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Abstract

Preceding investigations on the atomic dynamics in melts of Ti;5Ni,s5 revealed faster atomic
dynamics as compared to that found in melts of ZresNiss and Nigg 7B33 3, despite the fact that all
these melts are characterized by similar packing fractions. In order to find a structural explanation
for the different dynamic behavior, we have studied the short-range structure of stable and under-
cooled Tiz5Nip; melts. The melts were containerlessly processed under high-purity conditions by
application of the electrostatic levitation technique. Partial structure factors of the liquid alloys
have been determined by a combination of neutron diffraction (with isotopic substitution) and
synchrotron x-ray diffraction. The studies reveal that Ti;5Ni5 melts are characterized by a chem-
ical short-range order, where heterogeneous Ti-Ni nearest neighbors are preferentially formed.
This chemical short-range order, however, is less pronounced than the chemical short-range order
reported for melts of ZrgsNizs and Nige ;B33 3. The less pronounced chemical short-range order
may account for the faster atomic dynamics reported for liquid Ti;sNi,s. For a further analysis

of the structure-dynamics relationship the experimentally determined partial structure factors
were used as an input for calculations in the framework of the mode coupling theory (MCT) of
the glass transition. These reveal that the Ni self-diffusion is only slightly faster than the Ti self-
diffusion with a ratio of the self-diffusion coefficients Dyi/Dri ~ 1.2. Moreover, the Onsager coeffi-
cients calculated by MCT are in good agreement with those estimated by use of Darken’s equation
indicating that cross-correlation effects are negligible when describing the interdiffusion in liquid
TiysNiys.

1. Introduction

The short-range structure and the atomic dynamics of melts are atomic scale properties that determ-
ine the macroscopic properties (such as density, viscosity, surface tension, or electrical resistivity) of

the liquids and govern the solidification behavior. During solidification, the short-range order of the
liquid determines the energy of the interface between the liquid phase and nuclei of the crystallizing
solid phases, which is an important parameter that influences the crystal-nucleation from undercooled
liquids [1-3]. The atomic dynamics influence both, crystal nucleation, and subsequent crystal growth
[2—4]. Because glassy solids may be formed from undercooled liquids, if the crystallization of the melt is
avoided, short-range order and atomic dynamics are key properties to find a microscopic understanding
of the mechanisms underlying glass-formation. Apart from the decisive importance of both atomic scale
properties for solidification and glass-formation in undercooled liquids, the relation between short-range
structure and atomic dynamics is of fundamental scientific interest. One possibility to directly link the
structure and the atomic dynamics of melts is provided by the mode coupling theory (MCT) of the glass
transition [5, 6]. It allows to make predictions on dynamical quantities of the liquid, like self-diffusion
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coefficients and viscosity, using partial static structure factors and densities of packing of the liquids as
the only input parameters.

One metallic alloy system, which has been subject to a large number of experimental studies on the
short-range structure and the atomic dynamics is Zr-Ni [7-11]. Using the experimentally determined
partial structure factors, MCT predicts nearly identical Ni and Zr self-diffusion coefficients for Zr-rich
ZrsNisze alloy melts, which means that the self-diffusion of Zr and Ni is strongly coupled [8, 10]. For
ZresNisg, the Onsager coefficient is considerably lower than predicted by Darken’s equation, which means
that this equation is not valid here and that cross-correlation terms need to be considered [8]. The pre-
diction by MCT of similar Zr and Ni self-diffusion coefficients, as well as the interdiffusion coefficients
have been experimentally confirmed by tracer [9] and interdiffusion [11] measurements. It can be shown
for ZrgsNise that this is a result of the structurally preferred Zr-Ni nearest-neighbor pairs, and a domin-
ant, slow kinetic contribution to the interdiffusion. While for the Zr-rich ZresNise alloys strong coupling
of the Ni and Zr self-diffusion is observed, increasing of the Ni composition results in a decoupling of
the Ni and Zr self-diffusion, such that the Ni self-diffusion coefficient is roughly twice as large as the Zr
self-diffusion coefficient for Ni-rich Zr3;sNigs melts [10]. The composition dependence of the coupling
behavior as well as the temperature dependence of the Ni self-diffusivity in ZrsoNisq is well reproduced
by MCT with experimentally determined partial structure factors as an input [10]. This is also the case
for melts of Hf35Nigs, where, similar as for ZrssNigy, decoupled Ni and Hf diffusion is observed [12].
The decoupling of the diffusion coefficients for the Ni-rich alloys may be explained by a saturation of
the fraction of strongly interacting Zr/Hf-Ni nearest neighbor pairs as suggested by an analysis of the
experimentally determined partial coordination numbers [10, 12].

Recently, the structure [13] and the atomic dynamics [14] in melts of Nigs7B333 has been studied.
Despite the fact that B is a nonmetallic constituent with a considerably smaller atomic size than Ni,
Nigs7B33.3 shows almost identical Ni self-diffusion coefficients and melt viscosities as ZrgyNiss at same
temperature [14] (for the diffusivities see also figure 5). Using experimentally determined partial struc-
ture factors as an input, MCT delivers Ni self-diffusion coefficients and interdiffusion coefficients that
are in good agreement with experimental results [13]. Different from ZrgsNisg, for Nigs ;B335 the MCT
calculations suggest decoupled dynamics of the constituents (B diffuses roughly twice as fast as Ni) and
that the interdiffusion is well described by Darken’s equation [13].

Recent measurements of the density of molten Ti;sNiys [15] revealed a similar packing fraction as
reported for ZresNize [16]. Moreover, both early transition metals belong to the same group in the peri-
odic table of the elements. Nevertheless, a higher mean Ti/Ni self-diffusion coefficient and a lower vis-
cosity are found for Ti;sNiys as compared to the Ni self-diffusivity and viscosity in ZresNisze at same
temperatures [15] (for the diffusivities see also figure 5). Even lower viscosities as found for TizsNi,s are
reported for Ti-rich Ti—Cu alloys [17].

In this work we present investigations of the short-range structure of stable and undercooled Ti;;Nips
melts aiming to analyze the structure-dynamics relationship. In order to analyze the short-range order
in a binary A-B melt, partial static structure factors may be calculated from three independent total
static structure factors in the framework of the Bhatia—Thornton [18] or the Faber-Ziman formalism
[19]. Bhatia and Thornton have defined three partial static structure factors: Sxn(q), Scc(g), and Snc(q)-
Snn(q) describes the topological short-range order of the system, Scc(q) the chemical short-range order,
and Snc(g) the correlation of number density and chemical composition. For neutron diffraction the
relation between the total structure factors and the partial structure factors is given by:

)BT bz 4 CACB(bi_ bB)z SCC (q) n Z(bA:bB) b

i = = onel): (1)

Here ¢4 and ¢ denote the concentrations of the atoms of type A and B in the melt, b4 and bg are
the coherent neutron scattering lengths of the atoms/isotopes, b=cabu + cgbp and b2 = cabp* + cpby’.

Within the Faber-Ziman formalism the three partial static structure factors Saa(q), Sgg(q), and Sap(q)
describe the contributions to the total structure factor S(g) that result from correlations between the
three different types of atomic pairs (A-A, B-B, and A-B):

b’ cglbg’ 2cacgbab b
8(q)"™ = AL-84a (q) + 2=Spp (q) + = Sap(g) + 1 — =. (2)

b? b? b? b?

For x-ray diffraction similar equations apply, where the neutron scattering lengths b4 and bg are
replaced by the atomic x-ray scattering factors f4(q) and fz(q) of the different types of atoms. In order to
determine all three Bhatia—Thornton or Faber-Ziman structure factors of a binary alloy three diffraction
experiments must be performed under different scattering contrast conditions. In this work the variation
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of the scattering contrast was done by a combination of neutron diffraction (with isotopic substitution)
and synchrotron x-ray diffraction.

In order to gain deeper insight into the structure-dynamics relationship the experimentally determ-
ined partial structure factors are used as an input for MCT calculations. This provides information on
the ratio of the self-diffusion coefficients and on the validity of Darken’s equation.

2. Experimental

TizsNips master alloys, were produced from the pure elements/isotopes in a Ti-gettered arc furnace under
an Ar atmosphere of 99.9999% purity. Pieces from the master alloy were remelted in the arc furnace, to
obtain smaller spherical samples for electrostatic levitation. For the x-ray diffraction experiments sample
masses between 100—-150 mg were used, whereas for the neutron diffraction experiments sample masses
between 400-600 mg were used, respectively.

Because of the high chemical reactivity of the Ti-based samples and in order to access also the meta-
stable regime of an undercooled melt, for all diffraction studies the samples were containerlessly pro-
cessed under high vacuum conditions at total pressures smaller than 1:10~® mbar in an electrostatic lev-
itation furnace specially developed to perform neutron- or synchrotron scattering experiments [20]. The
lack of crucible material in the vicinity of the levitating sample gives the extra advantage of an excel-
lent signal to background ratio in scattering experiments. The temperature of the samples is contact-
lessly measured with an accuracy of £5 K using a single-color pyrometer that was calibrated such that
the eutectic temperature visible in the temperature-time profiles corresponds to the literature value of
T. = 1215 K [21]. Please note that the liquidus temperature of Ty = 1225 K [21] is only 10 K above T,
but less clearly visible in the temperature-time profiles than T.. A detailed description of the ESL appar-
atus is given in [20].

Elastic neutron scattering experiments [22] on the short-range order were performed at the Institut
Laue-Langevin in Grenoble, France, on the high-intensity two-axis diffractometer D20 [23] using a
wavelength of the incident neutrons of A\ = 0.9434 A. The exact wavelength and the angular offset of
the detector were determined from the diffractogram of a W standard. The static structure factors of the
liquids, S(q), as function of the momentum transfer, g, have been determined from the measured raw
diffractograms by application of the same data evaluation procedure as described in [24], which includes
background subtraction, correction of self-absorption, multiple scattering and of the effect of inelastic
scattering and a normalization using a vanadium measurement. In order to vary the scattering contrast,
the Ti—Ni samples were prepared with the Ni isotopes 'Ni, *®Ni as well as with Ni of natural isotopic
abundance.

The synchrotron x-ray diffraction experiments were performed on the material science beamline
ID11[25], located at the European Synchrotron Radiation Facility in Grenoble, France. The experiments
were drawn out in transmission geometry with radiation of 0.12398 A wavelength, which corresponds to
an energy of 100 keV. The diffracted x-ray photons were detected by a FReLoN 2 K flat panel detector
[26]. A range of momentum transfer between 0.2-16 A~! was covered. The exposure time for each dif-
fraction pattern was 0.5 s, whereas the total time between two diffraction pattern was 0.7 s. To calibrate
the sample-to-detector distance, a CeO, standard was measured. With the azimuthal integration pro-
cedure provided by the pyFAI software [27], the 2-dimensional diffraction pattern was converted into
1-dimensional diffractograms I(g). In this step, we performed dark current-, flat field-, and solid angle-
corrections. From I(g) the total static structure factors, S(q), are calculated after subtraction of the back-
ground measured with the empty levitator, and correcting for self-absorption, Compton scattering, mul-
tiple scattering, polarization, and oblique incidence by using the PDFget2X [28] software.

3. Results and discussion

In order to determine the partial structure factors of Ti;sNips melts three independent measurements of
total structure factors must be performed under different scattering contrast conditions. Neutron scat-
tering together with isotopic substitution allows varying the scattering contrast. Therefore, we have per-
formed neutron diffraction measurements on TizsNi,5 alloy melts prepared with Ni of natural isotopic
abundance ("*Ni) and with the Ni isotopes **Ni and **Ni. An additional set of data was provided by
x-ray diffraction on a sample prepared with ™'Ni. The total structure factors determined by means of
this at a temperature of T = 1285 K are shown in figure 1. For these different experiments on liquid
TizsNiys the pre-factors of the partial structure factors in equations (1) and (2) are listed in table 1 using
values of the neutron scattering lengths from [29] and of the atomic x-ray scattering factors from [30].
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Table 1. Weightings of the partial structure factors in the different measured total structure factors (A = Ti, B = Ni). For the case of
x-ray diffraction, the values at g = 2.75 A~! are given, which corresponds roughly to the position of the first maximum of the total
x-ray structure factor.

I cacs(ba—bp)’ 2(bs—bp)b ﬂ cp’bg® 2cacpbabp

b? b2 b2 b2 b2 b2
Tizs™ Nips ~0 ~1 ~0 0.188 0.187 —0.375
Tizs*'Niys 0.326 0.674 —2.17 0.614 0.045 —0.333
Tiz5°8 Niss 0.017 0.983 0.60 0.110 0.213 —0.306
TizsNips x-ray @2.75 A~ 0.977 0.023 0.69 0.457 0.098 0.423

3k
T=1285K
- - Tiy5Niss X-ray
23r + Ti, 5N,
75 a5
2k
+ Tizs™Niyg
)
@ L5F
1_
0.5k
1 1 1

6
q[A™]

Figure 1. Total structure factors measured at 1285 K for liquid Ti;2*Niys, Tiz2*Nizs and Tiz2°Nips by neutron diffraction and for
liquid Ti75Nips by synchrotron x-ray diffraction.

While the neutron scattering lengths for nuclear scattering are independent of the scattering vector g, the
atomic x-ray scattering factors decrease with increasing g. In table 1 we give the weightings of the partial
structure factors in x-ray scattering experiments at a scattering vector of ¢ = 2.75 A~!, which corres-
ponds roughly to the position of the first maximum of the total x-ray structure factor. The q depend-
ence of the scattering factors was taken into account when calculating the partial structure factors. Due
to the negative coherent neutron scattering length of Ti (br; = — 3.438 fm) and the positive scattering
length of Ni of natural isotopic abundance (byani = 10.3 fm) the Ti;2%'Niys alloy corresponds nearly
exactly to what is known as a zero-scattering alloy, for which b=cuby + cgby = 0. Hence in eq. 1 the
pre-factors of Syn and Snc are vanishing, while that of Scc is 1 (see table 1). This means that the total
structure factor measured for Ti;2*'Niys by neutron scattering corresponds to the partial structure factor
Scc. Only a small variation of the pre-factors of the partial structure factors is achieved when using

the isotope *®Ni instead of Ni of natural isotopic abundance (see table 1). Therefore, the correspond-
ing total structure factors exhibit only small differences (see figure 1). Due to this poor scattering con-
trast, with the exception of Scc and Snc, comparatively large errors of the partial structure factors are
expected, when calculating these from the three total structure factors measured by neutron scattering
on Ti;8Niys, Ti;28Niys, and Ti;$°Niys. Significantly different contrast conditions, however, are obtained
when using x-rays. As shown in table 1, for x-ray scattering the pre-factor of Syn is close to 1, which
means that the total x-ray structure factor can be considered as a reasonable approximation of Syn.

Figure 2 shows a comparison between the partial structure factors at T = 1285 K calculated from the
neutron diffraction data on liquid Ti;¥%Ni,s, Ti;2®Niys, and Ti;$Niys (blue dots) and the partial struc-
ture factors calculated from the combination of the x-ray diffraction data and the neutron diffraction
data on Ti;2®Niys and Ti;$°Niys (red dots). Both data sets reveal identical peak positions and identical
peak amplitudes, within the experimental uncertainties. This confirms the reproducibility of the results
obtained by the two different diffraction techniques (x-ray and neutron diffraction) in combination with
electrostatic levitation. As expected in the light of the scattering contrast (see table 1) the partial struc-
ture factors obtained from the combination of the x-ray diffraction data and neutron diffraction data are
less noisy.

Figure 3 shows the partial Bhatia—Thornton (upper panel) and Faber-Ziman (lower panel) struc-
ture factors determined from the diffraction measurements at 4 different temperatures (1150 K, 1285 K,
1410 K, and 1590 K). Please note that the measurements at 1150 K were performed within the meta-
stable regime of an undercooled liquid below the liquidus temperature of T = 1225 K. The partial
structure factors at 1285 K and 1410 K have been calculated from the x-ray diffraction measurements
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Figure 2. Comparison between the partial structure factors at T = 1285 K calculated from the neutron diffraction data on liquid
Ti7%%Nis, Tiz2* Nias, and Ti7%¥Niys (blue dots) and the partial structure factors calculated from the combination of the x-ray
diffraction data and the neutron diffraction data on Tiz2Niys5 and Ti;2'Niys (red dots). In the upper part the partial Bhatia—
Thornton structure factors, Snn, Scc and Snc, are shown and in the lower part the partial Faber-Ziman structure factors, Sriri,
Snini and Srini. For visualization, Snn, Stini and Sriri are shifted along the vertical axis. The good agreement of the data obtained
by application of the different experimental techniques (solely neutron scattering with isotopic substitution and neutron scatter-
ing combined with x-ray diffraction) confirms the reproducibility of the experimental results.

and the neutron diffraction measurements on Ti;23Ni,5 and Ti;£°Ni,s, which provides excellent contrast
conditions. Unfortunately, due to an instability of the levitation, the Ti;$°Ni,s sample got lost before

we were able to investigate this melt at the other temperatures. Therefore, the partial structure factors

at 1150 K and 1590 K have been calculated from the x-ray data and the neutron data measured for
Ti;28Niys and Ti;#%Niys. The lower scattering contrast explains the larger noise of these structure factors.
This is strongest at 1590 K where we were only able to acquire neutron scattering data on the Ti;2Niys
melt for 9 min (instead of typically 1-2 h) before the sample became unstable and got lost.

As observed also for many other metallic melts [10, 12, 13, 31-33], only gradual changes of the par-
tial structure factors are observed as a function of the temperature, like an increase of the amplitudes
of the oscillations or minor changes of the positions of the maxima when decreasing the temperature.
No fundamental changes of the characteristic features of the structure factors are found in the invest-
igated temperature regime, indicating that there are no drastic changes of the short-range structure.
When comparing Scc with the Faber-Ziman structure factors it can be seen that the first maximum of
Scc mainly results from the pre-peak of Sing.

By a Fourier transformation of the Bhatia—Thornton partial structure factors (Snn, Scc and Snc)
and of the Faber-Ziman partial structure factors (Stiti,» Sning and Stini), the partial Bhatia—Thornton pair
correlation functions (gnn, gcc and gnc) and the partial Faber-Ziman pair correlation functions (griti,
gnini and gring) were determined. These are plotted as a function of the temperature in figure 4.

gcc shows a minimum at about 2.5 A that is indicative of a chemical short-range order with a pref-
erence to form heterogeneous Ni-Ti nearest neighbor pairs in the melt. For a quantitative analysis of
the melt structure, the nearest neighbor distances as well as the coordination numbers were extracted
from the partial Bhatia—Thornton and Faber-Ziman pair correlation functions. The nearest neighbor dis-
tance dap corresponds to the position of the first maximum in g4 (A,B = N, Ti, Ni). They are presen-
ted in table 2. The partial coordination numbers Z,p are calculated by integrating the first maximum of
the partial radial distribution function 4mcgpnr?gap(r) (A,B = N, Ti, Ni) between its first and second
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Figure 3. Partial Bhatia—Thornton structure factors, Sxn, Scc and Sxc (upper part), and partial Faber-Ziman structure factors,
Stiti> Snini and Srini (lower part), of TizsNips melts at different temperatures. For visualization, Snn, Stini and Stiri are shifted
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Figure 4. Partial Bhatia—Thornton pair correlation functions, g, gcc and gne (upper part), and partial Faber-Ziman pair cor-

relation functions, griti, gnini and grini (lower part), of TizsNiys melts at different temperatures. For visualization, the curves are
shifted along the vertical axis.
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Table 2. Nearest neighbor distances dnn, dwini driti, and drini in liquid TizsNips at different temperatures.

T (K) dxn () dnini (R) driti (R) drini (R)

1590 2.77 £ 0.02 2.54 £+ 0.04 2.90 = 0.03 2.57 £0.03
1410 2.77 £ 0.02 2.57 £0.02 2.89 £+ 0.02 2.58 +£0.02
1285 2.78 +£0.02 2.57 £0.02 2.89 £+ 0.02 2.59 £+ 0.02
1150 2.78 £ 0.02 2.58 +0.02 2.90 £+ 0.02 2.59 £+ 0.02

Table 3. Partial nearest neighbor coordination numbers (Znn, Znini> Ztiti» ZNiTi» ZTini)» average coordination number (Z) and
coordination numbers of the Ti and Ni atoms (Z7; and Zy;) for melts of Ti;sNips at different temperatures. The error of the
coordination numbers amounts to % 0.5.

T (K) ZNN (Z) ZNiNi Z1iTi ZTiNi ZNiTi Zni ZTi

1590 13.4 13.7 1.8 11.3 9.5 3.2 11.3 14.5
1410 13.3 13.7 2.0 11.3 9.6 3.2 11.5 14.5
1285 13.5 13.8 2.0 11.3 9.6 3.2 11.6 14.5
1150 13.5 14.0 2.0 11.5 9.7 3.2 11.8 14.7

minimum. Here py denotes the number density that is calculated from measured values of the density of
liquid TizsNips provided in [15]. The partial coordination numbers are compiled in table 3.

The interatomic distance dyiri is smaller compared to (dnini + drimi)/2 at all temperatures (see
table 2), which is an indication for strong interactions between the atoms of Ni and Ti. Furthermore,
dyiti is also smaller than the sum of the Goldschmidt radii of Ni (ry;gs = 1.24 A [34]) and Ti
(rrigs = 1.47 A [34]), or half of the sum of the nearest neighbor distances (dr; + dx;)/2 in pure liquid
Ti (dr; = 2.86 A) [32] and Ni (dy; = 2.49 A) [31]. While in melts of pure Ni the nearest neighbor dis-
tance din; = 2.49 A corresponds to twice of the Goldschmidt radius, the Ni—Ni nearest neighbor dis-
tances in liquid TizsNiyps are larger by about 3%. (when taking the more precise values measured at the
lower and intermediate temperatures). While a contraction of the Ti—Ni nearest neighbor distances and a
widening of the Ni—Ni distances is observed in in liquid Ti;sNiys no such effect is found for drir; (the
values are between the nearest neighbor distances in liquid Ti and twice of the Goldschmidt radius).
Similar contractions or expansions of the nearest neighbor distances were reported for melts of Zr—Ni
alloys [10, 12], Hf35Nigs [12], and Nige7B335 [13]. Also for these melts the formation of nearest neigh-
bor pairs consisting of unlike atoms is preferred.

The nearest neighbor coordination number Zyy that is calculated from the Bhatia—Thornton
structure factor Sny, is in good agreement with the mean coordination number (Z) = cr;(Zrii + Znimi)
+ cni(Znini + Zini) that is determined from the Faber-Ziman partial structure factors (see table 3). The
minor deviation is due to the errors in the determination of the different partial coordination numbers
(including those due to the Fourier transformation when calculating the pair correlation functions from
the structure factors).

Like for binary ZresNise melts [7], a large nearest neighbor coordination number Zyy > 13 pre-
vails in binary Ti;sNiys melts. This indicates a dense local packing. Such large coordination numbers
are incompatible with a dominating icosahedral short-range order that is characterized by coordination
numbers of 12. The coordination numbers of the larger Ti atoms Z1i = Zrmy + Znimi are considerably
higher than those of the smaller Ni atoms Zni = Znini + Zmini> indicating different environments of the
atomic species. For a further analysis of the chemical order the Warren Cowley [35] order parameters
defined by alsp = 1—Zpa/(Z, cp) were calculated. If the concentration of B atoms in the first coordina-
tion shell around an A atom, Zga/Z,, is larger than the overall concentration of B atoms in the melt, cg,
then alsp < 0, if it is smaller than cp then alsp > 0. For liquid TizsNiys we find alrn ~ 0.1 and ol Nz
~ —0.1. This means that the first coordination shell around the Ni atoms is enriched with Ti, while the
first coordination shell around the Ti atoms is depleted of Ni. For an analysis of the overall chemical
short-range oder Cargill-Spaepen order parameter [36] can be calculated n° = Zyiri (Z2)/(cni Zxi Z1i)—
1 ~ 0.05. Its slightly positive value points to some preference for the formation of heterogeneous Ni—T1i
nearest neigbor pairs.

Figure 5 shows the mean Ti/Ni self-diffusion coefficients in Ti;sNips melts as a function of the
inverse temperature as measured in an earlier investigation [15] by quasielastic neutron scattering.
Within the investigated temperature range the self-diffusion coefficients show an Arrhenius-type tem-
perature dependence with an activation energy of E, = 0.56 eV [15].
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Figure 5. Mean Ni/Ti self-diffusion coefficients determined for liquid TizsNiys by quasielastic neutron scattering [15] (red
circles), Ni (blue diamonds) and Ti (green triangles) self-diffusion coefficients calculated in the framework of the mode coup-
ling theory, Onsager coefficients calculated within the mode coupling theory (cyan squares) and from the self-diffusion coef-
ficients by use of Darken’s equation (pink triangles). The black line is an Arrhenius fit to the experimentally measured Ni/Ti
self-diffusivities. Also shown are the Ni self-diffusion coefficients of liquid ZrgsNise [7, 20] (blue stars) and Nige ;B335 [14] (green
squares).

The MCT of the glass transition [5] establishes a firm relationship between the short-range order
and dynamic properties of the melt like self-diffusion coefficients or viscosity. The only input parameters
of MCT calculations are partial static structure factors and packing densities. Although MCT was origin-
ally developed to describe the glass transition, it is really a theory of structural relaxation in the moder-
ately viscous fluid. Comparison to experiment and computer simulation clearly demonstrates that MCT
describes the first three to four orders of magnitude in slowing down compared to the high-temperature
fluid [5]. Our data fall into this regime. While MCT is known to frequently underestimate the absolute
values of the transport coefficients, especially at temperatures close to the critical temperature, MCT is
typically able to capture the interrelations between the transport coefficients, such as the ratio of the
self-diffusion coefficients, well [6, 8]. We have calculated the Ni and Ti self-diffusion coefficients in
the framework of the MCT using the partial Faber-Ziman structure factors of figure 3 as an input (for
details of the procedure, see [8, 13] and references therein). While the Ti and Ni self-diffusion coeffi-
cients calculated by the MCT at the highest temperature (1590 K) underestimates the experimentally
determined mean Ti/Ni self-diffusion coefficients at similar temperatures by roughly a factor of three,
when decreasing the temperature, a much stronger decrease of the diffusivities is suggested by MCT as
experimentally observed (see figure 5). This may indicate the closeness to the critical temperature T of
MCT. Because of this divergence the attempt to calculate diffusion coefficients from the partial structure
factors by MCT even failed at the lowest temperature (1150 K). However, it must be considered that the
temperature is an indirect parameter in MCT calculations, since the slowing down in the dynamics is
mostly driven by temperature-induced changes of the density-correlation functions. While the temperat-
ure dependence itself is incorrect, one expects MCT to capture the interrelations between the transport
coefficients well.

At all the three temperatures at which MCT calculations were possible the MCT suggest that the Ni
self-diffusion is slightly faster than the Ti self-diffusion with a ratio of Dyi/Dri =~ 1.2. The small devi-
ation of this ratio from 1 (full coupling) indicates pronounced coupling of the Ni and Ti self-diffusion.
This may be a result of strong chemical interactions between Ni and Ti which is supported by the
observed shortening of the Ni-Ti interatomic distances. The small difference of the self-diffusion coeffi-
cients also justifies the determination of a mean Ni/Ti self-diffusion coefficient from quasielastic neutron
scattering experiments [15]. The interdiffusion coefficient Dy, is the product of the Onsager coefficient L
and the thermodynamic factor @: Dy, = @ L. The Onsager coefficients L calculated by MCT are in good
agreement with those suggested by Darken’s equation (Lp = ¢xi* Dy + cri*Dni) [37]. This shows that
cross-correlation effects are negligible for liquid Ti;sNi,s. While some characteristics like the contraction
of the distances of unlike nearest neighbors, the large coordination numbers or the comparatively strong
coupling of the self-diffusion coefficients are similar in Ti;sNiys and ZrgsNize melts, the interdiffusion
behavior in both liquids is obviously different (for ZrgsNiss. Darken’s equation is not valid [8, 11]). On
the other hand, for melts of Nigs ;B335 the MCT calculations suggest decoupled dynamics of the con-
stituents (B diffuses roughly twice as fast as Ni) and that, similar as for Ti;sNi,s, the interdiffusion is
well described by Darken’s equation [13].
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Figure 6. Partial Bhatia—Thornton pair correlation functions gcc for liquid TizsNias, ZresNise [7], TigoCusi [17], and Nige.7B33.3
[13].

One parameter, amongst others, that is considered to strongly influence the atomic mobility in
liquid metals is the packing fraction [38]. Melts of Ti;sNizs, TiggCusi, ZreaNise and Nigg ;B33 are con-
sisting of a larger atomic species as the majority component and a smaller atomic species as the minor-
ity component. All these alloys melts are characterized by similar packing fractions ranging from 0.52
(Nigg.7B33) to 0.55 (ZresNizg) at T = 1273 K [14-17]. With the exception of the metal-metalloid alloy
Nig.7B33, they can be considered as chemically similar alloys, consisting of a group 4 element (Ti, Zr)
and a late transition metal (Ni, Cu). While the Ni self-diffusion coefficients of liquid ZresNisg [7, 20]
and Nige ;B335 [14] are similar at same temperatures, Ti;sNiys shows higher mean Ni/Ti self-diffusion
coefficients [15] (see figure 5). A similar behavior is found for the collective dynamics. While melts of
ZrgyNisze [16] and Nigg7B333 [14] show similar viscosities at same temperatures, liquid TizsNips [15] and
even more so TiggCus; [17] are characterized by faster dynamics. In order to find a possible structural
explanation for these differences in the atomic dynamics, we have a closer look on the chemical short-
range order of the melts that is described by the Bhatia—Thornton partial pair correlation functions gcc.
These are depicted in figure 6 for the different alloy melts. In all cases a minimum of gcc is found that
is characteristic for a chemical short-range order with a preference for the formation of heterogeneous
nearest neighbor pairs. Nevertheless, the depth of the minima is smallest for both Ti-based melts, with
TigoCus; showing the lowest depth. This indicates that the chemical short-range order is less pronounced
for the Ti-based melts which may provide an explanation for the faster atomic dynamics. This is in good
agreement with results of first-principles based molecular-dynamics simulations on Ti—Cu melts that
indicate comparatively weak Ti—Cu interactions [39]. MCT predicts Ni and Ti self-diffusion on the basis
of the partial static structure factors (in the Faber-Ziman nomenclature): a pronounced Stini(q) gives rise
to a strong coupling between the species. In this sense, the degree of the chemical interaction described
through Scc(q) (figure 6) can be linked to the strength of the coupling of the self-diffusion coefficients,
although Scc(q) itself does not directly enter MCT.

4. Conclusions

We have determined partial structure factors of liquid Ti;sNiys alloys by a combination of neutron dif-
fraction (with isotopic substitution) and synchrotron x-ray diffraction. The studies reveal that TizsNi,s
melts are characterized by a chemical short-range order, where heterogeneous Ti—Ni nearest neighbors
are preferentially formed. This chemical short-range order, however, is less pronounced than the chem-
ical short-range order reported for melts of ZrgNisg [7] and Nigs7B333 [13]. The less pronounced chem-
ical short-range order may account for the faster atomic dynamics reported for liquid Ti;sNi,s as com-
pared to that of molten ZrgsNisg or Nigs7B333, which are characterized by similar packing fractions. An
analysis of the structure-dynamics relationship in the framework of the MCT of the glass transition sug-
gest that the Ni self-diffusion is slightly faster than the Ti self-diffusion with a ratio of Dy;/Dri =~ 1.2.
Moreover, the Onsager coefficients calculated by MCT are in good agreement with those estimated by
use of Darken’s equation indicating that for liquid Ti75Niys cross-correlation effects are negligible. This is
different for molten ZrgyNiss, where Darken’s equation is not valid,
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