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In this work, we use nanocalorimetry to characterize the diffusion kinetics of Cu-Zr and Ni-Zr glass-forming alloys
in both the solid state and the super-cooled liquid state, covering a temperature range from 0.67T, to 1.49T,. We
find that diffusion in the solid state follows Arrhenius behavior, while the kinetics in the super-cooled liquid state
is well described by a fragility-based model that takes into account breakdown of the Stokes-Einstein relationship

between the diffusivity and viscosity. The current work uses a single experimental technique to map out the ki-
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netics of diffusion over a broad temperature range in both states.
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Metallic glasses (MG) are a class of alloys that command great inter-
est because they combine metallic properties with the ease of molding
of polymers [1-3]. Since crystallization needs to be suppressed both
during cooling from the melt and during processing, design of MG re-
quires detailed understanding of the transport properties in these al-
loys, both in the solid state (SS) and in the super-cooled liquid state
(SLS). Measurement of diffusion kinetics over a wide range of tempera-
tures covering both SS and SLS with a single technique is difficult. Fur-
thermore, glass forming alloys with poor thermal stability, such as
binary metallic systems, do not provide sufficient times scales for con-
ventional experiments: Even for alloy systems with very high glass-
forming ability (GFA), measurement of diffusion kinetics above 1.1T,
is not possible due to crystallization [4]. Consequently, experimental re-
sults on the diffusion kinetics in binary glass-forming systems in a wide
temperature range in SS and SLS are scarce.

A number of techniques have been used to study diffusion kinetics in
metallic systems, including secondary ion mass spectroscopy (SIMS),
Auger electron spectroscopy (AES), nuclear-reaction analysis, and calo-
rimetry [5-8]. Most techniques used thus far work only over a relatively
small temperature range or have other restrictions that make them not
generally applicable. Here, we use nanocalorimetry to investigate the
diffusion kinetics in binary Cu-Zr and Ni-Zr glass-forming alloys, over
a temperature range that covers both the solid state and the super-
cooled liquid state. The dynamic range of the technique makes it
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possible to access a temperature range of 0.67T to 1.49T,, correspond-
ing to heating rates from approximately 10 K/s to 10° K/s [9-11].

In this study, the diffusion kinetics in the SS is evaluated for the CuZr
and NiZr systems by preparing polycrystalline multilayers that form a
metallic glass upon intermixing. The activation energy of diffusion is
readily determined from the calorimetry measurements. The diffusion
kinetics in the SLS is evaluated indirectly by measuring the crystalliza-
tion kinetics of the alloys over a range of temperatures. Crystallization,
rather than being an obstacle to the study of super-cooled liquids, pre-
sents an important window onto their structural relaxation [12]. Calo-
rimetry measurements performed at different heating rates provide
information on the kinetics of crystallization, which may be analyzed
in terms of atomic transport.

For the experiments described in this study, four different types of
samples were prepared: 500 nm films of both Cus¢Zrsy (102 +
10 nmol) and NispZrse (106 £ 10 nmol) metallic glasses (MGs), and
100 nm multilayers (MLs) of both Cu/Zr (20 4+ 2 nmol) and Ni/Zr (21
=+ 2 nmol). The multilayers had a bilayer period of 25 nm and overall
stoichiometry of XsoZrso, where X represents either Cu or Ni. The sam-
ples were characterized using nanocalorimetry, a technique where
micromachined sensors are used to perform very sensitive calorimetry
measurements on thin films. Details of the nanocalorimetry technique,
deposition parameters for the films, characterization methods can be
found in the Supplementary Information.

Fig. 1a shows the heat flow for a Ni/Zr multilayer sample obtained
from a nano-calorimetry measurement. A broad exothermic reaction
is observed, starting at approximately 480 K and peaking at 735 K.
This peak is followed by a smaller peak at 815 K. The total enthalpy
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Fig. 1. Heat flow vs. temperature curves of (a) Ni/Zr and (b) Cu/Zr multilayers. Both systems have a total thickness of 100 nm and a bilayer period of 25 nm. The average heating rate of the
nanocalorimetry measurements were 15,000 K/s. (¢) Arrhenius graph of the inter-diffusion in the Cu/Zr multilayer; (d) Inter-diffusion in both Cu/Zr and Ni/Zr multilayers have an

activation energy of approximately 1.0 eV.

associated with the Ni/Zr reaction was calculated by integrating the heat
flow with respect to time and was found to be —23.3 + 3 kJ/mol. This
value is similar to the amorphization enthalpy of 28 kJ/mol of a NiZr
multilayer with overall composition of NisgZr44 and a wavelength of
74 nm [13]. The reaction behavior of Ni/Zr multilayers has been studied
previously using various techniques, including differential scanning cal-
orimetry (DSC) and X-ray diffraction (XRD) [13-17]. It was shown that
the low- and high-temperature reactions correspond to diffusion-
controlled amorphization and crystallization, respectively.

Fig. 1b depicts the heat flow for a typical Cu/Zr multilayer sample. It
is evident from the figure that the reaction in the Cu/Zr multilayer pro-
ceeds in three reaction stages, with significant overlap between the first
two stages. The peak temperatures for each reaction are 605, 730, and
900 K, respectively. X-ray diffraction measurements of Cu/Zr multi-
layers that were quenched at different reaction stages confirmed that
the initial multilayer structure consists of crystalline Zr (hcp) and Cu
(fcc), which have {002} and {111} crystallographic textures, respec-
tively (Supplementary Information). As the reaction proceeds, the Cu
peak disappears first, followed by the Zr peak, until finally no more dif-
fraction peaks associated with the sample can be observed. These obser-
vations indicate that the Cu layer is consumed first as an amorphous
phase forms at the original Cu/Zr interfaces. Since the radius of the Cu
(128 pm) atom is much smaller than the Zr atom (160 pm), one
would expect diffusion of Cu into the amorphous matrix to be faster
than Zr, leading to the formation of a Cu-rich amorphous matrix in the
first stage of the reaction. As the rest of the Zr is consumed, the amor-
phous phase eventually becomes equiatomic, resulting in the second
exotherm (Supplementary Information). The amorphous CuZr matrix
then crystallizes to form CuZr, and Cu,¢Zr5 in the third stage. Similar
to the Ni/Zr system, the Cu/Zr multilayer has a large exothermic peak
due to inter-diffusion, followed by a much smaller crystallization peak.
The enthalpy of inter-diffusion was measured to be 12 4+ 2 kJ/mol,
while the crystallization enthalpy was 2.7 k]/mol.

Highmore et al. [13,18] have shown that the enthalpy produced
during inter-diffusion obeys the following equation [13].

dH QSS
In <HE> = In(Ho)~ o )

Here, H is the enthalpy produced during the amorphization process
and H, is a constant. According to Eq. (1), the activation energy of inter-
diffusion Q°° can be determined from the slope of the In(HdH/dt) vs. 1/
kgT curve. Fig. 1c shows an Arrhenius graph for a Cu/Zr multilayer sam-
ple. For the temperature range associated with the first and the second
inter-diffusion processes, the slope is constant, indicating that the
amorphization kinetics is indeed diffusion-limited for the Cu/Zr system.
As mentioned earlier, the low-temperature diffusion process is associ-
ated with the formation of a Cu-rich Cu/Zr amorphous phase as a result
of Cu diffusion, while the high-temperature process corresponds to the
formation of the equiatomic amorphous phase as a result of continued
Zr diffusion into the amorphous phase. Interestingly, the change in com-
position of the amorphous phase does not change the activation energy
of the inter-diffusion process in the Cu/Zr system, at least not within ex-
perimental error - both processes have an activation energy Q% of 1.0 +
0.07 eV. Fig. 1d compares the Arrhenius graph of the first inter-diffusion
process in the Cu/Zr multilayer system with that for the Ni/Zr system.
Similar to the Cu/Zr system, the curve of the Ni/Zr system produces a
curve with a constant slope, and the corresponding activation
energy is 0.95 4 0.07 eV, which is slightly smaller than the previously
reported value of 1.1 eV [13]. The nanocalorimetry results indicate
that diffusion in the Cu/Zr and Ni/Zr systems is thermally activated in
the glassy state.

Fig. 2a and b shows the heating rates versus temperature obtained
from nanocalorimetry measurements on amorphous CusgZrsg and
NisgZrso samples. These curves show signals corresponding to the
glass transition and crystallization process. Crystallization peaks are
indicated in the figures. For both material systems, the crystallization
temperatures increase with heating rate. The peak crystallization tem-
peratures and corresponding heating rates can be used to construct
Kissinger plots as shown in Fig. 2c [19-23], the slope of which is the ac-
tivation energy of crystallization. In addition to the nanocalorimetry
measurements, which cover a range of heating rates from 10 to
10° K/s, we also show a few data points obtained from the literature
to further expand the temperature range of the analysis. The literature
data were obtained using conventional calorimetry with heating rates
varying from 0.17 to 1.00 K/s [24-27]. It is evident from Fig. 2¢ that
the slope, which represents the activation energy of the crystallization
process, gradually reduces as the temperature increases. This behavior
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Fig. 2. (a) Heating rate vs. temperature of CusoZrso metallic glasses — crystallization peaks
are marked. (b) heating rate vs. temperature curves of NisoZrso metallic glasses.
(c) Kissinger plot of the crystallization kinetics of CusoZrso (red) and NisoZrso (black)
metallic glasses. Square (CusgZrso) and circular (NispZrso) data points were acquired
from the nanocalorimetry measurements in this work, while star (CusoZrsg) and
triangular (NisoZrsg) points are from literature [24-27]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

is fundamentally different from the inter-diffusion processes observed
in the multilayer samples, which do follow Arrhenius kinetics with a
constant activation energy.

The temperature-dependence of the crystallization activation ener-
gies shown in Fig. 2c¢ can be described by considering the crystal growth
rate, u, given by [28]

U(T) = gy [1— exp(— A,f;p)]. 2)

Here AG(T) is the free energy difference between the super-cooled
liquid and the crystalline phases, which can be approximated as 2TAHy
(Tjy — T)/|[Tin(T,, + T)], where T, is the melting temperature [29]. U,
is the kinetic growth rate which scales with diffusivity of the super-
cooled liquid, and the other symbols have their usual meanings. The
temperature-dependence of uy, is well described by a phenomenolog-
ical model based on the viscosity and fragility of the super-cooled liquid
state if a result obtained by Ediger et al. [28] is invoked. In the super-
cooled regime, the well-known Stokes-Einstein relationship between
viscosity and diffusivity breaks down and is replaced by a power-law re-
lation of the form, D™ «1 =5, where nis the viscosity of the super-cooled
liquid. [19,30]. The decoupling exponent § can be estimated as § ~ 1.1 —
0.005m, where m is the fragility of the super-cooled liquid. The viscosity
data were obtained from the literature [24,31-33] and were fitted with
the Vogel-Fulcher-Tammann (VFT) equation, 1)(T) =1, exp(f=i¢) ,
yielding the fragility values of 99 and 133 for the CusoZrso and
NisoZrsg system, and decoupling exponents § of 0.60 and 0.44 for the
two systems, respectively (Supplementary Information). The VFT equa-
tion combined with the Ediger result yields the following expression for
the kinetic growth rate

Uyn(T) = Cn(T) " (3)

Using Eq. (2), the Kissinger plots of the crystallization processes in
Fig. 2¢ can be converted into Arrhenius graphs of uy;,, or equivalently,
the diffusivity in the SLS (D) as shown in Fig. 3a. Eq. (3) is shown in
the same graph along with the experimental data. The proportionality
constant, C, in the equation was selected to translate the curves verti-
cally to match the experimental data. It is evident that this simple phe-
nomenological model describes the experimental temperature
dependence of uy;, quite well.

The slopes of the Arrhenius graphs, which are the apparent activa-
tion energies of transport in the super-cooled liquid states (Q°), are
shown in Fig. 3b as a function of 1/ksT. While Q°=° is not a real activation
energy, its value does provide a measure of how transport in a material
system changes with temperature. It is clear from the figure that the
value of @° at a given temperature is similar for both material systems.
However, the glass forming ability of an alloy depends sensitively on
both the glass transition and liquidus temperatures [34]. Consequently,
it makes sense to scale the temperature accordingly. Fig. 3c shows the
value of @°F as a function of AT = (Try — T)/(Tyn — Tg). It is evident
that the value of Q%™ for CusoZrsg is always higher than that for NisoZrsg
at the same relative level of undercooling. This observation implies that
on cooling transport slows down faster in CuspZrso than in NisoZrsg at
the same relative level of undercooling. Furthermore, the liquidus tem-
perature T,, is much closer to the glass transition temperature for
CusoZrso than for NisoZrsg, i.e., the change in transport kinetics occurs
over a much narrower temperature range. This observation suggests
that the former has better glass forming ability, consistent with previous
findings [25,35,36], and that the following dimensionless quantity

QSLS

F-_ <=
kB(Tm_Tg) '

(4)

depicted as a function of relative undercooling in Fig. 3d, may be a good
measure for the glass forming ability of an alloy. Since Q°* depends sen-
sitively on the fragility, Eq. (4) demonstrates that the glass-forming abil-
ity of a metallic glass depends on Tg, T, and the fragility. This
observation is in good agreement with recent work by Johnson et al.
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Fig. 3. (a) Arrhenius plot of DX from the calorimetry results (markers) and Eq. (3) (lines). Apparent activation energies for CusoZrsq (red) and NisoZrso (black) systems, with respect to
(b) 1/kgT and (c) AT,orm. (d) E versus AT,om. Solid lines correspond to temperature ranges with experimental data, while dashed lines are extrapolations using the fragility-based model.
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[34], who have shown that the critical thickness of glass-forming alloys
can be described by a simple expression containing the fragility and the
reduced temperature, Tg/T;.

Following the discussion in the previous sections, the diffusivity in
the SS and SLS can be described using the following expressions,

S nSs _QSS
D¥ =D exp o) (5)
B

T T T

Cu-Zr systems
Ni-Zr systems -

In(D (nf/s))

12 14 16 18
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Fig. 4. Diffusion kinetics of CuZr and NiZr in SLS and SS region obtained from the
calorimetry measurements.

respectively. Fig. 4 shows an Arrhenius graph of the diffusivity of
CuspZrso and NisgZrsg over a temperature range covering both SLS and
SS. The pre-exponential factor in Eq. (5) was determined from the re-
quirement that the diffusivity be continuous at Tg. It is clear that the
glass transition causes an abrupt increase in the slope of the diffusivity
graphs. This behavior is also observed in molecular dynamics simula-
tions of diffusion in molten and glassy NiZr [37,38] and CussZrg7 [39].
Several models have been proposed to explain the enhanced mobility
in the SLS. One model attributes the higher apparent activation energy
above the glass transition temperature to structural changes in the ma-
trix on a timescale comparable to the interval between individual
atomic hopping events. These structural changes would enhance the
hopping probability and lead to increased diffusion [4]. More recently,
it was shown experimentally that the enhanced diffusivity above the
glass transition is not due to an increase in single-atom hopping rate,
which follows Arrhenius behavior with the same activation energy in
both states. Instead, it is the result of a collective process, in which a
small group of atoms in the SLS move in a highly coordinated fashion
[40]. We hope that experimental data such as the data presented in
this paper will prove useful in developing quantitative models for
atomic transport in metallic glasses.

In conclusion, we have utilized nanocalorimetry sensor arrays to
characterize the diffusion behavior in the solid states and the
supercooled liquid states of NiZr and CuZr, covering a wide range of
temperatures from 0.67T; to 1.49T,, which may not be accessible with
a single conventional experimental technique. The diffusion behavior
in the solid state is investigated by characterizing the inter-diffusion
and amorphization of elemental multilayers; diffusion behavior in the
super-cooled liquid state is analyzed by studying the crystallization ki-
netics of amorphous samples. We demonstrate that diffusion in the
solid state is controlled by a single value of the activation energy in a
typical Arrhenius process. Diffusion in the super-cooled liquid state is
highly non-Arrhenius with an apparent activation energy that deceases
rapidly as the temperature increases above the glass transition. This be-
havior is well described using a phenomenological model relating the
diffusivity to viscosity and the fragility of the super-cooled liquid state.
We believe that the nanocalorimetry technique introduced in this
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paper may be used to study diffusion kinetics in binary systems that
form amorphous phases on sputter deposition, over a temperature
range covering both the SS and SLS.
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