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Abstract
New bulk glass-forming alloy compositions, exceeding a critical casting thickness of 1 mm,
are developed in the (quasi-ternary) (Ti,Zr)–(Ni,Cu)–S system. The ternary eutectic
composition Ti65.5Ni22.5Cu12 is stepwise modified through additions of S (0–8 at%) and Zr
(0–22.5 at%) at the expense of Ni and Ti, respectively. By increasing the plate thickness of the
casted samples from 500 μm to 1.25 mm, the primary precipitating phases are identified which
is for the best glass-formers (e.g. Ti58Zr7.5Ni18.5Cu12S4) an icosahedral phase. In calorimetric
experiments, several exothermic crystallization events are observed upon heating glassy
samples. The first exothermic event, obscuring the glass transition, is attributed to the
formation of the icosahedral phase. As the icosahedral phase forms upon heating and cooling
for the best glass-formers, the origin of the increased glass-forming ability might be attributed
to a pronounced icosahedral short-range order in the liquid state, impeding the formation of
the stable crystalline phases.

Keywords: bulk metallic glass, titanium alloys, sulphur, amorphous metals, industrial
applications
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1. Introduction

The formation of metallic glasses is observed in many dif-
ferent alloy systems. A composition is usually termed a bulk
metallic glass if its critical casting thickness dc, which is the
thickness up to which fully amorphous samples are obtained, is
at least 1 mm. Compositions fulfiling this criterion are found
for example in Zr- [1], Ti- [2], Pd- [3], Au- [4], Pt- [5] and
Mg-based systems [6]. However, the compositional region,
in which bulk glass-formation is observed, is very narrow in
many systems and the variation of the alloy composition by a
few atomic percent may increase or decrease the glass-forming
ability (GFA) significantly [7–9]. The ability of a liquid to
form a glass has been attributed to the formation and the extent
of local atomic order, termed short-range order (SRO) [10].
The type of SRO varies among the different alloying sys-
tems [10, 11] and affects the macroscopic properties of the
glass/liquid [12, 13]. A local structural motif that is commonly
observed in metallic glass-forming liquids is the icosahedron

[14, 15]. Upon undercooling, the degree of icosahedral short-
range order (ISRO) increases [16, 17], which is connected to
the viscous slowdown [18, 19] and impedes the formation of
the stable crystalline phases [20].

Although the existence of a quasi-crystalline phase points
towards ISRO in Ti–Zr–Ni- and the Ti–Zr–Ni–Cu-based liq-
uids [21–23], the GFA is very limited for Ti-rich alloy com-
positions [21, 24, 25]. Recently, our group reported that S can
be an important alloying element, leading to bulk glass forma-
tion in various systems and modifying the properties of known
compositions beneficially [7, 26, 27]. The addition of S to the
(Ti,Zr)–(Ni,Cu) system turned out to effectively increase the
GFA [7, 26], resulting in Ti-based BMGs that contain nei-
ther toxic (e.g. Be [28]) nor noble (e.g. Pd [2]) elements. The
fact that Ni can be completely replaced by Cu makes them
promising candidates for biomedical applications [7].

As only a small compositional space in the (Ti,Zr)–
(Ni,Cu)–S system has been explored for bulk glass-forming
compositions, we chose the ternary eutectic composition
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Ti65.5Ni22.5Cu12 [29], which is located at higher Ni/Cu concen-
trations than the previously reported alloys, as a starting point
for the alloy development. The addition of S and Zr result in
new bulk metallic glass-forming compositions.

2. Experimental

The samples are prepared from high purity elements (Zr 99.99
wt%, Ti 99.999 wt%, Ni 99.98 wt%, Cu 99.999 wt% S 99.995
wt%). Initially, a Ni–S pre-alloy is produced by inductive melt-
ing of the pure elements in a fused silica tube under high
purity Ar. Subsequently, the pre-alloy is heated with dehy-
drated B2O3 to 1473 K and held at that temperature for at
least 6 h. For a more detailed description of the alloying pro-
cess the reader is referred to [27]. In the next step, the pre-
alloy and the other raw elements are alloyed in an arc furnace
in a Ti-gettered Ar atmosphere. The homogeneous distribu-
tion of the raw elements is guaranteed by flipping and remelt-
ing the master alloy at least five times. Amorphous samples
are prepared in a custom-built suction casting device where
the samples are heated to far above their melting point and
sucked into a water-cooled copper mould. The plate shaped
moulds with varying thicknesses (0.5, 0.75, 1, 1.25, 1.5 mm)
are fed by a gate runner with a diameter of 2 mm (see Results
section). As the cooling rate of the plate shaped samples is
the lowest in the centre, the samples are ground to half of
their initial thickness with an accuracy of ±50 μm. Subse-
quently, the ground surface is analysed by x-ray diffraction
using a PAN-alytical Empyrean XRD with monochromatic Cu
Kα radiation. Calorimetric measurements are performed with
a Perkin Elmer DSC8000 using Al pans and a NETZSCH STA
449 Jupiter differential thermal analyser using Y2O3 coated
graphite crucibles at a rate of 0.333 K s−1 under a constant
flow of high-purity Ar.

3. Results

The ternary eutectic composition Ti65.5Ni22.5Cu12 [29] (blue
circle in figure 1) is chosen as a starting point since glass-
forming alloy compositions are often located in the vicinity
of a deep eutectic. However, this ‘rule’ should not be con-
sidered as limitation if a system is screened for bulk glass-
forming composition as certain exceptions exist. An example
is the shown in the pseudo-ternary phase diagram in figure 1,
the Ti60Zr15Ni12Cu5S8 [26] bulk glass-forming compositions
which is not located close to an eutectic composition [30].
In this study, the element Ni is chosen to be substituted by
S since a significant Ni-release might limit the application
of the alloy compositions as biomaterial. The compositional
shift in the pseudo-ternary (Ti,Zr)–(Ni,Cu)–S phase diagram
is visualized as a blue arrow in figure 1.

Figure 2 shows the XRD data for the samples where S is
substituted at the expense of Ni to the ternary eutectic compo-
sition. At the eutectic composition, three different crystalline
phases are in equilibrium, namely the Ti2Cu, Ti2Ni and TiNi
intermetallic phases [29]. For a more detailed description of
the crystalline phases in the Ti–Cu–Ni system under equilib-
rium conditions, the interested reader is referred to [29]. The

Figure 1. Pseudo-ternary (Ti,Zr)–(Ni,Cu)–S phase diagram.
Starting from the ternary eutectic composition, Ni is stepwise
substituted by S (blue arrow). The data of the ternary eutectic are
taken from [29], whereas the BMG forming composition
Ti60Zr15Ni12Cu5S8 is taken from [26].

Figure 2. XRD patterns of plate shaped samples with a thickness of
500 μm. Ni is stepwise substituted by S. X-ray amorphous samples
are obtained for S concentrations of 3.5 and 4 at%. For reasons of
comparison, the XRD patterns are normalized to their maximum
intensity value.

Bragg peaks in figure 2 are most probably attributed to the
phase Ti2Cu and Ti2Ni. However, the TiNi phase might also
be present in a smaller volume fraction and/or the Bragg peaks
overlap as the non-equilibrium conditions of the casting pro-
cess lead to a supersaturation of the phases causing a shift
of the peak position. Despite the exact phase distribution in
the eutectic alloy, the addition of S destabilizes the competing
crystalline phases, leading to x-ray amorphous samples at 3.5
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Figure 3. (a)–(d) Show XRD patterns of plate shaped samples with a thickness of 0.5, 0.75, 1 and 1.25 mm. Ti is stepwise replaced by Zr.
The glass-forming region narrows with increasing sample diameter and the phases formed due to the decreasing cooling rate are indicated.
In (a), the peak maximum of the amorphous halo shifts to lower scattering angles for increasing Zr-content. In (c), the dashed circle at the
XRD pattern of the sample containing 12.5 at% Zr indicates that a small fraction of the icosahedral phase might already be present. For
reasons of comparison, the XRD pattern are normalized to their maximum intensity value.

and 4 at% S. Lower and higher S-contents result in partially or
fully crystalline samples. In [7], a maximum GFA is observed
for a S concentration of 8 at% in the same alloying system,
but for a different (Ti,Zr)–(Ni,Cu) ratio (see figure 1). For that
reason, a sample with the alloy composition Ti65.5Ni14.5Cu12S8

is prepared, exhibiting a fully crystalline character as can be
seen from the diffractogram in figure 2. For the further alloy
development, the alloy composition with 4 at% S is chosen. In
our previous study, the addition of Zr for Ti showed a positive
effect on the GFA [26] and Zr is therefore chosen as additional
alloying element. In order to evaluate that Zr does not dete-
riorate the GFA, the 500 μm thick plates are prepared with a
Zr content ranging from 2.5 to 22.5 at%. The XRD results are
depicted in figure 3(a), showing that all diffractograms exhibit
the typical shape observed for x-ray amorphous samples. A
clear shift of the peak maximum of the amorphous halo to
smaller scattering angles is observed, which is reasonable as
Zr possesses a larger atomic diameter than Ti [31] thereby
increasing the average atomic distances. The DSC traces of
the 500 μm samples are shown in figure 4. For none of the
alloy compositions, a glass transition is observed in the calori-
metric signal (for a detailed view the reader is referred to
figure 6(a)).

The primary exothermic peak, whose minimum is located
at approximately 725 K, smears out with increasing Zr-
content and is reminiscent of the primary crystallization event
observed in Al-based metallic glasses [32, 33]. The position
and the extent of the following exothermic events change with
composition. If the plate diameter is increased from 500 to
750 μm, the samples with a Zr-content of 5–15 at% remain
x-ray amorphous (figure 3(b)). At a Zr concentration of 2.5
at% the Ti2Ni and Ti2Cu form, whereas the diffraction pattern
of the sample containing 17.5 at% Zr suggests the formation
of an icosahedral phase which has been reported in different
Ti-based alloys [21, 34, 35]. At a slightly higher Zr concen-
tration (20 at%), the Bragg peaks indicate the presence of the
C14 Laves phase which has also been observed in literature
[21, 36]. By increasing the sample diameter to 1 mm
(figure 3(c)), the glass-forming region further narrows to a
compositional range between 5 and 10 at% Zr, and the icosahe-
dral phase is detected for Zr-contents of 12.5 and 15 at%. The
XRD pattern of a 1 mm sample containing 17.5 at% Zr now
exhibits both signatures, that of the icosahedral and that of the
Laves phase. As soon as the sample diameter increase to 1.25
mm (figure 3(d)), the XRD pattern do not show the typical halo
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Figure 4. Thermograms of plate shaped samples with a thickness of
500 μm. Ti is stepwise substituted by Zr. The samples were shown
to be x-ray amorphous prior all measurements. The curves are
shifted vertically for clarity.

Figure 5. XRD patterns of the Ti58Zr7.5Ni18.5Cu12S4 samples with
different geometries. As the cooling rate is lower in plate shaped
moulds, the Ti58Zr7.5Ni18.5Cu12S4 alloy composition can be vitrified
in cylindrical moulds with a diameter of roughly 3 mm. First signs
of the presences of the icosahedral phase can be observed in XRD
pattern of the 3 mm rod sample as indicated by the dashed circle.
The picture on the right shows the sample geometry used for the
determination of the critical casting thickness.

of an amorphous sample for any composition and the icosa-
hedral phase forms in the compositional range above 5 at%
Zr.

It should be noted that the critical casting thickness deter-
mined from the plate shaped samples is smaller than the val-
ues obtained from cylindrical samples. This is due to the
smaller cooling rate at the centre of the plates. The effect of
the different sample geometries on the critical casting thick-
ness is shown for the Ti58Zr7.5Ni18.5Cu12S4 alloy composition
in figure 5. Beside the XRD patterns in figure 5, a typical

Figure 6. (a) Thermogram of the Ti58Zr7.5Ni18.5Cu12 S4 alloy
composition. In the temperature range from 400 to 973 K the sample
was measured in a DSC and above 973 K the thermogram results
from a DTA measurement. The inset in (a) magnifies the low
temperature region, showing the exothermic α-relaxation followed
by the primary crystallization event at Tx = 691 K obscuring the
glass transition event. The liquidus temperature T l is located at
1092 K. The vertical dashed lines labelled with 1, 2, 3 refer to the
temperatures to which samples were heated at a rate of 0.333 K s−1

and subsequently cooled at 3 K s−1. The XRD patterns of the
samples are shown in (b) and the phases formed during the thermal
treatment are indicated.

sample used for the determination of the critical casting thick-
ness is depicted. The XRD pattern of the plate shaped samples
with a diameter of 1.25 and 1.5 mm clearly show signatures
that are attributed to the icosahedral phase. In contrast, a cylin-
drical sample with a diameter of 2 mm exhibits an amorphous
XRD pattern. At a sample diameter of 3 mm, the sharpening
of the amorphous halo indicates the onset of the formation of
the icosahedral phase. Consequently, the critical casting thick-
ness of the Ti58Zr7.5Ni18.5Cu12S4 liquid is roughly 3 mm for
cylindrical samples.

In order to investigate the crystallization sequence upon
heating from the glassy state, the Ti58Zr7.5Ni18.5Cu12S4 alloy
composition is heated in the DSC at 0.333 K s−1 to 823 K,
878 K and 973 K. To conserve the structural state of the
samples after the thermal treatment, they are rapidly cooled
at 3 K s−1. As a temperature reference, the DSC scan of
the Ti58Zr7.5Ni18.5Cu12S4 bulk metallic glass up to 973 K is
shown in figure 6(a) and the temperatures of the thermal treat-
ments are indicated as dashed lines. The inset in figure 6(a)
magnifies the low temperature region, revealing that no step-
like event in the heat-flow signal is detected, which would
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be attributed to the glass transition. The preceding exother-
mic event, which starts at ∼450 K, is commonly observed
in bulk metallic glasses and is most probably attributed to
the α-relaxation process. The primary, exothermic crystalliza-
tion signature, which is connected to the formation of the
icosahedral phase (see diffractogram in figure 6(b) at 823 K),
obscures the glass transition. At temperatures above the sec-
ondary crystallization event (878 K), the icosahedral phase and
the remaining glassy phase transform into the Ti2Ni and the
Ti2Cu phases (figure 6(b)). The last crystallization event seems
to solely change the volume ratio between the intermetallic
phases (figure 6(b)). Above 973 K, a DTA measurement is
shown in figure 6(a). The liquidus temperature is located at
1092 K which is approximately 40 K lower than the eutectic
temperature of the Ti65.5Ni22.5Cu12 alloy [29].

4. Discussion

The addition of 3.5 and 4 at% of S to the ternary eutectic com-
position Ti65.5Ni22.5Cu12 [29] at the expense of Ni increase the
GFA to 500 μm. Interestingly, an S concentration of 8 at%,
which was found to be the ideal S-content in the Ti75Ni25−xSx

type of alloys [7], results in fully crystalline samples. As shown
in figure 1, so far two different glass-forming regions are iden-
tified in the (Ti,Zr)–(Ni,Cu)–S system. The reduction of the
ideal S concentration to ∼4 at% seems to be a consequence
of the increased Ni and Cu content. Consistently to previous
observations [7, 26], the substitution of Ti by Zr effectively
increase the GFA. As summarized in figure 7, the critical
casting thickness for plate shaped samples is 1 mm for Zr
concentrations ranging from 5 to 10 at%. These alloy com-
positions can be considered as bulk metallic glass-forming
alloys. The compositional range in which bulk glass forma-
tion is observed probably extends to higher Zr-contents for
cylindrical samples. As the Zr concentration is only roughly
varied in this compositional region, even higher critical cast-
ing thickness may be reached at compositions in-between
those depicted in figure 7. Minor compositional changes can
significantly increase the GFA as shown for Ni-based alloys
by Na et al [8].

The origin of the increasing GFA through the addition of
Zr might be connected to the fact that the primary precip-
itating phase changes from Ti2Ni/Ti2Cu for the Zr-free and
Zr-lean alloy compositions to the icosahedral phase for higher
Zr-contents. The preferential formation of the icosahedral
phase in the compositional range from 5 to 15 at% Zr could
be attributed to an increasing ISRO in the liquid phase. A
pronounced ISRO reduces the interfacial energy between the
liquid and the icosahedral phase [37]. This in turn results in
a decreasing energy barrier for the formation of an icosahe-
dral nucleus as the interfacial energy contributes to the power
of three to the nucleation barrier. In contrast, a high interfa-
cial energy is considered to be an decisive factor for the GFA
in Pt–P-based bulk glass-forming liquids [38, 39]. Although
the small interfacial energy is not beneficial for the GFA, the
formation of ISRO is expected to increases the melt viscos-
ity [40, 41]. Sluggish atomic movements due to a high vis-
cosity affect the nucleation and growth rate and may lead to

Figure 7. Critical casting thickness for plate shaped samples as a
function of the Zr-content. The open, black symbols represent x-ray
amorphous samples. The crossed circles are used if a crystalline or
quasi-crystalline phase is present in the sample.

an increasing GFA as demonstrated by Na et al for Fe-based
bulk glass-forming liquids [42]. The importance of the vis-
cosity for the glass formation in this system is supported by
the observation that the viscosity at the liquidus temperature
of the Ti60Zr15Cu17S8 bulk glass-forming alloy composition
(same alloy family as Ti58Zr7.5Ni18.5Cu12S4) is approximately
one order of magnitude higher than that of the Ti37Zr42Ni21

liquid [22, 30]. As the Ti37Zr42Ni21 liquid, which is not a
bulk glass-former, also forms the icosahedral phase as primary
phase and possess the same T l as Ti58Zr7.5Ni18.5Cu12S4 [37],
the role of S for the GFA should not be underestimated. The
small atomic size of S in comparison to the other alloying ele-
ments [31] might further improve the packing density in the
liquid state and thereby increase the viscosity of the liquid
resulting in an enhanced GFA.

At higher Zr concentrations the primary phase changes
from the icosahedral to the Laves phase. This is in agree-
ment with the pseudo-ternary Ti–Zr–(Cu,Ni) phase diagram
depicted in [36], suggesting the formation of the Laves phase
at ∼20 at% Zr for a Ti content of ∼65 at%. At a Zr concentra-
tion of 17.5 at% and a plate thickness of 1 mm the transition
from the icosahedral to the Laves phase is observed. Within
this context it should be noted that Kurtuldu et al recently
reported that bulk glass-forming liquids may form the icosa-
hedral phase as intermediate phase upon cooling form the
equilibrium liquid [43]. This metastable intermediate phase
primarily nucleates due to the low nucleation barrier result-
ing from the low interfacial energy and subsequently trans-
forms into the stable phase. This crystallization scenario from
the equilibrium liquid cannot be excluded for the type of
alloys under investigation, which means that the icosahedral
phase might always be the primary phase. However, the clar-
ification of the exact crystallization sequence requires further
experiments.

In contrast, the observation of crystallization process upon
heating from the glassy state is less challenging due to much
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slower dynamics. The results for the Ti58Zr7.5Ni18.5Cu12S4

composition in figure 6 show that the icosahedral phase forms
as primary phase and that this crystallization event obscures
the glass transition. Consequently, the low degree of atomic
mobility close to the glass transition seems sufficient to form
the icosahedral phase, suggesting that the structure of the
glass is already close to that of the icosahedral phase. A sim-
ilar crystallization signature concealing the glass transition is
observed in Al-based metallic glasses. Due to the extremely
high Al-content in these glasses only little atomic mobility
is needed to form the fcc Al solid solution [44, 45]. Con-
sequently, the compositional and structural proximity of the
glassy phase to the primary precipitating phase provokes the
primary exothermic event before reaching the glass transition
in both alloy families. The glassy state might be stabilized
upon heating by increasing the Cu content which was shown
to extend the supercooled liquid region in the Ti75Ni17−zCuzS8

type of alloys [7].

5. Conclusion

In summary, it is shown that further bulk glass-forming alloy
compositions at higher Ni/Cu concentrations can be found in
the pseudo-ternary (Ti,Zr)–(Ni,Cu)–S system. The optimum
S-content around the Ti65.5Ni22.5Cu12 eutectic composition is
located at approximately 4 at% leading to an increase of the
glass-forming ability to 500 μm. The addition of 7.5 at% Zr
at the expense of Ti increase the critical casting thickness to 1
mm for plate shaped and to roughly 3 mm for cylindrical sam-
ples. The glass-forming ability of the Ti58Zr7.5Ni18.5Cu12S4

alloy composition is limited by the nucleation of the icosa-
hedral phase which also forms upon heating from the glassy
phase and obscures the glass transition event. These observa-
tions suggest the existence of a pounced icosahedral short-
range order in the liquid state which might be the origin
of the enhanced glass-forming ability through increasing the
melt viscosity. Even higher critical casting thickness might be
obtained by reducing the step-size of compositional variations
on the Ti–Zr axis or by re-adjusting the S-content at a fixed Zr
concentration. Moreover, an increase of the Cu concentration
might stabilize the glassy phase and retard the formation of the
icosahedral phase upon heating.
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