversional methods. Further, it is found that substitution of Ti for Zr in
CugoZr4o metallic glass increases the value of 7 and therefore its glass forming ability.
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Experimental

The amorphous alloy of composition CugpZryTiyy was prepared in ribbon form by single
roller melt spinning technique at the Institute of Material Research, Tohoku University, Sendai,
Japan. Argon atmosphere was used for the preparation of sample to avoid oxidation. XRD and TEM
analysis were done to confirm the amorphous nature of CugoZry¢Tiyp metallic glass. The thermal
analysis of CugoZr0Tiy9 metallic glass was done in DSC 2910 (TA Instruments Inc., USA) system
using modulated DSC mode at four different heating rates (¢) i.e., 1, 2, 4, and 8°C min™. The
MDSC thermo-grams indicated a two step crystallization process at all the heating rates.

Theory

The variation of crystallization temperature with heating rates can be understood in terms of
power law equation [6], i.e,

T, :To[CI]y (1)

Where, ¢ is the normalized heating rate, T} is the 7, at a heating rate of 1°Cmin™'. Normalization has
been done with respect to heating rate of 1°C min™.
Using eq. (1) exponent y can be calculated as

y=log, l:((?—))a:|[10g10 [qnil

o ()
Where (%), represents T, at any arbitrary heating rate and (75); represents 7 at 1°C min™ (i.e., T)).
In a similar way 7, variation with ¢ can be written as

T, ZTO[q]y (3)

Where y can be calculated as

i

4)
Here, (1,). and (7},); are value of 7, at any arbitrary heating rate and the same at 1°C min™
respectively.

Results and discussion

The crystallization temperature (7%) represents the onset of crystallization process and the
peak crystallization temperature (7),) represents the temperature of the peak of crystallization event.
Both 7\ and 7, show a significant variation with heating rate (q). Tx and T, are shifted to higher
temperatures with increasing heating rates, which implies that crystallization depends upon heating
rate during continuous heating [14-15]. Activation energy corresponding to each characteristic
temperature, i.e., 7y and T, can be evaluated through different iso-conversional and iso-kinetic
methods [3].

Figure-1 represents the variation of theoretically calculated 7 values with heating rate ¢ for
both the crystallization peaks along with experimental points. It can be seen that the calculated T
values vary in accordance with the experimental 7 values. The variation of theoretically calculated
and experimental 7}, values 1s shown in figure-2, for both crystallization peaks. Both calculated and
experimental values of 7, are found to be in good agreement with each other. Hence, it can be seen
that the power law equation is a suitable tool for understanding the variation of crystallization
temperatures with heating rate. Using this concept of variation of 7, (or 7,) with heating rate (¢), the
activation energy for the crystallization of metallic glasses can be determined using different iso-
kinetic and iso-conversional methods.
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Fig.1. Variation of onset of crystallization temperature (7;) with heating rate (¢):(—) represents
theoretically calculated results using Eq. 3; (®,¥) represents experimental points for peak 1 & 2
respectively for CugoZryoTi29 metallic glass

T, and 7, are inversely proportional to the relaxation time which in turn varies inversely with
heating rate (¢). Hence 7 and T, increases with increasing heating rate. At slower heating rates, the
randomly arranged structure relaxes more easily and hence the metallic glass starts crystallizing at a
lower temperature, and vice-versa. Among various other factors that affect the value of 7, in a
metallic glass, atomic size mismatch is one. It was suggested that a greater size mismatch among
constituent atoms leads to a higher value of 7,. Reduction in free volume & diffusivity, electron to
atom ratio, differences in electro-negativities, are few other factors that are responsible for variation

in 7.
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Fig.2. Variation of peak crystallization temperature (7),) with heating rate (¢): (—) represents
theoretically calculated results using Eq. 3; (®,V¥ ) represents experimental points for peak 1 & 2
respectively for CugpZryoTiz metallic glass

Table 1 Experimental 7 and 7, values at different heating rates for CugoZrso and CugoZrTiz9
metallic glasses for peak 1

CugoZry [16] CugoZryTiz
Heating rate T, (K) T, (K) Heating rate T, (K) T, (K)
(Cmin-1) ("Cmin-1)
5 705 715 1 705 713
10 707 723 2 713 719
15 709 726 4 717 727
20 711 729 8 723 734
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Table 1 represents experimental 7 and 7, values at different heating rates for CugoZr4o and
CugoZroTip9 metallic glasses. It can be observed that the characteristics temperatures shift towards
higher values with increase in heating rates and number of components. A higher value of 7,
represents greater GFA of metallic glass. In present case 7% value at g=5°Cmin™ for binary system
is equivalent to the value of T at g=1°min™ for ternary system. Hence the substitution of Ti to the
binary metallic glass shifts the value of 7 to a higher temperature. It implies that a ternary alloy is a
better glass former as compared to its respective binary counterpart. Hence, the addition of Ti to
Cu-Zr binary alloy enhances its GFA significantly. Fig. 3 shows a linear variation of 7 and 7, with
heating rate for CugoZrso metallic glass, given by the expression:

T, (or T,) = A+ Bg (5)
With A and B as the slope and intercept of the plot and ¢ is the heating rate employed.
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Fig.3. Variation of T, and T, with heating rate for CugoZr4o metallic glass [16]

The three empirical rules given by Inoue et al [17] for glass formation are: (i) large number
of components, (ii) size mis-match between the various components, and (iii) negative heat of
mixing. More number of components is supposed to increase the GFA of metallic glasses by
making the structure of glassy alloy denser and randomly packed with a short range order. Hence,
ternary alloy CugoZryTiy is a better glass former than Cugy Zrs9. Secondly, a greater size difference
(>12%) between different components increases the GFA of metallic glasses. The addition of
elements of different radii increases the entropy of disorder and hence makes it difficult for the
components to acquire their stable configuration. Here, the atomic radius of Cu, Zr and Ti are
0.128 nm, 0.160 nm and 0.147 nm respectively. This size difference is sufficient to make the
interchangeability between the different components difficult. Large size difference destabilizes the
crystalline phase by increasing the internal energy of the crystalline solid solution. The prime root
of metallic glass formation lies in destabilizing the competing crystalline phases. This
destabilization of crystalline phases can be achieved by atomic pair formation between unlike
components with large size difference [18-20]. Formation of local crystalline structure, in alloys
with same atomic sized components, is shown by Yun et al [20]. Hence, a greater GFA 1is crucially
favored by a large size mis-match and a large negative heat of mixing. The substitution of Zr by Ti
makes the interchangeability among the components of the alloy easy, since Ti and Zr belong to the
same group in periodic table and share common characteristics. Hence Ti becomes a suitable
candidate for changing composition of metallic glass from CugoZrs to CugoZragTiz. Thirdly,
negative heat of mixing favors glass formation by coercing the formation of atomic pair between
different components, which in turn increases the difficulty of atomic rearrangement in a glassy
alloy during heating. The heats of mixing for atomic pairs Cu-Zr, Zr-Ti and Ti-Cu are -23, 0 and
-9 kJ mol™ respectively [21]. These interactions are much weaker as compared to those atomic
interactions in quaternary and quinary alloys such as ZrssCuspAljoNis and Zrs Ti14CujzsNijoBess s.
The heats of mixing for atomic pairs in ZrssCuzpAljoNis and Zrg; Ti;4Cujs sNijgBess s alloys are 0,
-23, -49, -43, -44, -22, -9, -35 and -30 kJmol™ respectively for Zr-Ti, Zr-Cu, Zr-Ni, Zr-Be, Zr-Al,
AI-Ni, Ti-Cu, Ti-Ni and Ti-Be [21]. These atomic interactions can also be understood in terms of



160 Recent Trends in Science of Materials

pre-exponential factor (ky). ky provides information about the number of jumps nuclei make per unit
time in order to overcome the activation energy barrier. In general, it gives information about
atomic mobility. k) can be obtained by least square fitting of the crystallized fraction versus
temperature curve. In our previous work [3], we have done the Iterative least-square fitting to the
experimental data of fractional crystallization for CugoZryoTizo metallic glass, and obtained the
values of ko to be of the order 10*and 10" s for first and second peak respectively. Typical Zr
based BMGs exhibit kq of the order of 102 s for first crystallization peak, such as the value of ky
for ZI'55C113()A110Ni5 and Zr41Ti14CU12.5Ni10B622.5 BMGs are 4.2 x1012s'1 and 1.0 x 10125-1
respectively [22-23]. This indicates that the value of ko for CugoZryoTizp metallic glass is much
higher than that of Zr-based quaternary and quinary BMGs. This may be due to the reason that
quaternary and quinary BMGs are supposed to have higher degree of dense random packing as
compared to that of the ternary alloy. Further ko is greatly influenced by the configuration and
atomic interactions between the various components of the alloy. The atoms of an alloy, with high
degree of dense random packing, require greater energy to overcome the interatomic interactions.
The mobility of atoms in alloys with strong interatomic interactions is less than the alloys with
weak interatomic interactions. The heats of mixing of atomic pairs in quaternary and quinary BMGs
are higher than that of the ternary alloy. Hence ZrssCusgAljoNis and Zr4 Ti14Cui; 5NijoBess.s BMGs
exhibit relatively smaller values of k( as compared to Cugy Zr29Tip9 metallic glass.

Conclusion

In order to study the stability of metallic glasses, it is required to understand their behavior
towards crystallization event. Crystallization is characterized by the onset of crystallization
temperature (7) and peak crystallization temperature (7},). This study provides an insight of heating
rate and composition dependence of crystallization temperature. Both the crystallization
temperature (7)) and the peak crystallization temperature (7)) are found to follow a power law
variation with heating rate for Cug ZryoTiy metallic glass. It also provides information about the
heating rate suitable for crystallization of a melts. In absence of sufficient experimental data one can
make use of theoretical formulae for deriving useful conclusions regarding the kinetics of
crystallization. Cugy Zrsp binary alloy follows a linear variation for both the characteristic
temperatures i.e., 7y and 7, respectively. Further, an addition of Ti to binary alloy increases the
characteristic temperatures, which enhances the GFA. Hence, an increase in number of components
increases the GFA of a metallic glass.
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Abstract The study of crystallization kinetics of amor-
phous alloys has been a matter of great interest for material
researchers for past few decades, since it provides informa-
tion about the kinetic parameters i.e., activation energy of
crystallization and the frequency factor. These kinetic
parameters can be calculated by model-free isoconversional
methods. Isoconversional methods allow calculating the
activation energy as a function of degree of conversion, o.
Hence, these methods provide accurate results for multistep
processes like crystallization. Model-free methods are cat-
egorized as linear and non-linear isoconversional methods.
Linear methods are further classified as linear differential
and linear integral isoconversional methods. In present work,
we have used these isoconversional methods to study the
effect of non-linear heating rate, employed by modulated
differential scanning calorimetry (MDSC), on the non-iso-
thermal crystallization kinetics of TiyoZr,oCugg metallic
glass. For TiypZr,0Cugg, MDSC curves clearly indicate a
two-step crystallization process. Both crystallization peaks
were studied based on the modified expressions for isocon-
versional methods by non-linear heating rate. The term
corresponding to non-linearity comes out to be (Atw/2f)>.
The effect of non-linear heating rate on measurement of
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kinetic parameters by isoconversional methods is studied.
The activation energy of crystallization is calculated for
TigZr0Cugy metallic glass for various degrees of conver-
sion by linear integral isoconversional methods i.e., Ozawa—
Flynn—Wall, Kissinger—Akahira—Sunose, and also with
Friedman method which is a linear differential isoconver-
sional method.

Keywords Crystallization kinetics - Model-free or
isoconversional methods - Differential scanning
calorimetry (DSC) - Modulated differential scanning
calorimetry (MDSC) - Activation energy

Introduction

The non-equilibrium or metastable character of metallic
glasses makes them a suitable candidate for the study of their
reaction toward thermal treatment. As these metastable
materials are subjected to heat, the disordered structure moves
toward equilibrium through primary nucleation followed by
three-dimensional growth. This thermally activated process is
termed as crystallization and includes diffusion of particles
toward the growth front. The crystallization process can pro-
ceed through isothermal and non-isothermal routes [1-5]. The
excellent thermal and mechanical properties of Cu—Zr-Ti
alloys have been reported in literature [6—7]. Among various
compositions of Cu—Zr-Ti alloys, TiypZr0Cugq is found to
have the highest glass forming ability [6]. Hence, in present
case, we have studied non-isothermal crystallization of Tiy.
Zr,0Cugo metallic glass.

Crystallization kinetics involves not only the study of
the rate at which a randomly arranged structure transforms
into an orderly structure, but also the route of their trans-
formation. The study of crystallization kinetics provides

@ Springer
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the way through which a glassy structure has crystallized,
thereby giving a direction to improve its properties.

Crystallization kinetics can be studied through isokinetic
and isoconversional methods. Isokinetic methods assume
the transformation mechanism to be same throughout the
temperature or time range and allow calculating single
values of the kinetic parameters such as activation energy.
An isoconversional method, on the other hand, assumes the
transformation mechanism at a constant degree of conver-
sion as a function of temperature and provides kinetic
parameters varying with the degree of conversion, a. Since
multi-component metallic glasses generally crystallize
through multisteps, their transformation mechanism cannot
be considered same throughout. It involves different
mechanisms for each step and for a particular range of
temperatures. Thus, one has to switch to the isoconversional
methods for understanding the crystallization behavior of
metallic glasses. Many studies, on crystallization kinetics
by various isokinetic and isoconversional methods, are
present in literature [8—11]. Recently, Lu and Li [12] have
studied the kinetics of non-isothermal crystallization in Cu-
based metallic glasses by using various isokinetic and iso-
conversional methods. Others, such as Wu et al. [13] and
Svoboda and Malek [14], have used only isoconversional
methods for the study of crystallization kinetics.

One of the most popular thermo-analytical techniques to
study the crystallization process and its kinetics in amorphous
materials is differential scanning calorimetry, DSC [15].
However, a more improvised version of DSC, known as
modulated DSC (MDSC), which overcomes most of its dis-
advantages, is utilized scarcely for studying the crystallization
kinetics. In the present study, we have made an attempt to
study the kinetics of crystallization of TiyoZr,oCugg metallic
glass by isoconversional methods using MDSC.

Experimental

Single-roller melt-spinning technique was employed to
prepare amorphous ribbons of TiyZrgCugo metallic glass
at the Institute of Material Research, Tohoku University,
Sendai, Japan. Argon atmosphere was used for the prepa-
ration of sample. XRD and TEM analyses were done to
confirm the amorphous nature of Ti,gZr,oCugy metallic
glass. Thermal analysis was done in DSC 2910 (TA
Instruments, Inc., USA) system in MDSC mode at four

different heating rates 1, 2, 4, and 8 °C min~'.

Theoretical background

Homogeneous reactions [16], in practice, are hard to
achieve. It is vital to wunderstand the kinetics of

@ Springer

heterogeneous processes in order to establish product
conversion rates and also for identification of the involved
mechanism of the reaction. The reactions, in general, from
kinetics viewpoint are classified into two types, namely
isokinetic and isoconversional reactions.

Isokinetic methods

Most of the isokinetic methods are based on the KIMA rate
equation [17-21] given by

d -
€ k(1 — o) [~ In(1 — )]/, (1)
dr

where o is degree of conversion at a particular time 7, n is
Avrami (growth) exponent, and k is the rate constant given

by

E
k(T) = k -—— 2
(1) = kaesp (- ). @)
where ky is pre-exponential factor, E is the activation
energy, and R is the universal gas constant.

From Egs. (1) and (2) transformed fraction can be
expressed as

T

a=1—exp —%/exp(—%)dT . (3)

To

The integral in Eq. (3) does not have an exact solution
and hence one has to switch to approximations. Various
approximations have been used in literature to obtain an
accurate solution of the integral [22-24]. On employing
Gorbachev approximation [24] i.e., Eq. (4) in Eq. (3) we
obtain Eq. (5):

T

2

/e—E/RTdT _ RT e—E/RT, (4)
E 4+ 2RT

0

o] T (-]

The values of E, n, and kq can be determined by fitting
the experimental data of « to Eq. (5) with the help of
method of least square.

Isoconversional methods

The reaction rate for non-isothermal crystallization kinetics
can be expressed by the following kinetic equation [25]:
do 1 k() E

— =—k(T =— - 6
7 = I =exp (- 2 )1, ©
where k(7) is rate constant, f§ is heating rate, o is degree of
conversion, and f(«) is the reaction model.
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Separation of variables and integration of Eq. (6) gives:

() = / )t =% / exp (-~ ). )

Since the above integral equation does not have an exact
analytical solution, various approximations of this integral
are suggested in literature [26-30] for evaluation of acti-
vation energies dependent on the degree of conversion, .

The general form of the linear equation expressing the
linear integral isoconversional methods is [31]:

B E,
In[ =) =-A C 8
n(Tlf RT, T © ®)

where k and A are parameters depending on approxima-
tions of temperature integral, C is constant, and the sub-
script o designates the degree of conversion. For Ozawa—
Flynn—Wall, OFW (K =0, A = 1.0516); Kissinger—
Akahira—Sunose, KAS (K = 2, A = 1); and so on.

KAS method

KAS [32, 33] used the approximation given by Coats and
Redfern [34] to evaluate the integral in Eq. (7). This
method is based on the expression

B E, koR
In(—=)=- 1 . 9
n <T§ rr, "\, ®)
The E, can be calculated from the slope of the plot In(f3/

Taz) versus 1,000/, for constant conversion, o.
For MDSC, the measured heating rate becomes [35]

y = B+ Arowcos wt, (10)

where f is the linear heating rate and the second term is
due to sinusoidal temperature modulation.

Here, having a positive heating profile is very important
to avoid any ambiguity in the measurement of actual heat
flow associated with crystallization kinetics. The above
condition can be satisfied if,

p>Arm,

or (Ayw/f) < 1.
Substituting the heating rate employed by MDSC
(Eq. (10)) in place of 8 in Eq. (9), Eq. (9) becomes

ln<(ﬁ+ATwcoswt)) __E _Hn(koR)’ ()

72 RT, E,

B Arw cos wt _E, koR
ln<T§ 1+ 5 = RT%—Hn E ) (12)

Using properties of In

B Arw cos wt E, koR
In( = Infl+ —— ) =— 1 .
n<T§ + In + ﬂ RT, + In

Expanding and neglecting higher-order terms, we get

n+1 |Arwcosm n
By o (D e E, koR
In{ 7 )+ =——"+In(—),

n=1 n RTy Ea
(14)
p Arocos wt 1 (Arwcoswr?
1n<T§ + 5 3 8 +
E, koR
=— 1 .
RT, “(E)
(15)

Taking average over one complete cycle, Eq. (15)
transforms to

2
(L) - (22) = en(8). e

Equation (16) is the KAS equation using non-linear
heating rate of MDSC.

Similar treatment has been done to the linear integral
isoconversional methods i.e., Kissinger method, Augis and
Bennett’s method, Boswell method, OFW; and linear dif-
ferential isoconversional methods i.e., Friedman, and Gao
and Wang. The factor (ATco/Zﬁ)2 on LHS of Eq. (16) is
supposed to cause non-linearity.

Results and discussion

The MDSC experiments clearly indicate two-step crystal-
lization process. The crystallized fraction, o, was calcu-
lated from MDSC curves and variation of o with
temperature, at all the studied heating rates, and is shown in
Fig. 1a, b for the two crystallization peaks, respectively.
Iterative least square fitting method was used to fit the
experimental data of fractional crystallization to Eq. (5).
Kissinger equation was used to obtain the initial estimates
of E and k(. The sigmoidal variation of crystallized fraction
(o), with temperature indicates that crystallization occurs in
bulk. Table 1 reports the values of E, kj, and n obtained by
least square fitting method.

The validity of KIMA model in non-isothermal condi-
tions can be checked by various methods available in lit-
erature [36-38]. Malek [37] proposed a simple method for
checking the applicability of KIMA model. According to
Malek the KIMA model is valid for studying the non-
isothermal crystallization kinetics if the maximum of the
function z(«) comes in the range (0.61-0.65). In the present
study we have calculated both y(o) and z(o) as expressed in
Egs. (17) and (18), respectively:

() = dpexp(E/RT), (17)
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Fig. 1 Crystallized fraction as a function of temperature for TiyoZr,oCugy metallic glass at different heating rates; (a) Peak 1, (b) Peak 2:
symbols represent experimental points and solid lines show the least square fitted curve using Eq. (5)

Table 1 Values of Avrami (growth) exponent (n), pre-exponential
factor (A), and activation energy (E) obtained by least square fitting of
fractional crystallization data for both the crystallization peaks

Heating KIMA (Eq. (5))
rates/
°C min~! Peak 1 Peak 2
n ko/10%*  E/ n ko/10'7  E/

s ! kJ mol ™! -1 kJ mol ™!
1 191 1.12 338 234 344 287
2 1.93 427 346 2.00 228 284
4 1.90 1.33 338 2.08 1.85 282
8 1.77 1.05 336 201 146 280
() = oT?, (18)

where ¢ is the heat flow evaluated during the crystal
growth represented by the following equation:

¢ = AH ko exp(—E/RT)f (), (19)

and

fla) =n(1 —a)[—1In(1

where AH, is the enthalpy difference associated with
crystallization process. Figure 2 represents the variation of
y(a) and z(or) with crystallized fraction «. As shown in the
plots, the maximum of z(«) falls in the range (0.50-0.59)
and (0.55-0.60) for Peaks 1 and 2, respectively; whereas
that of y(«) falls in the range (0.27-0.35) and (0.38-0.45),
respectively, for Peaks 1 and 2. These values are less than
that predicted by Malek. Hence in the present case, KIMA
model cannot be used for the study of non-isothermal
crystallization kinetics.

— o, (20)

@ Springer

For a more rigorous check of applicability of KIMA
equation, we have obtained the theoretical normalized heat
flow curves by making use of calculated kinetic parameters
i.e., E and n and Eqgs. (19) and (20). Figure 3a-h represents
the experimental normalized heat flow and the theoretically
calculated normalized heat flow using Eqgs. (19) and (20). For
isokinetic methods the values of E, n, and kg used are those
obtained from the least square fitting method and are listed in
Table 1. For isoconversional methods, E and k, values used
are calculated by KAS method. The values of local Avrami
exponent are calculated using the following equation [39]:

R 0ln[-In(1 — )]
P N (V)

(1)

It can be seen from Fig. 3a-h that isoconversional and
isokinetic methods show a close match to each other. Both
of them show a deviation from the experimental data at
lower heating rates. As heating rate increases, the theo-
retically calculated normalized heat flow values match with
the experimental data. Further, for all heating rates the
calculated values deviate at both the tails of the peak, but
show a close match in intermediate temperature range. This
deviation at the peak tails may be due to high errors in the
base-line interpolation for peak tails [37]. It can also be
noted that before peak crystallization temperature, the
normalized heat flow calculated by isoconversional method
matches more accurately with the experimental results,
except for Fig. 3b. After the near-peak region, the isoki-
netic method provides better results. It can be understood
in terms of nucleation and growth processes. During initial
stages of crystallization process nucleation and growth
occur simultaneously, but after the peak nucleation process
becomes negligible and crystallization is dominated by
growth process. Thus, the entire crystallization process is a
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Fig. 2 Normalized y() and z(«) with crystallized fraction o for different heating rates; a Peak 1 and b Peak 2

complex phenomenon and hence it cannot be explained
completely by isokinetic methods. For understanding this
complex process, the dependence of E on o is studied by
various isoconversional methods.

Linear integral isoconversional methods

KAS method

The expression for KAS [32, 33] method is as follows
o(2) - o)

The modified equation for non-linear heating rate is
given by Eq. (11)

2
() () e o

The values of E, and the ky can be calculated for both
peaks, respectively, from the slope and intercept of the
plot ln(B/TO%) versus 1,000/T, for constant conversion, o
(Fig. 4a, b). The values of local activation energies, E,,
are reported in Table 2. The factor (Atw/2f8)> on LHS of
Eq. (11) is coming out to be almost constant for all
heating rates. Hence, its contribution to non-linearity is
negligible, which is clearly indicated by Fig. 4a, b.
Typically (Arw/f) ~ 1, for e.g., for f=1°C min~",
At = 0.16 and w = (2m)/p, where p is time period (=60 s;
Arolf) = 1.

Kissinger method This method assumes reaction rate to
be maximum at peak temperature (7},). It is used to cal-
culate activation energy at a constant degree of conversion,
o, i.e., at T, = T,,. Kissinger equation is

B\ E koR
In (T—§> = —R—Tp+1n <?> (22)

Kissinger equation for MDSC can be obtained by
repeating Eq. (11)—(16) resulting in the final expression:

(ﬁ)(_ﬁ>_(_> )

The slope and intercept the plot ln(ﬂ/T}f) versus 1,000/7,,
(Fig. 5a, b) give the values of activation energy, E, and the
pre-exponential factor, ky, respectively. The values of
E and ky are given in Table 3.

Augis and Bennett’s method This method is an extension
of Kissinger method and it is supposed to provide accurate
values of kinetic parameters. Apart from peak temperature
(T}) it also incorporates onset temperature of crystallization
(T,) [40].

B N__E
ln<(Tp _To)> =~z * Inllo). (24)

For non-linear heating rate, on repeating steps in
Egs. (11)—(16) we get,

(i L) - (5 >2+ =gy ) (23

The values of E and k calculated, respectively, from the
slope and intercept of the plot In(B/(T, — T,)) versus
1,000/T,, (Fig. 6a, b) are given in Table 3 for both the
peaks. This method is also applicable to heterogeneous
reactions.

Boswell method As ((T, — To)/Tp,) ~ 1, Augis and
Bennett methods may provide crude results. Boswell
method [41], based on the following linear equation,
overcomes the limitation of Augis and Bennett method.

E
lnﬁ = ——— 4 const. (26)
T,  RI,
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<«Fig. 3 Normalized heat flow curves at different heating rates; (dots)

experimental, (dashed lines) isokinetic results, and (continuous lines)
isoconversional results. a—d Peak 1: a 1 °C minf', b 2 °C min~!,
¢ 4°C min_l, d 8°C min_l; e-h Peak 2: e 1°C min_l,

f2°Cmin~', g4 °C min~', h 8 °C min~’

Again following Egs. (11)-(16), for non-linear heating
rate, Eq. (25) modifies to

ﬁ AT(U 2 E
In——(— = —— t. 27
n T, 25 + RT, + cons (27)
The value of E as calculated from the slope of the plot
In(p/T,) versus 1,000/T, (Fig.7a, b) is 398.24 and
324.49 kJ mol_l, respectively, for Peaks 1 and 2. The
values are given in Table 3.

Ozawa—Flynn—Wall (OFW) OFW [42, 43] solved Eq. (4)
using Doyle’s approximation [44-46]. The OFW expres-
sion is

E
"+ const. (28)

Inf = —1.0516
nf R,

Following the steps (11)—-(16) for Eq. (28) we get

Aro)’ E
In(p) — <2T—ﬁ> = _1‘0516RYZ + const. (29)

The plot In(f) versus 1,000/T, for constant conversion,
o, is shown in Fig. 8a, b for Peaks 1 and 2, respectively.
The values of E, are reported in Table 2. At T, =T,
(Ozawa method) the value for activation energy is deter-
mined using Eq. (28), and the value is reported in Table 3
(Fig. 9a, b).

(a)

-15.0

—15.5 4

—16.0 1

In(B/T,2)

—16.5 .

-17.0 1

-17.5 T T T T T T T
1.370 1.375 1.380 1.385 1.390 1.395 1.400
1000/ T, /K"

Fig. 4 KAS plot for o = 0.3; a Peak 1 and b Peak 2

Table 2 Local activation energies (E,) at different degrees of con-
versions, o, for different methods

A E K mol™!

KAS OFW Friedman

Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2

0.1 418£6
02 393+£5
03 5590
04 415£7
05 418+£7
06 392+£5
0.7 433 £7
0.8 416 £7
09 392+£5
1 390 £ 5

390 £5
341 £ 4
321 £ 4
320 £ 4
319 £ 4
321 £ 4
341 £ 4
319 £ 4
319 £ 4
320 £ 4

407 £ 7
3835
548 £ 0
407 £ 7
407 £ 7
383 £ 5
407 £ 7
407 £ 7
3835
3835

383 £5
337 £ 4
316 £ 7
316 £ 7
316 £ 4
316 £ 4
337 £ 4
316 £ 4
316 £ 4
316 £ 4

420 £ 3
409 £ 3
403 £ 2
392+ 0
417 £ 4
385 £ 1
369 £ 1
365 £ 1
355 +£2
304 £ 4

342 £ 1
335 £ 1
329 £1
318 £ 1
306 £ 1
306 £ 1
307 £1
296 + 2
305 £5
358 £ 7

Linear differential isoconversional methods

These methods use the differential of the transformed
fraction to calculate the activation energy, E,. From
Eq. (6), Friedman [47] derived a linear differential iso-
conversional expression:

In C{:); In ﬁ(ji)a— - IfT + In(kof (). (30)

This method is also supposed to give accurate results of
E, since it does not apply any mathematical approximation
to the temperature integral. However, since it is a differ-
ential method its accuracy is limited by signal noise.

Equation (30) can be modified to Eq. (31) by repeating
Eqgs. (11)-(16),

b
( )—15.0
= a=03

-15.5
& -16.04 .
l\s
~
=
c -165-

-
-17.0
-
-17.5 : : - : ‘ T

1.31 1.32 1.33 1.34 1.35 1.36
1000/ T, /K™
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Fig. 5 Kissinger plot; a Peak 1 and b Peak 2

Table 3 Activation energies (E) and pre-exponential factor (A) for
different methods

Methods E/KJ mol ™" ko/s™"
Peak 1 Peak 2 Peak 1 Peak 2

Kissinger 392 +£5 32044 5.67 x 102 3.93 x 10'6
Augis and 3124£9 28243 1.26x 10° 1.38 x 10"

Bennett’s

method
Boswell 308 +£5 32444 - -
Ozawa 383+7 316+5 - -
Gao and Wang 3835 +4 3061 - -

mﬁ(d“)a—(’”“’)ﬁ sl (). (1)

In (B/(Ty=To))

T T T T T ¥ T T T

1.36 1.37 1.38 1.39 1.40
1000/ T, /K™

Fig. 6 Augis and Bennett’s plot; a Peak 1 and b Peak 2
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(b)
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The values of E can be calculated from the slope of the
plot In(f(do/dT),) versus 1,000/T, for constant conversion,
o (Fig. 10a, b). The values are given in Table 2.

A method suggested by Gao and Wang [48] is a special
case of Friedman method. The expression used by Gao and
Wang is as follows

o)
p

For non-linear heating rate, again by performing steps in
Egs. (11)-(16), Eq. (32) changes to

do Arm 2 E
1 — | = | = cee = —— t.
n <ﬁ dTp) ( 25 ) + RT, + cons
The values of E can be calculated from the slope of the

plot In(f(do/dT})) versus 1,000/T,, (Fig. 11a, b). The values
are given in Table 3.

E
— —- + const. (32)

RT,

(33)

(b)

—4.2

444 4
—4.6
—4.8 <
-5.0 4 -
-5.2 <

5.4

In (B/(T,=To))

—5.6 <
-5.8 4
—6.0 4

—6.2 4

1.30 1.31 1.32 1.33 1.34 1.35
1000/ T, /K™
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Fig. 7 Boswell plot; a Peak 1 and b Peak 2
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(a)

—2.0 - n

—2.5

-3.0

Ing

—3.5 4

T T T T T T T
1.36 1.37 1.38 1.39 1.40
1000/T,/K

Fig. 9 Ozawa plot; a Peak 1 and b Peak 2
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The variation of local activation energies (E,) with the
crystallized fraction, o, has been shown in Fig. 12a, b,
respectively, for Peaks 1 and 2 using three different iso-
conversional methods, namely KAS, OFW, and Friedman.
The values of local activation energies (E,) at different o
are reported in Table 2. For both the peaks KAS and OFW
methods show similar variations in E, with «, provided the
E, values for OFW were smaller than that obtained by
KAS method, whereas Friedman points varied quite dif-
ferently as compared to the KAS and OFW points.

For Peak 1, all of the three methods show substantial
variation with «. KAS and OFW methods show a sudden
increase in E, at oo = 0.3. Then there is a decrease in E,
values till o = 0.6, followed by a small increase at « = 0.7
and then it further decreases; whereas Friedman points
show a continuous decrease till end except for o = 0.5.
Therefore, the primary exothermic process can be inter-
preted as a multiple mechanism process. For Peak 2, E,
values obtained from KAS and OFW methods first
decrease from oo = 0.1 to 0.3, then remain almost constant
till « = 1 except for a sudden increase at o = 0.7. The
second exothermic event can also be explained in terms of
a multi-step mechanism, since E, values varied consider-
ably with o for all three methods.

Conclusions

The non-isothermal crystallization kinetics for TiygZr,oCugg
metallic glass was studied by isoconversional methods. The
activation energy required for primary crystallization is
found to be more than the activation energy required for
subsequent crystallization peak by all the isoconversional
methods. Isoconversional methods provide values of acti-
vation energy, E,, as a function of o, which is not possible by
any of the isokinetic methods. But the Avrami (growth)
exponent that gives information about the dimensionality of
crystal growth can be calculated by the use of isokinetic
methods. Both methods of calculating the kinetic parameters
for crystallization process provide fairly accurate results
near peak crystallization temperature as seen from Fig. 3a—
h. Though Fig. 1 shows that isokinetic method provides
better fitting to the experimental « value, the complexity of
crystallization event can be better understood by isocon-
versional methods. Hence, the combination of both methods
can be used for studying the kinetics of crystallization pro-
cess. KAS, OFW, and Friedman methods provide activation
energies dependent on «. The values of E, obtained by KAS
and OFW methods lie close to each other, whereas Friedman
method shows a different variation of E, with o. For Peak 1,
E, values show an irregular variation with «. For Peak 2 also
there is a substantial decrease in E,, from « = 0.1 to 0.3.
Afterward, it remains constant except for « = 0.7. Hence,

both crystallization events are multiple mechanism pro-
cesses. Also, the term that is expected to cause non-linearity,
ie., (ATa)/Zﬁ)2 is almost constant for all heating rates. Thus,
the non-linear heating rate does not change the nature of
different linear isoconversional methods. The linear
behavior of the various expressions remains intact. Hence,
MDSC can be conveniently used for studying kinetics of
crystallization of metallic glasses.
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Effect of Micro Alloying on Glass Forming Ability of
Cusy Zrsy Metallic Glass

Supriya Kasyap, Ashmi T. Patel, Arun Pratap

Condensed Matter Physics Laboratory, Applied Physics Department, Faculty of Technology and Engineering,
The Maharaja Sayajirao University of Baroda, Vadodara -390 001, India

Abstract. The sensitivity of glass forming ability (GFA) of CusZrs, metallic glass towards addition of Nb and Al has
been studied. It has been found that the GFA of CusyZrs, ribbons increases with addition of Nb and Al, and highest GFA
is achieved at 4% Al. Moreover Al addition favors the formation of Bulk Metallic Glasses (BMG). Among various GFA
parameters (AG, Ty, , v, Ym» N, ATy, Q) , it is the Gibbs free energy difference (AG), between the under cooled liquid and
the corresponding crystalline phase, that best explains this variation in GFA.

Keywords: .Glass forming ability (GFA), Bulk metallic glasses (BMG), Gibbs free energy difference (AG).

PACS: 64.70. P-, 64.70. pe, 64.70.Q- , 64.70.qd

INTRODUCTION

The information about the GFA has an important
place in study of BMGs as it gives a clear indication
about mechanism of glass formation, which thereby
provides a better design of new BMG. The empirical
rules given by Inoue et al. [1] and Johnson [2] have
significantly contributed to the understanding of GFA
of BMG, with some exceptions [3]. Cu-Zr binary
alloys are among those exceptions. The alloy CusyZrs
is one of the best glass formers in Cu-Zr systems [3].
Furthermore, partial substitution of alloying elements
to binary alloys improves their GFA significantly.

In present study, we have investigated effect of Nb,
and Al substitution on GFA of CusZrs, binary alloy.
Further the difference in Gibbs free energy (AG)
between the liquid phase and the corresponding
crystalline phase was calculated and compared with
other parameters.

THEORETICAL FORMULATION

Gibb’s Free Energy

The Gibbs free energy differenc&éG) between
liquid and corresponding crystalline phase is given by

AG = AH —TAS (1)
T,
Where, AH = AH,, - jACPdT (2)
T
o dr
And  AS=AS, - [AC, - 3)
T

where, AS,,, AH,, and T, are the entropy, enthalpy and

temperature of fusion, respectively. They are related to
each other by the relation: AS,, = AH,, /T 4
AC,, defined as C,' - C,", is the difference in specific
heats of liquid and corresponding crystalline phase. If
the experimental specific heat data is available for
under cooled and crystal phases, then experimental
AG can be calculated using Eq. (1)-(3). But in absence
of experimental data we have to switch to
approximations ie., expressing  temperature
dependence ofAC , in a suitable way. Plenty of
approximations have been done to derive expressions
of AG [4-9]. Turnbull [7] assumed AC ,=0 thereby
giving: AG=AH,AT /T, &)
Lad et al. [8] assumed AC, = AH,,/T,, and used Taylor
series expansion of In(T,/T) = In(1+AT/T) = AT[I -
AT/2T ]/ T, retaining terms upto second order and
derived the expression:

AH AT AT

AG = 1— (6)
7 27

Again, considering Taylor series expansion of

In(T/T) =1In (1 + AT/ (Tm+T)/2) and retaining up to
second order terms i.e, In(Tm/T) = 4TAT / (T ,+T)>
Lad et al. [9] gave the expression:

AH AT 4T

T \(r+T)

RESULTS AND DISSCUSSION
Glass Forming Ability

Suppression of nucleation and growth from an
under cooled melt is essentially required for glass
formation. Based on T,, Ty, & T,, many parameters
have been proposed in literature [10], for predicting
the glass forming ability. The most frequently used
parameters are the reduced glass transition

AG
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temperature, T,,, super cooled liquid rangeAT , and
parameter y. Table 1 reports various GFA parameters
for CusoZrsy, CuygZrygNb,, and CuygZrygAl, alloys.
Low values of m and AG indicates high GFA. On the
contrary, other parameters, ATy, T,g, ¥ Ym, @, 3, show
high values for good glass formers. It is evident from
the table 1, that Nb and Al addition improves the glass
forming ability. As far as ribbons are concerned
almost all parameters give an appropriate variation
with GFA. However, most of them are unable to
explain the GFA variation of (CusoZrsg)esAly alloy as

thickness increases, but Q factor and m satisfactorily
explain this wvariation. Q factor is greatest for
(CusoZrsg)osAly ribbon and decreases as thickness increases,
whereas 1 is smallest for ribbon and increases with
thickness. AG (Tg) varies significantly for different
compositions. AG, which is the driving force of nucleation,
is one of the dominating factors that affect kinetics of
crystallization. A lower value of AG implies greater GFA. It
can be seen thatAG for (CusyZrsg)osNby is less than that of
CuspZrsg, and is lowest for (CuspZrsp)osAly alloy, it indicates
that among the three metallic alloys (CusyZrso)osAl, is the
best glass former.

TABLE 1. GFA parameters : T, =crystallization temperature, T, = glass transition temperature, T) = liquidus temperature,
H,, = enthalpy of melting, H, = enthalpy of crystallization.

Compositions AT, Ty Y Ym n a 0 AG
(K) (TJT) (T (@T-Ty/ (Tg+Tx)/Th (- (Tx/TI) (T (kJ/mol)
i " (T+TY) T) (AHx/AHm) (AHX/AHm)) (T-Ty)
CusyZrsg 50 0.57 0.39 0.65 0.64 0.46 0.61 1.43 1.69
(ribbon)
(CusoZrsp)osNb;, 50  0.58 0.39 0.66 0.68 0.42 0.62 1.45 1.64
(ribbon)
(CusoZrsp)sAl, 51 059 0.40 0.67 0.77 0.37 0.63 1.53 1.42
(ribbon)
(CusgZrsg)ocAly 48 0.59 0.40 0.67 0.75 0.38 0.63 1.52 1.42
(2mm)
(CusyZrsp)osAl, 49 0.59 0.40 0.67 0.69 0.43 0.63 1.52 1.42
(4mm)
(CusoZrsp)osAl, 50  0.59 0.40 0.67 0.52 0.57 0.63 1.52 1.42
(6mm)
=y enhances the GFA of Cus¢Zrsg, which is further
T st psori improved by 4% of Al addition. AG value for
% 254 " " e CuygZrygAly is lowest that indicate that CuygZrygAly is
;3; o e = the best glass former. The driving force of
g{- 204 33 - Ny . crystallization has been calculated by various methods
g .| Hia ‘.:\l'm‘ 3 available in literature. Expressions given by Lad et al.
& ek, provide lower AG values than other expressions,
§ 104 o R which prove its reliability over others.
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FIGURE 1. Variation of Gibb’s free energy difference with
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The variation oAG between glass transition
temperature (T,) and melting temperature (T,,) have
been shown in fig. 1. for CuggZrgAly alloys. The plot
clearly indicates that the value ofG  at T,, obtained
by Eq. (6) and (7) are lowest as compared to that
obtained by other expressions. Further, as the under-
cooled region (AT) increases, the nonlinearity in AG
can be better explained by Eq. (6) & (7).
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Glass forming ability of CusyZrs, Wwas
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The glass forming ability (GFA) of five Zr-based alloys, namely Zre2 5Al12.1Cu7.95Ni17 .45,
Zre3Al11.4Cug3Nie 3, Zre3sAl10.7Cu10.7Ni15.1, ZreaAl101Cu11.7Ni142, and ZresAlg7Cui4.4Ni11g, IS
studied based on the thermodynamic parameter i.e., the Gibbs free energy difference (AG
(Tg)) between the super-cooled liquid and the corresponding crystalline phase. Two different
equations of AG, given by Lad et al, are used and the calculated values of AG (Tg) are plotted
against the critical dimension (Zmax) to understand the relationship between the GFA and AG
(Tg). It is found that AG (Tgy) obtained by Lad-1 expression, shows a strong correlation with
Zmax (R? = 0.955). Other GFA parameters (ym, o, o, g O, o, m2, o, B, B, etc) are also
calculated to understand the glass forming ability and thermal stability of metallic glasses.
Among all five compositions, Zrs25Al121Cu7.95Ni17.45 is found to have the best glass forming
ability with AG (Tg) values to be 5.166 and 4.359 kJmol™ respectively by Lad-1 and Lad-2
expression.

Keywords: Glass Forming Ability (GFA), Gibbs free energy difference (AG), critical
dimension (Zmax)

1. Introduction

The unavailability of appropriate number of crystal nucleation sites is the chief reason
behind the formation of a glass from a metallic melt during its cooling process. Crystal
nucleation is favored by a large thermodynamic driving force and a rapid kinetics of crystal
nucleation. As soon as a metallic alloy is cooled, its molecules either tend to move towards
their equilibrium state or get supercooled, depending on the amount of the thermodynamic
driving force available and the briskness of crystallization kinetics. The thermodynamic
driving force can be determined by calculating the Gibbs free energy difference (4G)
between the supercooled liquid and the corresponding crystalline phase.

The glass forming ability (GFA) of metallic alloy primarily depends on its cooling rate.
As cooling rate increases, the relaxation time decreases. Hence, molecules of alloy do not get
sufficient time to move to their respective equilibrium places and supercooling of a melt
takes place. This implies that high cooling rate favors good glass formability. But in practice,
many researchers have reported their work on formation of metallic glasses even at lower
cooling rates [1-4]. The critical cooling rate (Rc) i.e., the minimum cooling rate that allows
the formation of fully amorphous material from a metallic melt, is an important experimental
factor that determine the GFA of a metallic glass. The maximum attainable size of a fully
amorphous alloy i.e., the critical dimension (Zmax) of a metallic glass is another factor that is
useful in determining the GFA of a metallic glass. A greater Zmax indicates a better ability of
an amorphous alloy to form a bulk metallic glass (BMG). Apart from these experimental
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parameters, a large number of quantitative parameters are available in literature [5-17] for
studying the GFA of BMGs. However, there are not many studies on the relationship
between the quantitative GFA parameters and the experimentally measured parameters i.e.,
Rc and Zmax. ldentification of the best GFA parameter is vital for finding the best glass
former. Hence the correlation between the GFA parameters and R¢ (0or Zmax) IS essential for
better understanding of the GFA of amorphous alloys.

In present work, we have studied the GFA of five Zr-based metallic glasses i.e.,
Zr625A1121CU7.95Ni17.45, Zre3Al11.4CU93Nite3, Zre3sAli0.7Cu107Ni1s1, ZresAlio1Cui17Nisz,
and ZresAlg7Cu144Ni1re. Various GFA parameters together with the thermodynamic
parameter AG (Tg) have been evaluated and their relationship with Zmax is studied for Zr-
based metallic glasses.

2. Theory

The glass forming ability and glass stability of metallic glasses can be studied
theoretically by making use of the available GFA parameters such as, ATx[= Tx-Tg] [1], Trg[=
T/ [5], y[=T/ (Tg*+T1)] [6], BT= TxTo/(Ti-Tx)] [7], O[= T/ (Ti — Tg)] [8], ym[= (2Tx-Tg)/T1] [9],
(X[: Tx/TI] [10], ﬂ[: Tx/Tg - Tg/TI] [10], é:[:Tg/TI - ATx/Tx] [ll], CU’[: (Tg/Tx) - (2Tg/(Tg+TI))]
[12], w2[=Tg/(2Tx — Tg) — (T/T)] [13], ¢[= Trg (AT Tg)***] [14], ye[= (3Tx-2Tg)/T1] [15],
o[=Ti(Ti + Tx) / Tx(Ti — Tx)] [16], and ATg[= (Tx-Tg)/(TI-Tg)] [17]. Here, Tg, Tx, and T, are the
glass transition temperature, crystallization temperature and liquidus temperature
respectively.

The Gibbs free energy difference (AG) between liquid and corresponding crystalline
phase is given by

AG = AH —-TAS (1)
Tm
Where, AH = AH_ — [ AC dT
(2) T
And, TdT 3)
AS =4S - [AC, —
m p T
!
where, ASm, AHm and Tm are the entropy, enthalpy and temperature of fusion,
respectively. The relation between them is:  ASm = AHm /Tm 4)

ACp, defined as Cp' - Cp¥, is the difference in specific heats of liquid and corresponding
crystalline phase. Eg. (1)-(3) can be used to calculate experimental AG if the experimental
specific heat data is available for under cooled and crystal phases. But in absence of
experimental data, certain approximations have to be used for expressing the temperature
dependence of ACp in a suitable way. Plenty of approximations have been done to derive
expressions of AG [18-22]. Lad et al. [21] assumed ACp = ACp™, where ACy™ is the value of
ACp at Tm, and used Taylor series expansion of In(Tw/T) = (AT/T) [1 - AT/2T] retaining terms
upto second order and derived the expression (Lad-1):
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AH AT AT
AG = m (1— ) (5)
T 2T

where, AT = Tm — T. AT is the under-cooling of the metallic melt, which provides
information about how far is the system from melting temperature.

Again, considering Taylor series expansion of In(Tm/T), and retaining up to second order
terms i.e, In(Tw/T) = 4TAT / (Tm+T)? Lad et al,[22] gave the expression (Lad-2):

AGAHmAT[ aT? j
T \(T+T) ©)

m

3. Results and Discussion

The information about the glass forming ability of metallic glasses can be procured by
knowledge of the experimental parameter Rc i.e., the critical cooling rate. Rc can be
understood in terms of the minimum cooling rate sufficient enough to avoid the formation of
any undesired phase, which in case of metallic glasses is the crystalline phase. A greater
value of Rc implies that the system requires a high cooling rate for suppressing the
crystallization event, and hence lower is the glass forming ability. Experimentally, Rc is
considered to be the best GFA criteria. Another experimental parameter is critical dimension,
Zmax. Zmax 1S the maximum attainable size of fully amorphous material, which decreases with
an increase in R¢ [23]. This implies that a good glass former will have a larger value of Zmax
as compared to a poor glass former. But determination of R¢ (or Zmax) involves a series of
continuous cooling experiments, which itself is a tedious job. So, in order to make the work
easier a variety of GFA parameters have been formulated by researchers [5-17], depending
on the characteristic temperatures, such as the glass transition temperature (Tg), the
crystallization temperature (Tx), the melting and liquidus temperature (Tm and T,
respectively). Table | represents the melting enthalpy (AHm), Critical dimension (Zmax), glass
transition temperature (Tg), crystallization temperature (Tx), melting temperature (Tm), and
Gibbs free energy difference at Tg as calculated by expressions given by Lad et al (eq. 5 & 6).

The ability of a liquid to resist crystallization during cooling process, and hence to get
supercooled into a state of rigidity, is considered as the glass forming ability. Further, the
thermal stability of the liquid phase upon cooling assists the progress of the formation of
glassy state. Among various available GFA parameters, the reduced glass transition
temperature (Trg) [5] and the supercooled liquid region (47y) [1] are the most widely used
ones. Trg is defined as the ratio of glass transition temperature (Tg) and liquidus temperature
(Ty). Higher Trg values indicate good glass forming ability. The value of T is found to be in
the range 0.66-0.69 for good glass formers. Here, in the case of Zr-based metallic glasses Trg
varies from 0.55-0.57. Zre3sAl10.7Cu10.7Ni1s1 metallic glass with Trg = 0.565 is a better glass
former than ZresAli0.1Cu117Niws2 with Ty 0.568. Hence, Trg does not provide correct
information about the variation of GFA in Zr- based metallic glasses. 47x can be understood
as the difference between the Tx and T4. Large difference between Tx and Tq indicates that
the material takes more time to crystallize, thereby showing better stability against
crystallization. A7y indicates the stability of supercooled liquid against crystallization.
Generally, glass formers are supposed to have values of A7 to be in the range 16.3-117. Cai
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et al [24] have shown that these two parameters (Trq and 47x) cannot be used for studying the
GFA of Zr-based metallic glasses, since they do not vary linearly with Zmax. Another GFA
indicator y proposed by Li and Liu [6] is one of the good indicators of GFA with values
ranging between 0.35-0.50 for good glass formers. In present case, Zrs25Al12.1Cu7.95Ni17.45 iS
found to the best glass former (y = 0.40) among all the five compositions. Furthermore, the
parameters £’ [7] and ¢ [8] were proposed depending on the classical nucleation and growth
theory. Both of these parameters show a linear variation with Zmax as observed form figure
1(a). Several other GFA indicating criterion, such as ym [9], & [10], A [10], £ [11], and ' [12],
w2 [13], based on the stability of liquid phase against competing crystalline phase and the
resistance of amorphous phase against crystallization, have been formulated by various
researchers in the past. The parameter « is supposed to be applicable for studying the GFA of
metallic glasses where a distinct T4 is not observed [10]. The relationship of ym, a, 8, & @',
and w2 with Zmax is shown in figures 1(a-c). Extending the applicability of GFA criterions
from metallic glasses to network and molecular glasses, Fan et al [14] proposed a criterion
namely ¢ based on the concepts of nucleation theory and fragility. Depending upon the
relation between cooling and heating process, Guo and Liu [15] formulated another GFA
parameter yc. Fig 1 (d) represents the relation of ¢ and yc with Zmax. Based on the Gibbs free
energy difference between the supercooled liquid phase and the corresponding crystalline
phase, Ji and Pan [16] formulated thermodynamic parameter w, for evaluation of GFA of
metallic glasses and oxide glasses. This parameter « also shows a positive correlation with
Zmax (Fig. 1(e)). The variation of the reduced supercooled region (ATrg) [17] with Zmax IS
shown in fig 1(f). R? value for ATrg-Zmax plot is 0.67, which indicates that 47y is not an
appropriate parameter for studying GFA of Zr-based metallic glasses. All the GFA
parameters explain the glass forming ability of Zr-based metallic glasses satisfactorily,
except for Trg, ATx, and ATyg.

The thermodynamic parameter 4G (Tg) is calculated by using equation (5) and (6). All
the aforementioned parameters were correlated with Zmax, for identifying the best GFA
parameter. Figures 1 (a) to 1 (f) represents the variation of various GFA parameters with
Zmax. The parameters w2, @', and 4G (Tg), shows a negative correlation with Zmax, whereas all
other parameters show a positive correlation with Zmax. Among all GFA parameters AG (Tg)
is found to have the best correlation with Zmax (fig 2(a)), with the value of correlation
coefficient R? = 0.955 and 0.944, calculated by expressions given by Lad et al (eq 5 & 6
respectively). Therefore 4G (Tg) values can be used as an estimate for GFA of Zr-based
metallic glasses. Among the two expressions of 4G Lad-1 (eq 5) is found to have better
linear fit with Zmax as compared to Lad-2 expression (eq 6) as evident from fig 2(a). This
indicates that Lad-1 expression provides better one-to-one correspondence of 4G (Tg) values
with Zmax than Lad-2 expression. Hence for Zr-based metallic glasses Lad-1 expression for
calculation of 4G (Tg) explains the GFA better than eq 6.

All other GFA parameters are also showing good correlation with Zmax with values of R?
ranging from 0.8 to 0.95, except for A7k, Trg, and ATrg. Moreover, Cai et al [24] found that
AHm can also be considered as a good GFA parameter as it varies linearly with Zmax with R? =
0.98. It implies that along with 4G (Tg), 4Hm can also be used as a decisive criterion for GFA
of metallic glasses. Further the ratio AG (Tg)/4Hm is found to have a nearly constant value for
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a single expression of 4G. Considering equation (5) and (6), the value of AG (Tq) / AHm
comes out to be 0.27 and 0.22 respectively [fig.2 (b)].

The best glass former among the five Zr-based metallic glasses is found to be
Zre25Al12.1Cu7.95Ni17.45. The composition dependence of GFA of these five BMGs can be
observed from the table 1. As composition changes, value of the thermodynamic parameter
AG (Tg) changes and hence the GFA shows a variation for different metallic glasses.
Basically, 4G is the driving force of nucleation. A lower value of AG implies greater GFA.
Crystal nucleation requires a large amount of energy. Crystallization of alloy becomes more
and more difficult as 4G decreases, thereby increasing the GFA of metallic alloys. The value
of AG (Tg) calculated by equations (5) and (6) are shown in table 1. Zr-based metallic glasses
can be arranged in order increasing GFA as ZresAlg7Cui144Ni119, ZreaAlio1Cui1.7Nii42,
Zr63.5Al10.7CU10.7Ni15.1, Zr63Al11.4CU9.3Ni16.3, and Zre2.5Al12.1Cu7.95Ni17.45.

4. conclusion

The GFA of Zr-based metallic glasses are studied based on the various GFA parameters.
Various GFA parameters were correlated with Zmax, in order to find their applicability for Zr-
based metallic glasses. Statistically, most of them (ym, «, J, & @, w, w2, @', B, p’) were found
to be a good representative of the GFA of metallic glasses. Thus, the GFA of metallic glasses
is composition and characteristic temperature dependent. 4G (Tg4) was found to be the best
GFA indicator with statistical correlation factor R? equal to 0.955 and 0.944 respectively as
calculated by Lad-1 (eq.5) and Lad-2 (eq.6) expressions. The amorphous alloys with
composition Zrg2.5Al12.1Cu7.95Ni17.45 was the best glass former among all five metallic glasses,
with 4G (T) 5.166 and 4.359 kJmol™? respectively by Lad-1 and Lad-2 expression.
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Table captions

Table 1. The melting enthalpy (AHm), Critical dimension (Zmax), glass transition temperature (T),
crystallization temperature (Tx), melting temperature (Tm), and Gibbs free energy difference at

Tg.

Table 1. Kasyap et al

" AHn Zmax Ty Tx Tm AG (Tg) AG (Tg)

@ﬂj’y Composttions o] 24 [24] [24 [24 [EqG)]  [Eq(®)]
(kJmolt)  (mm) (K) (K) (K) (kJmol?)  (kJmol?)

Zre25Al12.1Cu7.95Ni17.45  19.39 75 668+1 738+1 1111+1 5.166 4.359
Zrs3Al11.4Cug 3Nii63 19.52 6.5 663+1 732+1 1103+1 5.203 4,390
Zre3s5Al107Cu07Nis1 19.65 6 653+1 724+1 1100+1 5.252 4,432
Zrs4Al101CuU11.7Ni142 19.76 5 657+1 71741 1098+1 5.272 4,449
ZresAlg 7Cu14.4Ni11.9 20.02 4 647+1 709+1 1125+1 5.365 4537
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Figure captions
Figure 1. (a) - (f) Relationship between various GFA parameters with Zmax

Figure 2. (a) Relationship between AG (Tg) and Zmax, (b) Relationship between AG (Ty) / AHn and
Zmax
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