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We discuss the effect of Sn addition on anomalous glass transition behavior in Cu-Zr bulk-forming
metallic glasses. We found that an unusual endothermic reaction in CussZr4oSns ribbon can originate
from the growth reaction of quenched-in nuclei from 0.4 nm to 3.7 nm in the supercooled liquid region.
This anomalous devitrification may prove useful for the synthesis of a novel composite with uniform
atomic/nanometer scale heterogeneity modulated by controlling cooling rate as well as by tailoring alloy
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1. Introduction

Bulk-forming metallic glasses (BMGs) are of interest not only
in themselves but also because they are the precursors of use-
ful glass-nanocrystal composites, obtained by devitrification [1].
Such a microstructure manipulation may be achieved by a suitable
annealing of amorphous alloys as well as an appropriate cooling
history.

The presence of the glass— liquid transition on heating is
clear evidence for a high thermal stability of supercooled liquid
and thereby amorphous states, and appears to be directly con-
nected with the thermodynamic property of glass-forming liquid
[2]. While most of metallic glasses exhibit a single endothermic
reaction at the glass transition temperature (Tg), anomalous glass
transition behavior such as an additional endothermic reaction has
been reported in some limited cases [3-8]. However, this abnor-
mal behavior of supercooled liquid region (SCLR, AT=Ty — Tg) may
be useful in tailoring properties obtained by unique devitrification
such as selective partial devitrification [5].

Itis well known that binary Cu-Zr metallic glasses exhibit a large
SCLR of over 40 K in the composition range of 35-70 at.% Zr, and the
BMG rods with diameters of 1-2 mm are formed in the composition
range of 35-55 at.% Zr, indicating that the binary Cu-Zr alloys have
high stabilization of SCLR and high glass-forming ability [9]. This
result strongly suggests that the SCLR may be modified by appro-
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priately introducing an additional alloying element. For instance,
Inoue et al. reported that the SCLR increases over 70 K with minor
addition of Al or Ag [9,10] and Park et al. reported that apparent
double glass transition behavior occurs with a minor addition of
Be [7]. However, there is little documentation for the anomalous
behavior of SCLR in Cu-Zr BMG. In the present study, we further
explore the manipulation of SCLR in Cu-Zr BMG system and, in
particular, study the effect of Sn addition on the thermal stabil-
ity of supercooled liquid in a series of Cugg _ xZr49Sny alloys. In our
experiments, a unique endothermic reaction between the first and
the second crystallization was detected in Cuss5Zr4oSns ribbon. It
can be understood that the anomalous glass transition behavior
results from the growth reaction of quenched-in nuclei from 0.4 nm
to 3.7nm in the SCLR, which is closely related to strong affinity
(Zr-Sn: —172kJ/mol) and large size mismatch among constituent
elements.

2. Experimental

Alloy ingots with compositions of Cugp_xZrsoSny (x=0, 1, 3, 5, 7.5at.%) were
produced by arc melting high purity elements (>99.9%) under a Ti-gettered argon
atmosphere in a water cooled copper crucible. Rapidly solidified specimens were
prepared by re-melting appropriate amounts of the alloys in quarts tubes, and eject-
ing with an over-pressure of 50 kPa through a nozzle onto a copper wheel rotating
with a surface velocity of 40 m/s.

The structures of the samples were examined preliminarily by X-ray diffrac-
tion (XRD; Rigaku CN2301) using monochromatic Cu K, radiation for a 26
range of 10-90°. High-resolution neutron diffraction (HRND) experiments were
performed using the intense pulse neutron source of the High-flux Advanced
Neutron Application Reactor (HANARO) at the Korea Atomic Energy Research Insti-
tute. The HRND data were obtained in a 20 range of 0-160° using neutrons of
wavelengths 1=0.1835nm by 32 monitors with a scanning speed of 0.014°/s.
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Fig. 1. (A) DSC traces obtained from (a-e) as-spun Cugp-xZrsoSny (x=0, 1, 3, 5,
7.5at.%) ribbons. (B) DSC traces obtained from as-spun CussZrsoSns ribbon in (a)
as-quenched state and after annealing up to: (b) 767K, (c) 773K, (d) 781K, and (e)
789 K. The insert figure shows a magnified figure of curve (c).

The microstructures of the samples were examined using a high resolution trans-
mission electron microscope (HRTEM; JEOL 4010, 400 kV). The thin foil specimens
for HRTEM were prepared by Ar ion milling using Gatan, Model 600 at 2.6 keV and
—5 mA with liquid nitrogen cooling. Thermal analysis was carried out by differential
scanning calorimetry (DSC; Perkin Elmer DSC7). For detailed analysis on the local
atomic structure, small-angle X-ray scattering was performed on 20 wm thick rib-
bons using a RIGAKU PSAX-3S with pinhole collimation. A g range of 0.1-6 nm~! was
covered with Mo Ka radiation and the sample to detector distance was 970 mm. A
two-dimensional position sensitive detector (Bruker Hi-star) was used in this study.

3. Results and discussion

The formation of an amorphous phase was confirmed from the
broad halos of XRD profiles in as-spun Cugg_xZrsoSny (x=0, 1, 3,
5, 7.5 at.%) ribbons (not shown). Fig. 1A shows DSC traces obtained
from as-spun Cugg_xZrsoSny (x=0, 1, 3, 5, 7.5at.%) ribbons dur-
ing continuous heating with a heating rate of 0.667 K/s. Each DSC
trace shows one or two exothermic peaks, corresponding to the
crystallization of the amorphous structure. When we increased Sn
content, the second exothermic peak became separated from the
first peak, which means that Sn addition resulted in different crys-
tallization behaviors. The Tg and the Ty are marked by arrows in the
DSC traces. The Tg of as-spun Cugg — xZr40Sny alloys increased from
726 Katx=0to 757 Katx=3,then could not be observed above x> 3.
The Ty remained approximately the same (776 & 7 K) regardless of
the Sn content. Thus, the SCLR decreased from 50 Katx=0to 0K at
x=5. Interestingly, in the case of the alloy with Sn 5 at.%, although
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Fig. 2. HRND profiles obtained from the as-spun (a) CuggZrso and (b) CussZrseSns
ribbons.

the alloy did not show an endothermic reaction for a glass transi-
tion before crystallization, a unique endothermic reaction between
the first and the second exothermic peak was observed as marked
in Fig. 1B(a). To understand this anomalous endothermic reaction,
DSC traces were obtained from the samples pre-annealed up to
767K, 773K, 781 K and 789 K during 10's after continuous heating
with arate of 0.667 K/s as shown in Fig. 1B(b-d), respectively. With
an increase in the pre-annealing temperature, the exothermic peak
related with the first crystallization decreased and, interestingly, an
endothermic reaction related with supercooled liquid appeared as
shown in Fig. 1B(c-e). The inset figure in Fig. 1B clearly shows Tg
with a diminishing exothermic reaction of the first crystallization.
This result leads us to form the hypotheses that two amorphous
phases formed during solidification coexist in the as-spun ribbon
or that remaining glass after the first crystallization exhibits strong
resistance to crystallization.

To evaluate these hypotheses, intensive structural analyses
were performed using HRND and HRTEM. Fig. 2 shows the HRND
profiles obtained from the as-spun (a) CuggZr4g and (b) CussZr4oSns
ribbons. The HRND profiles of as-spun CuggZrso (Fig. 2(a)) and
CussZr49Sns (Fig. 2(b)) ribbons consisted of a broad peak at 20~
48.5° with a width of 7.8° at half maximum and 26~ 48.2° with
a width of 8.2° at half maximum, respectively, indicating a sin-
gle amorphous structure. The HRTEM image and the corresponding
selected area diffraction pattern (SADP) for these alloys showed a
featureless contrast and diffuse halo rings, respectively, a charac-
teristic of single amorphous structure (not shown). Secondly, for
detailed analysis on the local atomic structure, the SAXS profiles
were obtained from as-spun CussZr4oSns ribbon in (b) as-quenched
state and after annealing up to: (c) 793K and (d) 812K as shown in
Fig. 3. The particle size can be determined from the low g region,
which is called the Guinier region [11,12]. In this q region, the
scattering profiles are described as:

_R2.2
I1(q) = I(0) exp{ Req } (1)

3

where Rg is called the radius of gyration. For the system that
includes the mono-disperse particles, I(0) can be described as
nV2(p — pg)? (n is the number of particles, V is the volume of the
particle). Taking the natural logarithm of Eq. (1), we obtain

2.2
Inl(q) = InI(0) — (Rg;,> (2)
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Fig. 3. SAXS profiles obtained from as-spun CussZr4oSns ribbon in (b) as-quenched state and after annealing up to: (c) 793 K and (d) 812 K.

Therefore, the value of Rg can be readily determined from the
gradient of the linear region in the In I(q) — g* plot as shown in
Fig. 3(b-d). In the case of spherical particles, the average particle
radiusrisr = 1/5/3Rg.From the SAXS results, it can be realized that
the as-spun ribbon includes quenched-in nuclei in the amorphous
matrix. In detail, the profiles in Fig. 3(a) indicate the g-range for
background part and the scattering from nuclei. The background
part (g<0.7nm™!, featureless decreasing part) is included in all
samples, but it is too weak to see for others except as-spun rib-
bon. And the intensity in as-spun ribbon changes in high g-range
larger than 1 nm~'. Because the intensity becomes weak by anneal-
ing, we can conclude that the scattering for as-spun ribbon in
this g-range is due to the quenched-in nuclei. Otherwise, it is dif-
ficult to conclude whether it is background or not. The nucleus
seems to survive up to the Ist stage (the first crystallization), but
does not exist in the sample heated to the 2nd stage (the second
crystallization). Thus, the Guinier region of the sample annealed
to 793K is very much distorted from that expected for spheri-
cal particles, while in the sample annealed to 812K, the Guinier
region clearly appears. Assuming a spherical shape for the nanome-
ter particles, the initial size of quenched-in nuclei in the as-spun
ribbon (¢>1nm~1) is 0.4 nm near the limitation value of the res-
olution in SAXS analysis. The particles grew up during the first
exothermic reaction up to 3.7 nm. And then the nanometer parti-
cle disappeared during the second exothermic reaction due to the
polymorphous crystallization of the Cu-Zr rich amorphous phase,
which results in a coarse microstructure. This result can be con-

firmed by isothermal DSC measurements at 765 K. The DSC trace
shows that the initial sharp decrease in heat release with time
intervals of several minutes corresponds to growth of quenched-
in nuclei, while the subsequent exothermic peak is related to the
polymorphous crystallization of the Cu-Zr rich amorphous phase
(not shown).

We found that in case of Cu-Zr metallic glass with 5at.% Sn,
although the alloy did not show an endothermic reaction related
with SCLR before the 1st crystallization, a unique endothermic
reaction between the first and the second exothermic peak was
observed. This result may be attributed to the overlap of the
exothermic reaction for the growth of the clusters in the SCLR
of the Cu-Zr-rich amorphous phase. Fig. 4 shows a schematic
Time-Temperature-Transformation (TTT) diagram displaying the
path for the formation of the amorphous phase and quenched-in
nuclei [13]. Fig. 4 suggests that the quenched-in nuclei in Cu-Zr-Sn
alloy can form during solidification from the liquid state and/or dur-
ing annealing from the single amorphous phase, which depends
on alloy composition as well as cooling rate. By the addition of Sn
to binary Cu-Zr BMGs, the large negative heat of mixing relation-
ship between Zr and Sn (inset of Fig. 4) causes to strong affinity,
which results in a new dominant crystallization behavior related
to the formation of Zr-Sn intermediate phase. With an increase in
Sn content, the negative heat of mixing and the diffusional asym-
metry by the large size difference among constituent elements are
favorable to the formation of an atomic scale cluster during solid-
ification near the nose of TTT curve (Fig. 4(a and b)). In fact, the
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Fig. 4. Schematic Time-Temperature-Transformation (TTT) diagram showing the
path for the formation of amorphous phase and MRO clusters. Insert figure shows
Gold-schmidt radii and relationship of heat of fusion among constituent elements
in Cu-Zr-Sn alloy system.

existence of icosahedral-like clusters even in binary Cu-Zr BMGs
has been verified experimentally and theoretically [14,15]. In par-
ticular, the crystalline nuclei embedded in the amorphous matrix
are under internal tension because the volume of the crystalline
phase is much smaller than that of the amorphous phase. Thus, the
application of thermal energy relieves this residual tensile stress
endured by the crystalline nuclei, which stabilizes the crystalline
nuclei and results in an easy growth of the clusters or acts as a
nucleation site during heating in SCLR (Fig. 1B) [16-18]. Hence,
the formation of an exothermic peak due to the MRO clustering
in SCLR along with the endothermic Tg can explain the additional
features observed in the DSC curve of amorphous CusgZrs5Sns rib-
bons. And a further addition of Sn results in crystallization during
solidification (Fig. 4(c)), which deteriorates the glass-forming abil-
ity of the alloy system. Therefore, it can be understood that the
addition of an element with large negative enthalpy of mixing and
large size mismatch may cause to an atomic/nanometer scale clus-
tering even during rapid quenching, and then this cluster can easily
grow during heating in SCLR. Indeed, this exothermic reaction defi-
nitely results in abnormal endothermic reaction of SCLR in metallic
glasses.

4. Conclusion

The present study reports the effect of Sn addition on unusual
glass transition behavior in Cu-Zr BMGs. The anomalous glass
transition behavior in CussZrsoSns ribbon can originate from the
growth reaction of quenched-in nuclei (—0.4 nm)in the SCLR, which
is closely related to strong affinity (Zr-Sn: —172 kJ/mol) and large
size mismatch among constituent elements. The particles grew
during the first exothermic reaction up to 3.7 nm. And then the
nanometer particle disappeared during the second exothermic
reaction due to the polymorphous crystallization of the Cu-Zr rich
amorphous phase. We believe that the present approach for SCLR
manipulation may be of use in the synthesis of a novel compos-
ite structure with uniform atomic/nanometer scale heterogeneity
modulated by controlling cooling rate as well as by tailoring alloy
composition.
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