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Abstract

The effect of partial replacement of Cu by Be in TisoCus;Ni;sSns alloy on
the thermal properties, structure, and forming ability of an amorphous phase
were investigated by differential scanning calorimetry (DSC), x-ray diffraction
(XRD), extended x-ray absorption fine structure (EXAFS), and high-resolution
transmission electron microscopy (HRTEM). TisoCuys5NijsSnzBes alloy shows
enhanced glass-forming ability, enabling one to fabricate a fully amorphous
bulk metallic glass sample 2 mm in diameter by injection casting. With
the replacement, the supercooled liquid region ATy (= Tx — Ty, where T
is the crystallization temperature and 7, is the glass transition temperature)
decreased from 73 to 45 K and the reduced glass transition temperature 7;,
(= T,/ Ty, where T is the liquidus temperature) increased from 0.53 to 0.57.
The amorphous TisoCu,sNij5SnzBe; phase showed a formation of short-range-
ordered clusters 1-2 nm in size, which is attributed to the strong interaction
between Ti and Be. The results show that A7y can be used as a thermal
parameter reflecting the glass-forming ability of the alloy only when the phase
formed during crystallization is the same as the phase competing with the glass
transition during solidification.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

It has been known that the amorphous structure of bulk metallic glasses in some alloys contains
quenched-in nuclei or short-range order (SRO) clusters [1-5], which may be related to the
atomic configuration in the highly undercooled liquid state. Since most bulk metallic glasses
are multi-component systems consisting of more than three elements, the atomic configuration
is complex, and it is an important parameter affecting the thermal and physical properties [6-9].
In most bulk metallic glass system, an ideal random distribution of constituting elements
is not expected to take place especially in a highly undercooled liquid state due to strong
attractive interactions between the elements. As the undercooling increases, the tendency to
form preferred atomic pairs or SRO clusters increases due to a reduced entropy contribution at
lower temperature. The evolution of SRO clusters in amorphous alloys is affected by the alloy
composition and cooling rate [10—12].

The presence of SRO clusters in an undercooled liquid state may give either a positive
or negative effect in enhancing the glass-forming ability (GFA), depending on the role of the
clusters in the nucleation of the crystalline phase. For a glass transition, the nucleation and
growth of a competing crystalline phase should be suppressed during solidification. If the SRO
clusters in an undercooled liquid do not act as nucleating sites for the crystalline phase, the
GFA of the alloy is expected to be high, due to increased viscosity. It has been reported that
the icosahedral short-range order or medium-range order (MRO) in the Zr-based amorphous
alloys reduces the nucleation kinetics of crystalline phase and increases the glass-forming
ability [12, 13]. If the SRO clusters promote the nucleation of a crystalline phase, which is the
competing phase with the glass transition during solidification, the presence of SRO clusters
deteriorates the GFA. However, the crystalline phase formed with help from the clusters is
different from the competing phase, the formation of SRO clusters in an undercooled liquid can
improve the GFA.

The range of the supercooled liquid region (AT = Ty — T, where T is the crystallization
temperature and 7} is the glass transition temperature), is known as one of thermal parameters
reflecting the GFA of an alloy [14, 15]. The value of AT represents the degree of stability
of the undercooled liquid against crystallization. As the value of ATy increases, the stability
of the undercooled liquid increases. Many alloys having ATy larger than 100 K show high
GFA [6-8]. However, there are many exceptions reported. Alloy systems with small ATy (less
than 60 K) often show a GFA as high as an alloy having large AT. Even though AT in the
Cu-Ti—Zr—Ni-Si system is ~45 K, a fully amorphous bulk specimen 6 mm in diameter can be
manufactured by the injection-casting technique [16].

In this study, the effect of partial replacement of Cu by Be in TisoCu3,;Ni;sSns alloy on
the glass-forming ability has been investigated by using thermal analysis, x-ray diffraction,
extended x-ray absorption fine structure, and high-resolution transmission electron microscopy
to establish the effect of SRO clusters on the glass-forming ability and crystallization behaviour.

2. Experimental procedures

The TisoCus;NijsSns and TisoCu,sNijsSnzBe; alloys were prepared by arc melting high-purity
Ti(99.99%), Cu(99.99%), Ni(99.99%), Sn(99.99%) and Cu—4 wt% Be master alloy under an
Ar atmosphere. Rapidly solidified ribbon (~30 pum thick) and bulk specimens were prepared
by melt spinning and injection casting, respectively. High-resolution transmission electron
microscopy (HRTEM) and x-ray diffraction (XRD; Rigaku, RINT 2200) with Cu Ke radiation
source (A = 1.5405 A) experiments were performed to study the structure of the ribbons.
Differential scanning calorimetry (DSC; Perkin Elmer DSC7) was carried out to determine
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Figure 1. DSC traces obtained from melt-spun TisoCu3;Nij5sSn3 and TisoCuysNijsSn3Bey, and
injection-cast TisgCuzs5Nij5Sn3Be; amorphous alloys.

the glass transition temperature (75), and crystallization temperature (7) of specimens. XRD
experiments were used routinely to identify the crystalline phase present in the sample.
To analyse the local atomic structure, transmission extended x-ray absorption fine structure
(EXAFS) was carried out at room temperature at station BL3C1 of the Pohang Light Source
(PLS). Absorption spectra were recorded at Cu (8.979 keV), Ni (8.333 keV) and Ti (4.966 keV)
K edges. Samples were prepared as ribbons with thickness of 5-10 um after grinding. A
Si(111) double-crystal monochromator was used with detuning to 70% in intensity to eliminate
high-order harmonics. The x-ray intensity was monitored with a nitrogen-gas filled ionization
chamber detector. The EXAFS oscillations, k x x> (k), were extracted using Autobk code and
then Fourier transformed over the k range of 2—12.8 A", The EXAFS data were analysed by
the conventional procedure described elsewhere [17, 18].

3. Results

3.1. Enhanced glass-forming ability

Figure 1 shows the DSC curves obtained during continuous heating of the as-melt-spun and
injection-cast TisoCuysNijsSn3Be; samples. For comparison, the DSC curve from the as-
melt-spun TisoCus,NijsSn; sample is also included. The TisoCus;NijsSns alloy exhibited
two exothermic reactions during crystallization, while the TisoCu,5Nij5Sn3Be; alloys exhibited
three exothermic reactions. The glass transition temperatures remained almost the same for the
two alloys. However, the crystallization temperature, defined by the onset temperature of the
first exothermic peak, decreased from 759 to 733 K, resulting in a decrease in AT from 73
to 45 K, with the addition of Be. The DSC trace from the injection-cast TisoCu3;Nij5Sn3Bey
sample with diameter of 2 mm is almost identical to that from the melt-spun ribbon, indicating
that a fully amorphous structure was formed during solidification. However, the specimen with
diameter of 3 mm showed slightly smaller exothermic heat for crystallization than the melt-
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Figure 2. DTA traces obtained from melt-spun TisoCu3;NijsSnz and TisoCupsNijsSnzBe;
amorphous alloys.

spun ribbon specimen, indicating that a partial crystallization takes place during solidification
to form a mixture of crystalline and amorphous phases. Similar injection casting experiments
were performed for TisoCu3;Nij5Sn; alloy to estimate the GFA. Even the alloy sample of 1 mm
diameter showed a mixture of amorphous and crystalline phases, clearly indicating that the
partial substitution of Cu by Be improved the GFA.

Figure 2 shows the DTA curves obtained during continuous heating of the as-melt-spun
TisoCu3,NijsSn3 and TisoCupsNijsSnzBe; samples. The onset and end temperatures of the
melting endotherm (75 and 7;) were 1205 and 1283 K, respectively, for the TisoCus;Nij5Sn;
alloy, and 1122 and 1207 K for the Be-containing alloy. A significant decrease in melting
temperature was obtained by the partial replacement of Cu by Be in the TisoCus;Nij5Sn;
alloy. The reduced glass transition temperatures (7, = 7T,/7;) were 0.53 and 0.57 for the
TisoCu3,NijsSns and TisoCuysNijsSnzBey alloys, respectively. AT and T;, have been used for
reflecting the GFA. From our results, 7, exhibits good correlation with the GFA, while AT}
does not. Details regarding the poor correlation of ATy are discussed below.

3.2. Crystallization behaviour

As shown in figure 1, the amorphous TisoCu3;NijsSns and TisoCupsNijsSn3Be; phases,
respectively, crystallized through two-step and three-step exothermic reactions. In order to
identify each exothermic reaction, heat treatments were performed to complete each exothermic
reaction. Figure 3(a) shows x-ray diffraction patterns obtained from the melt-spun specimens
after the first and second exothermic reactions for the TisoCu3;Ni;5Sn3 alloy. For comparison,
the x-ray diffraction pattern from the as-melt-spun specimen is also included. The amorphous
TisoNij5CusnSnj alloy crystallized through a precipitation of cubic TiNi and Ti;Ni phases in
the first crystallization step, followed by transformation into a mixture of Ti(Ni, Cu), TiCu,
Ti3Sn phases at higher temperature. Figure 3(b) shows x-ray diffraction patterns obtained
from the melt-spun specimens after the first, second and third exothermic reactions for the
TisoCuys5NijsSnsBe; alloy. For comparison, the x-ray diffraction pattern from the as-melt-
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Figure 3. X-ray diffraction patterns obtained from: (a) TisoNij5CuszpSnz; and

(b) TisoNij5CupsSnzBe; ribbons in the as-spun state and after isothermal heat treatments.

spun specimen is also included. Even after the first exothermic reaction, a broad diffraction
peak appeared without sharp crystalline peaks, indicating the precipitation of a nanoscaled
crystalline phase. The specimen annealed to complete the second exothermic reaction showed a
mixture of cubic TiNi and TiBe;, phases. After the third exothermic reaction several crystalline
phases appeared [19].

Figure 4(a) shows an HRTEM image obtained from TisoCu,sNi;sSnszBe; ribbon specimens
after the first exothermic reaction. The HRTEM image showed fine crystalline particles with
a diameter of about 5 nm surrounded by the residual amorphous phase. Several diffraction
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Figure 4. (a) HRTEM image obtained from TisoCu,5Ni;5Sn3Be7 ribbon specimens heat treated up
to 758 K, just the end temperature of the first crystallization reaction and (b) the simulation pattern
obtained from the circled region by fast Fourier transforms.

patterns were obtained by Fourier transformation of the lattice fringes in the HRTEM images as
shown in figures 4(b)—(d). Unfortunately, none of the diffraction patterns corresponded to any
crystalline phases reported in the Ti—-Ni—Cu—Sn(-Be) system. The observation of nanoscaled
crystalline particles was in agreement with the corresponding XRD pattern in figure 3(b),
consisting of a broad diffraction peak without clear crystalline peaks. The high density of
the nanoscaled crystalline phase seems to be related to the SRO clusters in the as-melt-spun
amorphous phase, which will be shown later.

Figure 5(a) shows an HRTEM image obtained from a TisoCu,sNijsSn3Be; ribbon
specimen heated up to 790 K, i.e. the initial stage of the second crystallization reaction. The
HRTEM image showed a clear lattice image, corresponding to a crystalline particle with a
diameter of about 10 nm surrounded by the residual amorphous phase. As shown in figure 5(b),
the diffraction pattern obtained by Fourier transforms of the lattice fringes is in accord with the
[111] zone of the cubic TiNi structure. The formation of TiNi phase in the second exothermic
reaction is in agreement with the XRD result shown in figure 3(b).

4. Discussion

Partial replacement of Cu by Be changes the thermal properties of the TisoCu3;NijsSns alloys.
The TisoCu,5Nij5Sn3Bey alloy shows a significantly lower melting temperature (by about 75 K)
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Figure 5. (a) HRTEM image obtained from a TisoCuy5Nij5Sn3Bes ribbon specimen heat treated
up to 780 K, just before the second crystallization reaction and (b) the simulation pattern obtained
from the circled region by fast Fourier transforms.

than the TisoCu3;NijsSns alloy (figure 2), indicating that the partial replacement stabilized
the liquid phase with respect to the crystalline phase. The glass transition temperature of the
amorphous phases is insensitive to the replacement but the crystallization onset temperature
decreases from 759 K for the amorphous TisoCu3,Ni;sSns phase to 733 K for the amorphous
TisoCuysNijsSnzBe; phase. With the replacement, the supercooled liquid region ATy decreases
from 73 to 45 K and the reduced glass transition temperature 7T;, increases from 0.53 to
0.57. The TisoCuysNijsSnzBe; alloy shows enhanced GFA, enabling one to fabricate a fully
amorphous bulk metallic glass sample 2 mm in diameter by injection casting. The enhanced
GFA with decrease of AT, which reflects the thermal stability, may be related to the change of
local atomic structure.

Figures 6(a) and (b) show HRTEM images obtained from the as-melt-spun
TisoCu3,Nij5Sns and TisoCuysNijsSniBe; alloys. In comparison with the TisoCuspNijsSn;
alloy ribbon (figure 6(a)), the HRTEM image from the TisoCu,s5Ni;sSnzBe; alloy ribbon shows
some features suggesting the presence of local ordering (marked by the circles in figure 6(b)).
The marked regions with size of 1-2 nm can be classified as SRO or MRO clusters, and
hereafter they will be referred to as SRO clusters. Their volume fraction is estimated to be
about 2% from the HRTEM observation. Figure 6(c) shows an HRTEM image obtained from
the injection-cast TisoCuysNi;sSnsBe; alloy rod with diameter 2 mm. The same type of clusters
as in the as-melt-spun ribbon was observed, and the fraction of SRO clusters was also almost
the same as that of the as-melt-spun ribbon, indicating that the formation of SRO clusters in the
amorphous TisoCuysNijsSnsBey alloy is not strongly related to the cooling rate. Unfortunately,
it was difficult to identify the clusters due to the small size and difficulty in microchemical
analysis of Be.

The presence of SRO clusters in an undercooled liquid state may give either a positive or
negative effect in enhancing the GFA, depending on the role of the clusters in the nucleation
of the crystalline phase. For a glass transition, the nucleation and growth of a competing

7
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Figure 6. HRTEM images of the rapidly quenched ribbon for (a) the amorphous TisoCu3,Nij5Sn3,
(b) TisoCuys5NijsSnzBey alloys and (c) as-cast specimen for the TisoCuy5NijsSn3Be; alloys.

crystalline phase should be suppressed during solidification. If the SRO clusters in an
undercooled liquid do not act as nucleating sites for the crystalline phase, the GFA of the
alloy is expected to be high due to reduced nucleation kinetics, as in the Zr-based amorphous
alloys [12, 13]. If the SRO clusters promote the nucleation and growth of a crystalline phase,
which is the competing phase with the glass transition during solidification, the presence of
SRO clusters will deteriorate the GFA. It has been reported that the density of icosahedral
clusters in AlggNi,q alloy melt is very high [20], but the GFA is low because an icosahedral
phase forms easily from the clusters during solidification. However, when the crystalline phase
formed from the clusters is different from the competing phase, the formation of SRO clusters
in an undercooled liquid may improve the GFA.

It is important to know which crystalline phase is competing with the glass transition
during solidification because the nucleation and growth of the crystalline phase should be
suppressed to form a fully amorphous specimen. To identify the competing crystalline phase
in the TisoCuysNi;sSnsBe; alloy solidification, x-ray diffraction experiments were performed
on bulk specimens. Figure 7 shows the x-ray diffraction results obtained from the injection
specimens with diameters of 2 and 3 mm. While the XRD pattern for the specimen with
diameter of 2 mm showed a broad halo pattern without any sharp crystalline peaks, the
XRD pattern for the specimen with diameter of 3 mm consisted of sharp crystalline peaks
superimposed on the diffuse halo pattern of the glassy phase. As shown in figure 1, the
specimen with diameter of 2 mm solidified into a fully amorphous structure. But the specimen
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Figure 7. Typical XRD traces obtained from injection-cast TisoNijsCupsSnzBe; alloy rods with
2 mm and 3 mm diameter, respectively.

with diameter of 3 mm was solidified into a mixture of crystalline and amorphous phases. The
crystalline peaks could be identified to a cubic TiNi phase with lattice constant of a = 3.09 A.
Therefore, it can be concluded that the cubic TiNi phase is formed first from the liquid during
solidification if the cooling rate is not enough high to form a glass transition. To form a fully
amorphous specimen, the nucleation and growth of the cubic TiNi phase should be suppressed.
It was also found that the same crystalline phase is competing with the glass transition during
the solidification of TisoCus,Ni;sSns alloy.

In order to investigate the effect of Be on the GFA and crystallization behaviour in more
detail, the local atomic structures have been analysed using EXAFS. Figures 8(a)—(c) show the
results of inverse Fourier transformation, FT [k x 3 (k)], for Ti, Cu and Ni K edges, respectively,
(without phase shift correction) obtained from the melt-spun amorphous TisoCus,NijsSns and
TisoCuysNijsSnzBes alloys. In the case of the Ti-edge spectrum (figure 8(a)), three main peaks
with peak positions at 1.63, 1.99 and 2.42 A, corresponding to Ti—O, Ti—(Ni, Cu) and Ti-Ti
bonding, respectively, were observed. From the analysis of XANES (x-ray absorption near-
edge structure) data (not shown), it has been concluded that the amount of O in the sample is
not so large as to affect the intrinsic electronic structure of metal Ti. Therefore, the peak from
Ti—O bonding will not be considered any more. The reason for the reduced amplitude with
addition of Be is not clear, but it may be due to the scavenging effect of Be. With addition
of Be the amplitude of the second peak decreased without peak shift. On the other hand,
the amplitude of the third peak from Ti-Ti bonding remained almost the same, but the peak
position shifted to a smaller r value (2.42 — 2.33 A). In the case of the Cu- and Ni-edge
spectra (figures 8(b) and (c)), peaks from each bonding were superimposed; therefore only one
broad main peak was observed. It can be noticed that the amplitude of the peaks in the Ti-
edge spectrum is significantly low when compared with that in the Cu- and Ni-edge spectra,
implying more enhanced disordering around Ti atoms. The EXAFS results indicate that, with
addition of Be, the amount of Ti—(Cu, Ni) bonding decreased, implying that the formation of
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Figure 8. The inverse Fourier transformation, FT[k x x3(k)], obtained from (a) Ti, (b) Cu and
(c) Ni K edges in a restricted imaginary r range (1-5 A).

TiNi can be prevented. The formation of fine nanocrystals (not TiNi) during the early stage of
crystallization (figure 4) supports the amount of Ti—(Cu, Ni) bonding being significantly less
with addition of Be, preventing the formation of TiNi phase directly from the amorphous phase.
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Figure 9. Schematic description of effective supercooled liquid region in the DSC curve for an
alloy forming a metastable nanocrystal phase as well as competing crystalline phase.

The Ti-edge spectrum also indicates that the Ti—-Be bond with Be addition may have an effect
on the decrease of r value of the Ti—Ti bond.

As mentioned previously, the cubic TiNi phase is competing with the glass transition
during solidification of the TisoCus;Ni;sSns and TisoCupsNijsSnzBe; alloys. During heating
of the amorphous TisoCu3,Ni;5Sn3 alloy, the TiNi phase forms in the first exothermic reaction
with an onset temperature of 759 K. But the partial replacement of Cu by Be changes
the crystallization kinetics, which is related to the change in atomic structure described
previously. During heating of the amorphous TisoCu,sNijsSni3Be; phases, nanoscaled
unidentified crystalline particles form first before the formation of the TiNi phase at higher
temperature. The SRO clusters seems to be responsible for the decreases in crystallization
onset temperature as shown in figure 1. The present results indicate that the SRO cluster is not
directly related to the formation of the TiNi phase, which is competing with the glass transition,
but contributes to the formation of the nanocrystalline phase in the first exothermic reaction.
As aresult, Tx decreases, resulting in a smaller ATy, as shown in figure 1. The crystallization
reaction for the competing crystalline phase (TiNi) is not the first exotherm but the second
exotherm, as illustrated in a schematic DSC curve shown in figure 9.

The formation of a metastable phase prior to the thermodynamically stable phase can be
explained by Ostwald’s step rule, which means that crystallization from a solution occurs
in steps in such a way that often thermodynamically unstable phases occur first, followed
by the thermodynamically stable step. Consider a liquid material whose stable crystalline
phase has face-centred cubic (FCC) structure. With mild undercooling, its crystalline phase
always nucleates due to the small kinetic energy barrier to the crystalline phase and large
atomic mobility. With large undercooling, however, the kinetic energy barrier become too large
(the atomic mobility become too small) to nucleate the stable crystalline phase and another
metastable or unstable phase with smaller kinetic energy barrier can form first. This is the case
when the body-centred cubic (BCC) phase first nucleates in a melt with FCC stable crystalline
phase with severe undercooling [21]. The formation of a metastable phase observed in our
experiment is also the same case. As the first peak in DSC curve for the alloy containing Be is
located at a lower temperature than for the alloy without Be, and at this temperature Ti and Ni
does not have enough atomic mobility, the metastable phase observed in the alloy with Be at
the first peak is not formed by the diffusion and combination of Ti and Ni. Hence, we propose
another scenario for the first peak at lower temperature and more diffusive peaks. Passing
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Ty, the diffusion of the smallest species, Be, becomes much more activated than other larger
elements; this was already observed in [22]. The metastable (or unstable) phase containing
Be is likely to have the smallest kinetic energy barrier and to be formed prior to the stable
TiNi or TiBej,. Indeed, the metastable phase looks very distorted, and shows a structure
close to the disordered mother phase, which also suggests that the kinetic energy barrier from
the amorphous mother phase to the metastable one can be smaller than that to the crystalline
stable phase. The existing metastable phases retard the nucleation and growth of the competing
crystalline phase (TiNi) because they expend Ti or other elements in the matrix and reduce the
driving force to the competing crystalline phase.

Considering the crystallization of the competing crystalline phase, the effective
supercooled liquid region representing the GFA can be as large as 98 K for the Be-containing
alloy, which can explain the enhancement of the GFA. The values of the reduced glass transition
temperature, 0.53 and 0.57 for the amorphous TisyCu3,Nij5Sn3 and TisoCu,sNijsSnzBes alloys,
respectively, matches well with the improvement of the GFA with the addition of Be in Ti—-Ni—
Cu-Sn alloy. The present results indicate that the supercooled liquid region AT can be used
as a thermal parameter reflecting the GFA of the alloy only when the crystallization phase is
the same as the phase competing with the glass transition during solidification. In this case the
effective supercooled liquid region, which is defined as the temperature difference between T,
and the onset temperature of the exotherm corresponding to the formation of the competing
phase, may be a thermal parameter reflecting the GFA of the alloy. This may be the reason why
the co-relationship between ATy and GFA is rather poor in many alloy systems [23].

5. Conclusions

Partial replacement of Cu by Be changed the thermal properties of the TisoCu3,Nij5Sn;3 alloys.
TisoCu,s5NijsSnsBe; alloy shows enhanced GFA, enabling one to fabricate a fully amorphous
bulk metallic glass sample 2 mm in diameter by injection casting. With the replacement, AT
decreased from 73 to 45 K and the reduced glass transition temperature 7;, increased from 0.53
to 0.57. The amorphous TisoCu,5NijsSn3Be; phase showed the formation of SRO clusters 1—-
2 nm in size, which is attributed to the strong interaction between Ti and Be. The supercooled
liquid region ATy can be used as a thermal parameter reflecting the GFA of the alloy only
when the crystallization phase is the same as the phase competing with the glass transition
during solidification.
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