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Dynamical and structural properties of undercooled Cu-Ti melts investigated
by neutron and x-ray diffraction
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We investigate temperature-dependent dynamical and structural properties of Cu-Ti melts within a composi-
tional range of 24-69 at.% Ti. Accurate data of viscosity, density, and structure have been obtained by employing

the electrostatic levitation technique, which enables containerlessly processing of the samples. Within the Cu-Ti
system, the viscosity features a nonmonotonous trend, with the melt of the highest viscosity located at the
compositions with intermediate Ti contents. This compositional trend of the liquid dynamics is not reflected
in the average packing fraction derived by the macroscopic density, which is almost independent of the Ti

concentration. By studying the melt structure using x-ray and neutron diffraction, particularly the direct access
of the concentration-concentration structure factor Scc, we show that the slowdown of the melt dynamics upon
mixing is rather due to chemical effects associated with the preferred formation of Cu-Ti pairs. This leads to a
contraction of the interatomic distances, whereas the almost ideal mixing behavior in the molar volume of the
melt is a result of the simultaneous decrease of the average coordination number.

DOI: 10.1103/PhysRevB.109.174108

I. INTRODUCTION

Bulk metallic glasses based on Cu-Ti combine proper-
ties such as a good thermal and electric conductivity, high
strength, large elastic limit, good resistance against corro-
sion, and biocompatibility, which can be applied in many
industrial applications [1-7]. However, it was found that the
glass forming ability (GFA) is very limited for Ti-rich alloy
compositions [2,8]. Only alloying additional elements like Zr
and Ni allows for bulk glass formation. Very recently, another
class of a quasiternary systems (Ti-Zr)-(Ni-Cu)-S has been
developed, where the existence of an icosahedral short-range
order in the liquid state has been suggested to be responsible
for an enhanced GFA [7]. Besides the structural aspect, its
relationship with the dynamical properties on an atomistic
scale also plays an important role for an enhanced GFA.
Therefore, the relevant microscopic mechanisms responsible
for such good GFAs are still to be explored [9-13].

Here we discuss the dynamical and structural properties
of Cu-Ti melts. The binary Cu-Ti system serves as the ba-
sis for many excellent multicomponent glass-forming alloys,
while structural properties such as the structure factor can
be relatively easily obtained experimentally. Therefore, it
makes a good model system. Furthermore, it features a large,
undercooled liquid region, which is relevant for glass for-
mation. It might be worth noting here that also for additive
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manufacturing of such alloys, a large undercooling ability is
beneficial as very fine grain sizes are achieved [14]. Moreover,
the binary Cu-Ti system also exhibits rather unusual ther-
mophysical properties: the volumetric and enthalpic mixing
behavior appear to show different signs, i.e., with an excess
volume which is close to zero or positive, whereas the en-
thalpy of mixing is negative [15—17]. This is in contrast to
many other binary alloys, where the excess volume and the
mixing enthalpy are either both positive (e.g., Fe-Cu) or neg-
ative (e.g., Al-Cu) [18,19]. Employing molecular dynamics
simulations on a Lennard-Jones system, it has been revealed
that the sign of the excess volume can change depending
on the magnitude of the dimensionless parameter y in the
Lennard-Jones potential (with y the strength of the attractive
term can be changed), while in the same range of gamma,
there is no change in the sign of the enthalpy of mixing [15].
This hints to strong attractive interactions. Thus, we intend to
investigate how the dynamical and structural properties of the
melt relate to each other. Especially, the interplay between the
dynamics of the system (e.g., viscosity and interdiffusion) and
the structural properties (e.g., packing fraction, topological,
and chemical short-range order) is of fundamental interest.
Moreover, the precise knowledge of these properties in the
liquid may also serve as experimental input for simulations
of complex processes, such as welding, casting, surface treat-
ment, nucleation, and crystal growth [19,20].

For many metallic glass forming alloys, a dense, efficient
melt packing, i.e., a high packing fraction, is considered to be
responsible for sluggish dynamics. This is regarded to favor
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glass formation, in particular, when different atomic sizes are
involved [21-23]. Such correlation between dense packing
and slow melt dynamics has been found to be qualitatively
valid for multicomponent and even for binary (e.g., Zr-Cu
and Zr-Ni) systems [20,24]. While this trend may be true
within some alloy systems, it cannot be considered as a gen-
eral rule, especially for transition metals. For example, the
melt dynamics of Zrsg ,Cug; g is faster than that of ZresNisg,
despite that Zr3g,Cug; g exhibits a smaller molar volume
[24,25]. Furthermore, it has been found that for some alloy
components, especially for those containing minor additions
of Al and S (e.g., Zr-(Co,Ni)-Al, Ti-Ni-S, and Ti-(Cu,Ni)-S),
the above-mentioned correlation cannot be applied anymore
[26,27]. Since the amount of added Al or S is small, a signif-
icant impact of these additional atoms on the packing of the
melt is not expected. Rather, the results suggest that chemical
interactions are crucial for the dynamics of the respective alloy
systems.

In the following,we investigate thermophysical (density,
viscosity) and structural properties of the binary Cu-Ti melt
in the range of 2469 at.% Ti, where a good GFA is expected.
The structure of the liquid alloys was studied with a combi-
nation of x-ray and neutron diffraction, giving access to the
topological and chemical short-range orders in the melt. Since
Cu-Ti is highly chemically reactive (especially at higher tem-
peratures), all samples have been containerlessly processed by
using the electrostatic levitation (ESL) technique [28]. This
technique also allows accessing the metastable regime of the
undercooled melt, which is of special interest for the discus-
sion of structural aspects during glass formation. Further, the
absence of any container or crucible results in an excellent
signal-to-noise ratio during the scattering experiments. By
correlating structural information with the dynamics of the
Cu-Ti melt, relationships between structure and dynamics as
well as the packing fraction are discussed, which contributes
to the development of a fundamental understanding of the
glass formation processes on the atomic scale.

II. EXPERIMENTAL

Samples of different masses were prepared by arc melting
the alloy constituents (99.999 at.% Cu and 99.99 at.% Ti) in
an Ar 6N (99.9999%) atmosphere for viscosity and density
(=~ 50 mg), x-ray diffraction (= 100 mg), and neutron diffrac-
tion measurements (& 500 mg). To further purify the gas, Ar
was passed through an Oxisorb cartridge, and a Ti getter was
molten prior to melting of each sample to remove residual
contaminants (especially oxygen) in the gas. Levitation in the
ESL facility was performed under high vacuum (better than
10~% mbar) conditions for both thermophysical properties and
diffraction measurements [28].

A. Density and viscosity measurements

The densities of Cus;Tigg, CusoTisg, CusqTise, and
Cuy6Tips liquid droplets have been measured by determining
their respective volumes (since the sample mass is well-
known). This was done by recording shadow graphs of the
levitated samples as a function of temperature with a high-
speed camera at a frame rate of either 1000 or 2000 fps.

A detailed description of this technique can be found in
Ref. [29]. The obtained images were analyzed with an edge
detection algorithm, where a Legendre polynomial of the or-
der < 6 was applied to describe the edge curve. The area
enclosed by the edge curve was then averaged over 100 im-
ages. When assuming a rotational symmetric sample shape,
the volume V can be calculated as follows:

2 T
V=37q /0 (R(p))? sin(g)dg, (1

where (R(¢)) is the averaged edge curve and g represents a
scaling factor to convert the sample volume in the pixel units
into the real sample volume, obtained by calibrating the pixel
size with spheres with known diameter. The obtained density
values feature an accuracy of Ap/p < 0.01. More details on
the calibration and the calculations can be found in Ref. [30].

The viscosity of the Cu-Ti alloys, Cus;Tigg, CusgTiso,
Cus4Tige, and Cuy6Ting, has been measured by the oscillating
drop technique. Using ESL, surface oscillation of the liquid
sample was excited via a sinusoidal electric field (0.4—2kV)
with a frequency between 130 and 180 Hz, superimposed
on the levitation voltage. After the excited dipole oscillation
(P20 mode) had stabilized, this additional electric field was
switched off, and the decay of the oscillations was recorded
with a high-speed camera analogously to the density measure-
ments at a frame rate of 2000 fps. Thereby, the sample radius
R(t) as a function of time was determined. As an example,
R (¢) (radius in the vertical direction) of a Cus; Tigo sample at
a temperature of 850 K is displayed in Fig. 1(a). A fast-Fourier
transformation (FFT) of the oscillation spectrum yields the
frequency spectrum, shown in the inset of Fig. 1(a). The
isolated frequency peak around 140 Hz indicates the presence
of only one single oscillation mode.

To derive the decay time, the obtained R,(¢) is fitted with
a damped sine function: R,(t) = Ry + A exp(—t/1p) sin(wt +
80). Here, Ry is the sample radius without oscillation, A is
the amplitude of the initial excitation, 7y represents the decay
time constant, and w and &y are the frequency and the con-
stant phase shift, respectively. Eventually, the viscosity 1 was
calculated by Lamb’s law for the P, o mode [31]:

n(T) = (pRy) / (570). 2

The derivation of the melt viscosity using such a method
assumes a spherical, suspended force-free liquid droplet, in
which the damping is exclusively due to internal friction under
laminar flow conditions. Under laboratory conditions, these
assumptions are not entirely fulfilled, e.g., due to gravitational
forces, the sample is not force-free and perfectly spherical
[28,29,32]. Nevertheless, it has been shown that for small
sample sizes (typically sample mass below 100 mg) and in the
viscosity range studied here (between 10 and a few hundred
mPas), the influences of such nonideal effects are negligi-
ble. Systematic deviations can be ruled out if the obtained
viscosity is independent of the sample mass [29]. This is
demonstrated exemplary in Fig. 1(b) for two Cusz; Tigg samples
of different mass (68 and 42 mg), where the obtained viscosity
values can be described by a single temperature dependence.
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FIG. 1. (a) Normalized radius (red circles) of an undercooled liquid Cus;Tigy sample as a function of time, depicting the decay of the
oscillations measured with ESL. The black line is a fit to the data. Inset: Fast-Fourier transformation (FFT) of the decay curve. The peak
indicates the excitation and eigenfrequency of the sample. (b) Viscosity n calculated via Lamb’s law for samples of different masses, which

can be described by a single temperature dependence.

B. X-ray diffraction

X-ray diffraction (XRD) measurements on liquid Cus; Tieo,
CU33,3T166_7, CU41Ti59, CU50Ti50, and CLl54Ti46 were per-
formed at the ID11 beamline at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France [33], and at
the P21.2 beamline at the Deutsches Elektronen Synchrotron
(DESY) in Hamburg, Germany, using the ESL technique. At
both beamlines, the diffraction experiments were carried out
in transmission geometry with approximately the same set-
tings. A monochromatic primary x-ray beam with an energy
of ~100 keV entered the vacuum chamber of the levitator
through an aluminum window of 0.5 mm thickness and ran
through a Ta aperture before hitting the sample. The scat-
tered signal passed through a second Al window (diameter
of 150 mm and thickness of 5 mm) and was collected in the
corner of a quadratic Frelon camera detector (ID11) or at the
side of a VAREX XRD4343CT flat panel detector (P21.2),
respectively. A tungsten beamstop, fixed on the inner side of
the second Al window absorbed the direct beam. The detected
two-dimensional diffraction images were integrated via the
PYFALI software package and corrected for dark currents and
detector distortions. Eventually, this yielded one-dimensional
intensity I(q) spectra as a function of momentum transfer g
[34-36]. The total structure factor S(g) was calculated from
1(q) after subtraction of the background of the empty levitator
as well as corrections for self-absorption, multiple and Comp-
ton scattering, oblique incidence, and polarization by using
the PDFGETX2 analysis software [37].

C. Neutron diffraction

Elastic neutron diffraction experiments on liquid Cus; Tigg
were performed at the high flux diffractometer D20 at the
Institut Laue-Langevin (ILL) in Grenoble, France [38]. The
used levitation setup is described in detail in Ref. [28]. Only
for the neutron diffraction experiments, an aluminum cham-
ber was used instead of a stainless steel chamber as in the
case of synchrotron XRD experiment. The wavelength of
the incoming neutrons was set to 0.94 A. The usable angu-
lar range (260 = 10—134°) gives access to a g range from
approximately 0.6 to 12 A~!, limited by the scattering of the

primary beam (below 10°) and a positioning mirror inside the
vacuum chamber (above 134°). To further reduce the back-
ground signal, an oscillating radial collimator has been used.
The signal-to-background ratio is better than 10:1, achieved
with the utilization of the ESL. The Cujs;Tigy alloy has an
average neutron scattering length near zero [bcy, = 7.718(4)
fm and by; = —3.370(13) fm]. According to Eq. (8), this gives
the opportunity to directly obtain the partial concentration-
concentration structure factor Scc(g) using a data treatment
procedure described in detail in Ref. [39].

D. Temperature measurements

In all the levitation experiments, the temperature of the
sample was measured contactless using a pyrometer operating
in single color mode. To take into account the unknown (ef-
fective) emissivity, the measured pyrometer temperature Tpyr,
is corrected according to

1T = 1/Tyyeo + 1/T™ — 1/ T, (3)

where 1/7"4 is the liquidus temperature of the alloy and
1/ T;;?O is the liquidus temperature measured by the pyrometer
[40]. For the binary Cu-Ti system, several phase diagrams are
reported in the literature, summarized in Ref. [41]. Whereas
on the copper-rich side the liquidus temperatures reported are
mostly consistent, on the Ti-rich side partly contradicting re-
sults exist. Here we use the phase diagram of Ref. [42] where
the eutectic temperature of Ti,Cu and g-Ti phases is 1278 K
and Ti,Cu melts congruently at 1285 K. This agrees, at best,
with our observations in the synchrotron XRD experiments,
where we indeed observe congruent melting of Ti,Cu, while
for the composition TiggCus; already B-Ti melts as the last
phase. However, there are still large uncertainties and discrep-
ancies concerning the liquidus temperature of TigoCus;. Thus,
for the TigyCus; alloy, the calibration is performed using the
eutectic temperature.

III. RESULTS AND DISCUSSION

The density of four Cu-Ti compositions, Cus;Tigo,
CusgTiso, CussTisg, and CuqgTing, has been measured within
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FIG. 2. (a) Temperature-dependent density of liquid Cu-Ti samples with different compositions (Cusz;Tigg, CusoTisg, CussTige, and
Cuy6Tizg). The solid lines are linear fits to the data according to Eq. (4). The obtained fit parameters are listed in Table 1. The values for
pure Cu and Ti correspond to data reported in Refs. [43] and [44], respectively. The respective liquidus temperature of each composition
(in the case of Cus; Tigo, the solidus temperature) is marked with arrows. (b) Composition dependence of the molar volume of liquid Cu-Ti
samples at 1273 K obtained via ESL. In addition, the data reported in Refs. [16,17], both using EML, are shown for comparison. The dashed
line represents the behavior of an ideal mixture, while the dotted line is a fit according to Eq. (5), as explained in the text [16]. The data for

liquid Cu and Ti have been extrapolated.

a temperature range of 900 to 1500 K. Due to the applied ESL
technique and the use of highly pure Cu and Ti during sample
preparation, heterogeneous nucleation at crucible walls and
within the melt, respectively, could be avoided. Thus, access
to the undercooled regime with large undercooling levels of
up to 300 K was possible. Figure 2(a) displays the obtained
density values as a function of temperature.

The obtained density values are slightly higher than the
values reported recently for the liquid Cu-Ti system by Amore
et al. [16], which may be due to the use of electrostatic instead
of electromagnetic levitation (EML). During EML, surface
oscillations of the sample can be more severe and, thus, dif-
ferences related to the use of the ESL and EML techniques
can amount to 2—3%. They have already been observed be-
fore, e.g., for pure Ti and V [45]. Our results feature better
agreement with the data reported by Watanabe et al. [17],
who used the EML technique, however, the surface oscillation
was suppressed by applying a static magnetic field. This may

TABLE I. Results from the fits applied to the density data shown
in Fig. 2. T,;, and T, describe the temperature range, in which the
density has been experimentally observed. p, and dp/dT denote the
density at the measured liquidus temperature and the temperature
coefficient, respectively. The data for pure Cu and Ti is taken from
Refs. [43] and [44], respectively.

XTi TL (K) Tmin - Tmax (K) PL (gcm—3) 1074 dp/dT (gcm’3K’1)

0 1358  1356—2500 8.00 £0.10 —8.19 £0.11
0.24 1158 973—1230 7.04 £ 0.07 —7.32£0.08
046 1246  1010—1377 5.90 £ 0.06 —5.53 £0.06
0.50 1255 905—1289 5.85+£0.06 —4.71 £ 0.05
0.69 1278* 1100—1484 5.22 +£0.05 —3.27 £0.03
1 1941  1640—2090 4.19 £ 0.06 —2.37£0.30

2As mentioned in Sec. 11, this corresponds to the eutectic temperature
of the Ti,Cu and B-Ti eutectics.

further confirm the origin of the observed differences. Nev-
ertheless, both studies of Amore et al. and Watanabe et al.
agree qualitatively: The density decreases upon increasing
Ti content. In our paper, CusTiys features the highest den-
sity (6.8 gcm™3), while Cusz;Tigy exhibits the lowest density
(5.2 gecm™) at their respective liquidus or solidus temper-
atures (1158 K and 1278 K for CusTips and Cus;Tigo,
respectively). This seems intuitive, since Ti is a lighter ele-
ment than Cu. The temperature dependence of all the obtained
densities can be described by a linear fit function with a
negative slope over the whole temperature range:

p(T)=pL+dp/dT(T —Tp). “

In the equation, p; denotes the density at the liquidus temper-
ature, while d p/dT is the temperature coefficient and 7}, is the
liquidus temperature. The obtained values are summarized in
Table 1.

From the density values reported in Table I, we calculated
the molar volume for each Cu-Ti composition as well as for
pure Cu and Ti at 1273 K. Since this temperature is lower
than the experimental temperature range for pure liquid Cu
and Ti, linear extrapolation was applied to determine the
molar volume. The results, displayed in Fig. 2(b), highlight
an increasing molar volume upon increasing Ti content. In
addition, the obtained molar volume values feature an almost
ideal mixing behavior [ideal solution: dashed line in Fig. 2(b)]
with small deviations for Cus4Tiss and Cus; Tigg. The obser-
vation is in better agreement with that reported by Watanabe
et al. [17], while Amore et al. found a more pronounced
positive excess volume and an asymmetric behavior of the
molar volume with a maximum shifted towards the titanium-
rich side [16]. While typically the ESL technique provides
accurate density data with very low uncertainty [46], also the
agreement with the data obtained by Watanabe et al., who used
a static magnetic field as explained earlier, leads us to trust
our data. In Fig. 2(b), the excess volume V, as a function of
the concentration of the alloy constituents and the temperature
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FIG. 3. (a) Arrhenius plot of the viscosity. The solid and dashed lines are Arrhenius fits and the extrapolation of the fits, respectively.
(b) Viscosity as a function of temperature of liquid Cu-Ti samples with different compositions [same as in (a)]. The solid lines are

Vogel-Fulcher-Tammann fits.

can be modeled according to the equation
Ve = xrixcu (0(T') + B(xri — Xcu)). )

Here, v(T) is an interaction parameter between Cu and Ti,
which depends linearly on temperature as a first-order ap-
proximation [16], and B is an additional fitting parameter
taking account for asymmetric concentration dependencies,
e.g., mismatches in the atomic radii. For the data reported
by Amore et al., we obtained v(T) = 3.2 4+ 1.3 gcm™3 and
B =2.1+3.5 gcm™3 [dotted line in Fig. 2(b)]. One has to
note that besides the different density values obtained by EML
and ESL, the densities are compared at a lower temperature
(1273 K compared to 1373 K), which eventually might result
in the deviating behavior of our paper and the data reported in
Ref. [16].

The melt density also serves as an input parameter for the
calculation of the melt viscosity of the corresponding Cu-Ti
compositions according to Eq. (2). The viscosities of the lig-
uid Cu-Ti samples are displayed in an Arrhenius plot and in
a semilogarithmic scale in Fig. 3. In the studied temperature
regime, the temperature dependence of the viscosity cannot
be described with a single Arrhenius fit. Extrapolating the
high-temperature Arrhenius fit to lower temperatures, starting
at approximately 1000/7 = 0.87 K~! (1150 K), the viscosity
values of all Cu-Ti compositions and the Arrhenius fit differ
significantly. Instead, a Vogel-Fulcher-Tammann relationship,
according to Eq. (6), describes the viscosity data well over
the entire temperature range. This highlights that the tem-
perature dependence of the viscosity is more complex than a
simple process linked to a certain activation energy. Further-
more, this also underlines the importance of such measure-
ments: While it is technically challenging to measure the
viscosity over a large temperature range using ESL, the ob-
tained results provide valuable and detailed insights into the
dynamics of undercooled Cu-Ti melts:

n(T) = no x exp (E,/(kp(T —Tp)). (6)

The results of the VFT fits are listed in Table II. As expected,
the viscosity increases upon cooling for all Cu-Ti composi-
tions. At low temperatures of roughly 1000 K, the viscosity
reaches values between 100 (Cusz Tige and Cu7Ting) and

240 mPas (CusgTisg), thus indicating pronounced differences
of the viscosity values for the different compositions. With
increasing temperature, the viscosity values of the individual
compositions approach each other. At roughly 1350 K, the
values are between 8 (Cuz;Tigy and CusTipg) and 10 mPas
(CuspTisp and CusygTige). Figure 4(a) depicts the viscosity as
a function of Ti content at two different temperatures (1030
and 1273 K). For comparison, the viscosities of pure Cu and
pure Ti have been extrapolated to the shown temperature range
using literature values (data was available in a temperature
range from approximately 1360 to 1960 K [43] for pure liquid
Cu and between 1730 to 2120 K for pure liquid Ti [47,48])
according to the Arrhenius temperature dependence. As dis-
cussed above, the values are likely underestimated.

It can be seen that a maximum viscosity or slowest dy-
namics is found for intermediate Ti contents (Cus4Tise and
CusgTisg), while the samples with higher and lower Ti con-
tents feature lower viscosities (or faster dynamics). Such
behavior has been observed for many other binary systems,
including those exhibiting a negative excess volume, e.g.,
Cu-Zr, Ni-Zr, or Ti-Ni [24,26,29]. Compared to the viscosity
of the binary glass-forming system CusoZrso [49], the mea-
sured viscosities of CusgTiso and CussTise are in a similar
range or slightly lower for Cus Tigo and Cu7¢Tig. When
compared to ZrgNise, all determined values are significantly
lower [50]. In comparison to the viscosity of the binary and
poor glass-forming Ti-Ni system, which has been measured at
higher temperatures (1300 to 1500 K), the values for all Cu-Ti
compositions are roughly in the same range (at 1300 K). How-
ever, they are lower than the values of the ternary and better
glass-forming Ti-Ni-S system [26]. As a result, a trend of the

TABLE II. Results from the VFT fits as shown in Fig. 3(b).

Composition 1o (mPas) E, (10720]) Ty (K)

Cuy6Ting 1.45+0.24 1.28 £ 0.18 784 £ 26
CusyTigg 1.11 £ 0.16 1.63 +0.14 770 £ 15
CusoTisg 1.48 4+ 0.25 1.30 £ 0.14 824 + 15
Cugz; Tigg 1.27 +£0.29 1.41 £ 0.21 780 £ 23
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FIG. 4. (a) Isothermal values for the viscosity at 1030 and 1273 K as well as (b) packing fraction ¢ derived from different density data at
1273 K as a function of the Ti content. The black dashed line represents the here found constant packing fraction of ~0.53, which is also in

good agreement with the data reported by Watanabe ef al. [17].

viscosity of the above-described alloy systems, regarding its
impact on the GFA, cannot be extracted.

The average packing fraction can be calculated from the
melt density using the covalent atomic radii of Cu and Ti
(rcu = 1.173 A and r; = 1.324 A, which means a radii mis-
match of approximately 13%) according to Eq. (7):

@ = 4/37Nay (réycen + 120m1) / Vit 7

This has been done for different density data sets [16,17], as
shown in Fig. 4(b). It should be noted that the choice of the
covalent atomic radii is rather arbitrary, and there exist other
definitions of atomic radii, e.g., the ionic or the Goldschmidt
radius. So far, it is not clear which atomic radius best repre-
sents the size of the atoms in the metallic melts. Nevertheless,
the choice of the atomic radii does not affect the compositional
trend qualitatively.

For the densities obtained here by ESL and Watanabe et al.
[17], who found a mixing behavior close to the ideal solu-
tion, the packing fraction is almost constant with an average
value of ~0.53. The average packing fraction derived from
the density data reported by Amore et al. [16] exhibit even
a minimum close to the composition CuygoTigp. The results
found in all three cases are not in line with the obtained
maximum of the viscosity close to CusyTisg, considering the
assumption that a more densely packed melt should exhibit
slower liquid dynamics.

Compared to other studied binary systems, the determined
values for all compositions are slightly lower than the packing
fraction of Zr-Ni (e.g., ¢ ~ 0.55 for ZresNise) [29], but sim-
ilar to that of Zr-Cu (e.g., ¢ = 0.53 for Zrss sCugs5) alloys
[24]. However, in our case the concentration variation of the
packing fraction is weak. In addition, the obtained values
for all Cu-Ti compositions lie between those of the Ti-Ni
and Ti-Ni-S systems. Nevertheless, given the similar atomic
radii of Ni and Cu, which are neighbors in the periodic table,
these differences in the liquid viscosity and average pack-
ing fraction points clearly to an impact of composition- and
concentration-specific interactions between the alloy compo-
nents on the atomic dynamics in these systems.

To further elaborate the relation between packing and melt
dynamics, we investigated the structure of the Cu-Ti melt on

a microscopic level. The total structure factors S(g) of the
liquid were measured with XRD experiments. The composi-
tion range from 46—69 at.% Ti has been studied, which differs
slightly from the range of the density and viscosity measure-
ments (Ti content from 24-69 at.%), with two additional alloy
compositions Cuy;Tisg and Cuss 3Tigs 7. Figure 5(a) displays
S(g) of the investigated Cu-Ti compositions at a temperature
of 1273 K, compared with the structure factor of pure Cu at
1360 K [51] and pure Ti at 1845 K [52].

The measured structure factors exhibit typical features of
a disordered system with broad maxima and minima. For
the alloy composition Cus;Tigg [open squares in Fig. 5(a)],
the measurement was carried out at the P21.2 beamline in a
combined small- and wide-angle scattering geometry. As a
consequence, the access to small g values in the wide-angle
detectors was limited for ¢ < 2.5 A~!. For the other alloy
compositions, it can be seen that the structure factors of
the Cu-Ti alloys are similar to each other, while the struc-
ture factors of Cu and Ti exhibit considerable differences in
the amplitude of the first maximum, as well as the position of
the second oscillation.

The x-ray scattering factors of Cu and Ti show only mod-
erate differences (atomic numbers 29 and 22). Thus, the x-ray
total structure factor is dominated by the number density
structure factor Syn as can be seen from Eq. (8) [54]:

— —
b cacg(by — bp)? 2(by — bp)b
S(q)*" :ﬁSNN‘i‘ A 3(2_2 B) Sec + (Aﬁ B) Suc.

(3)
Here, the concentrations of the atoms of types A and B in
the melt are denoted with ¢4 and cp, while by and bp are
the coherent scattering lengths of the atoms [in the case of
XRD of the atomic scattering factors f(q)], b = cabs + cpbp
and b* = cab + cpbsy.

The above stated assumption is further supported by
the comparatively week oscillations of the concentration-
concentration partial structure factor Scc determined for
liquid Cuj Tigy (see below). Hence, in this case the total
x-ray structure factors allow us to derive reasonable approxi-
mations of the number-number pair correlation function gnn
and from this of the nearest-neighbor distances dyy and the
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FIG. 5. (a) Total x-ray structure factor S(g) of the studied Cu-Ti alloys at ~1273 K with different compositions compared with the structure
factors of pure Cu and pure Ti (Cu at approximately 1358 K [51] and Ti at 1845 K [52]). (b) Derived average interatomic distances and
coordination numbers of the alloy melt at 1273 K as a function of Ti content, assuming that the total x-ray structure factors closely reassemble

the number density structure factor Syx.

coordination numbers Zyn. The partial pair correlation func-
tions gnn(7) and gee(r) can be calculated from Syn(g) and
Scc(q) essentially by Fourier transformation:

1 o0
gAA(r)=1+—2 5 / q(Saa(g) — Dsin(gr)dq, (9)
T=PNT Jo

where py = Na/V,, denotes the number density and A =
N, C. These are shown in Fig. 7. From gnn(7), the nearest-
neighbor distances dyy can be directly inferred (positions
of the first maxima). The coordination numbers Zyy are
calculated by integrating the first peak of the radial distri-
bution function 47 pyr2gnn(r) between its first and second
minimum. There exist other ways of calculating coordina-
tion numbers resulting in differing absolute values [55]. All
coordination numbers discussed in this paper (including the
literature values for Cu [51] and Ti [52]) are calculated in
the way described above such that the data are well compa-
rable. The main source of errors of dyn and Zyy are artifacts
(e.g., wiggles and/or deformations of the peaks) in g(r) re-
sulting from the limited experimentally accessible g range

when calculating g(r) by Fourier transformation from S(g).
A conservative estimate of these errors gives error limits of
+0.2 A for dyy and £0.5 for Zyn

The average interatomic distance dyn and coordination
number Zyy are shown in Fig. 5(b) as a function of Ti content
at 1273 K. It can be seen that both the interatomic distance
and the coordination number of Ti is higher than that of Cu.
The structure factors of Ti and Cu are obtained at higher tem-
peratures. The coordination numbers usually decrease with
increasing temperature, while the temperature dependence of
the interatomic distances is rather weak [52,53] and in the
range of the uncertainties shown in Fig. 5(b). The average
coordination numbers of the Cu-Ti alloys are lower than the
coordination numbers of the pure elements. In contrast, the
average interatomic distance is smaller than the ones repre-
senting an ideal mixing behavior [dotted line in Fig. 5(b)].
Therefore, it appears that on the scale of interactomic
distances, local contraction upon mixing can be observed.

This behavior is more clearly visible on the difference
Adnn between the derived interatomic distance of the alloys
and the concentration weighted average of the pure elements,

L _Ti 3+ )
0,,CUTI1273K, L ! Cuz1Tigg
- - 5 o S(g) X-Ray 1269 K
I I i ® Scc(q) neutron 1273 K
__-0.021- 2
o<g r — T
< ! & [
5 n
3 | |
-0.04 - -
L 1 -
00 (@ [
‘ L L L ‘ L L ‘ L L ‘ L L ‘ O L L L L ‘ L L ‘ L L ‘ L L ‘
0 0.25 0.5 0.75 1 0 2.5 5.0 7.5 10
CTi q (A-1)

FIG. 6. (a) Differences between the derived average interatomic distances of the alloys and a weighted average of that of the pure elements.
(b) Partial concentration concentration structure factor Scc(g) measured by neutron diffraction on the zero-scattering alloy Cus; Tig at 1273 K

compared with its x-ray total structure factor which is close to Sxn.
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FIG. 7. Fourier transformed x-ray total structure factor of
Cus, Tigy representing in an approximation of gy and gec derived
from the total and partial S and Scc measured by x-ray and neutron
diffraction, respectively. The gcc of the ZresNise alloy melt at 1373 K
is shown as a comparison.

which is smaller than zero for all the compositions studied,
as shown in Fig. 6(a). On macroscopic length scales, the con-
traction on the interatomic distances seems to be compensated
by the decrease of the average coordination number, resulting
in the observed nearly ideal mixing behavior of the macro-
scopic density. The concentration-concentration structure fac-
tor Scc according to the Bhatia-Thornton formalism measured
employing neutron diffraction on the zero-scattering compo-
sitions Cuz;Tigg shows oscillations around unity indicating
chemical ordering [54]. The concentration-concentration pair
correlation function gcc calculated by Fourier transformation
from Scc shows a minimum around a distance of 2.65 A
(see Fig. 7). This minimum indicates the preferred formation
of heterogeneous Cu-Ti neighboring pairs. Such chemical
short-range order was also observed in binary Zr-Ni and Hf-Ni
alloys and is considered to induce a slowdown of the liquid dy-
namics [56,57]. Also, for ternary Ti-Ni-S and Zr-(Ni,Co)-Al
melts [26,27], chemical interactions of the S and Al additions
were suggested to result in sluggish atomic dynamics. It is,
however, important to note that the maximum amplitude of
the oscillations of Scc seen in Fig. 6(a) is less than half of the
amplitude of the oscillations found for liquid Zr-Ni or Hf-Ni
[25,56,58]. Also, the minimum in gcc is considerably smaller
for liquid Ti-Cu than for liquid Zr-Ni or Hf-Ni. This points to
a less pronounced chemical short-range order in Ti-Cu, which
may provide an explanation for the faster atomic dynamics
as compared with Zr-Ni or Hf-Ni melts. It may be speculated
that a similar argument may also account for the faster atomic
dynamics in Zr-Cu as compared with Zr-Ni. Unfortunately,
here the determination of Scc was not possible due to the
unavailability of suitable isotopes that provide sufficient scat-
tering contrast.

IV. CONCLUSION

In this paper, we investigate thermophysical and structural
properties of the binary Cu-Ti melt in the range of 24-69 at.%
Ti. Processing the samples without any crucible using ESL
allows us to determine these quantities in the undercooled
melt precisely. The density of the Cu-Ti system increases
monotonously upon increasing the Ti content, from which an
almost ideal mixing behavior of the molar volume has been
identified. The melt viscosity features a nonmonotonous trend
with increasing Ti content, which is largest for intermediate
Ti contents close to the CusoTiso composition. On the mi-
croscopic scale, local contraction of the average interatomic
distance has been observed upon alloying. However, the av-
erage packing fraction derived from the macroscopic melt
density remains almost constant. Therefore, the slowdown
of the melt dynamics is rather due to chemical interactions
between Cu and Ti, which form preferred neighboring pairs.
Nevertheless, the chemical short-range order in Ti-Cu melts
is less pronounced than observed for Zr-Ni or Hf-Ni melts,
which may explain the faster atomic dynamics in Ti-Cu as
compared with Zr-Ni and Hf-Ni.

For Cu-Ti, some structural features like the topological and
chemical short-range orders can be qualitatively described by
Lennard-Jones potentials [15,16]. However, the liquid dynam-
ics depend critically on the partial liquid structure factors,
and therefore on the exact shape, i.e., peak positions and
oscillation amplitudes of the total structure factor. Already,
small changes there lead to large changes of the liquid dy-
namics. Besides the relationship between the structure and
dynamics in the different liquid Cu-Ti alloys provided by the
present paper, the use of the ESL technique provides precise
structure and dynamic data. Based on these, more realistic
interatomic potentials for molecular dynamics simulation can
be developed for these melts [59—61]. In combination with
increasing computational power and recently developed ap-
proaches including, e.g., machine learning, this will allow
future complementary studies. Thereby, remaining questions
regarding the binary Cu-Ti system, e.g., the composition de-
pendence of the diffusion coefficient, the local structure and
next-neighboring atoms, and nucleation phenomena, can be
answered, which eventually contribute to a deeper under-
standing of the relationship between structure, dynamics, and
GFA. A computational study that addresses these questions is
currently in progress.
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