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Ni self-diffusion in refractory Al-Ni melts
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This work presents investigations on the Ni self-diffusion coefficient in Al-Ni melts forming the technologi-
cal relevant intermetallic phases Als)Nisy and Al,sNi;s by quasielastic neutron scattering. We found that the Ni
self-diffusivity at constant temperature is nearly independent of the composition within the composition range
between 0 and 50 at. % Al. This may be a result of the small composition dependence of the atomic volume

observed in the same range of composition.
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I. INTRODUCTION

The properties of materials produced by solidification
from melts are governed by microscopic scale processes such
as crystal nucleation and subsequent crystal growth. Of these
processes, especially crystal growth is strongly dependent on
the atomic diffusion in the liquid phase.!~* For alloy melts, in
most cases the composition of the crystallizing solid phase
differs from that of the liquid phase (partitioning) and hence
it is immediately obvious that mass transport plays an impor-
tant role during solidification limiting the crystal growth ve-
locity. Indeed, measurements of the growth velocities as
function of the undercooling of the melt have revealed sig-
nificantly lower growth velocities for partitioning alloys as
compared to pure metals at similar levels of undercooling.>®
Also for congruently melting intermetallic AINi and AlTi
alloys investigations of the solidification behavior of deeply
undercooled liquids revealed dendrite growth velocities that
are one to two orders of magnitude smaller than growth ve-
locities observed in melts of pure metals at similar
undercoolings.”® During solidification of intermetallic
phases, the atomic attachment of atoms from the liquid to the
solid requires short-range atomic diffusion, because the at-
oms have to sort them out to find the proper lattice site in the
superlattice structure. Consequently, atomic diffusion deci-
sively influences the crystal growth of intermetallic phases,
even for congruently melting systems. This is supported by
recent molecular dynamics (MD) simulations that provide
evidence that growth of the intermetallic B2 phase is con-
trolled by diffusive mass transport at the solid-liquid
interface.’

Hence, in order to describe the crystal growth in alloy
melts and to test existing growth models'? the knowledge of
self-diffusion coefficients in the melt is a prerequisite. It
should be stressed that for nonequiblibrium solidification
processes from undercooled melts, solidification occurs at
temperatures below the melting temperature and conse-
quently, in order to model of such processes the diffusion
coefficients must be known at temperatures within the meta-
stable regime of undercooled melts.

A possibility to measure diffusion coefficients in liquids is
offered by capillary methods where the development of con-
centration profiles within the capillary as function of time is
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analyzed.!! If not performed under microgravity conditions,
such measurements may be hampered by buoyancy-driven
convective flow. Moreover, chemical reactions of the melt
with the capillary material limit the applicability of the
method. These problems can be circumvented by the use of
quasielastic neutron scattering (QNS).!> Here, the self-
diffusion of a single component can be accessed from equi-
librium fluctuations, if the incoherent scattering from that
component dominates the low-wave-number response. QNS
probes the dynamics on atomic length scales and on a pico-
second time scale; short enough to be undisturbed by the
presence of convection flow. Comparative measurements of
the Ni self-diffusivity in Pd,,CusoNioP,y alloy melts by
QNS (Ref. 12) and by use of a shear cell technique under
microgravity'® have demonstated that both different methods
deliver results that are identical within the error limits at the
same temperature.'?

In this paper we present a QNS study of the atomic dy-
namics in binary Al-Ni alloys. The Al-Ni alloy system is of
high technological interest because it is a basis system for
superalloys characterized by a high thermal stability (e.g.,
Al,sNis) and containing also the refractory intermetallic
AlsoNis, with a rather high liquidus temperature of 1940 K.
Al-Ni alloys are known to exhibit a chemical short-range
order in the liquid phase.'*!> In diffraction measurements,
this can be seen as a prepeak in the coherent contribution to
the static structure factor. The structure and the atomic dy-
namics in the AI-Ni system have been the object of consid-
erable experimental'*!%17 and theoretical®'3-2° work. It was
found by QNS experiments and MD simulations'> that the Ni
self-diffusion coefficients exhibit a nonlinear dependence on
concentration with a pronounced increase on the Al-rich side.

In the preceding experimental studies!” on the atomic dy-
namics in Al-Ni alloys the samples have been molten within
a crucible. The thermal stability of the crucibles as well as
chemical reactions of the crucible materials with the melt
restrict the accessible temperatures on the high-temperature
side, prohibiting, for instance, the investigation of refractory
AlsoNisy melts because of their high melting temperature.
The lower limit of the temperature range is given by hetero-
geneous nucleation at the crucible walls that prevents to un-
dercool the liquids significantly below the melting tempera-
ture. Moreover, scattering at the crucible material
deteriorates the achievable signal to background ratio.
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In order to overcome these crucible-related problems, in
this work the samples have been processed containerlessly
by application of the electromagnetic levitation technique.’!
We have chosen the alloy compositions Als)Nis, and
AlysNiys for our studies that correspond to the compositions
of the technologically interesting intermetallic solid phases.

II. EXPERIMENTAL DETAILS

AlsgNisg and Al,sNiss samples, approximately 8 mm in
diameter, were prepared from the constituents under an Ar
atmosphere (purity 99.9999%) by arc melting. In order to
deeply undercool the liquids below the melting temperature
and in order to avoid reactions of the chemically highly re-
active Al-based melts with crucible materials, the liquids are
containerlessly processed within a He atmosphere of
99.9999% purity by utilizing the electromagnetic levitation
technique. The roughly spherical, electrically conductive
sample is inductively heated and levitated within an inhomo-
geneous electromagnetic rf field that is generated by a levi-
tation coil system. A specially designed electromagnetic levi-
tator was used, that was already employed in preceding
neutron-diffraction studies on the short-range order of under-
cooled metallic melts?®> and that has recently been modified
in order to perform also quasielastic neutron-scattering
experiments.?® In this setup a levitation coil system with a
wide gap between the lower and upper windings is employed
that allows to illuminate the whole sample with neutrons
such that the scattering geometry is resistant to small fluc-
tuations of the sample position.

The sample temperature is measured by a one color py-
rometer using a constant emissivity that is adjusted such that
the melting temperatures of the samples agree with the
known values of the sample material. The accuracy of the
measured temperatures is estimated to £5 K.

The quasielastic neutron-scattering experiments were per-
formed at the time of flight spectrometer TOFTOF (Ref. 24)
at the Forschungsneutronenquelle Heinz Maier-Leibnitz
(FRM II). An incoming wavelength of the neutrons of 5.4 A
was used. The instrumental energy resolution function
R(¢,w), measured at 300 K using a vanadium standard of
similar size can be well approximated by a Gaussian function
with a full width at half maximum (FWHM) at zero-energy
transfer of 78 ueV.

Figure 1 shows a raw time-of-flight spectrum measured
for an AlsgNis, melt at 7=1840 K that was acquired within
a range of scattering angles of 39° <26<55°. Also shown is
the spectrum of the empty levitator. Due to the containerless
processing setup the background is one to two orders of
magnitude smaller than the signal measured with sample.
After subtraction of the background, the raw spectra are nor-
malized to a vanadium standard and corrected for self-
absorption. In order to obtain the scattering law S(g,w) the
corrected data were interpolated to constant ¢ and symme-
trized with respect to energy with the detailed balance factor.

The wavelength used gives access to a range of (elastic)
momentum transfer of 0.4<¢<2.2 A~!, which is below the
first structure factor maximum of the Ni-Al system.'> This
reduces strongly the contribution of coherent scattering and
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FIG. 1. Time-of-flight spectra measured for an Als)Nis, melt at
T=1840 K and for the empty levitator. The spectra cover a range of
scattering angles of 39° <20<55°.

hence, influences of multiple scattering on the signal are neg-
ligible. Typical measurement times were 2-3 h per tempera-
ture and sample.

It has been verified that even for strongly incoherent scat-
tering samples like those of pure Ni and Ti, the precise de-
termination of diffusion coefficients is not hampered by in-
fluences of multiple scattering, despite of the sample
geometry [diameter approximately 8 mm (Refs. 23 and 25)].
The data treatment procedure is described in detail in Refs.
23, 25, and 26.

III. RESULTS AND DISCUSSION

Figure 2 shows the measured scattering laws S(g,w) for
hquld (a) A125Ni75 at T=1868 K and (b) AISONi50 at T
=1840 K, both for g=0.6 and 1.2 A~!. Please note the loga-
rithmic ordinate. In both cases the quasielastic line broadens
with increasing q.

For small momentum transfer (below g=~1.4 A~') the
measured signal is dominated by the incoherent scattering of
the Ni atoms [incoherent scattering cross-sections:
0inc("™Ni)=5.2 b and o;,.(Al)=0.0082 b] and the scattering
law for the diffusion of Ni in the melt, in the hydrodynamic
regime of low-momentum transfer is described by a Lorent-
zian function®’-30

AP
ah (Dg?)* + 0?1

Here, D denotes the self-diffusion coefficient of Ni that is the
dominant incoherent scattering contributor, A a proportional-
ity factor, containing, among others, number density of scat-
terers and typical path length of neutrons through the sample,
and b, a (¢ dependent) background which accounts for con-
tributions of phononic vibrations and remaining coherent
scattering that are assumed constant in the fitting range. The
solid lines in Fig. 2 are fits to the measured data, using the
scaled Lorentz function convoluted with the instrumental en-
ergy resolution (FWHM 78 ueV).

For a diffusing ideal incoherent scatterer, the half width at
half maximum Iy, of the Lorentzian function is linked with
the self-diffusivity of the scatterer: D=I",/(fg?). For

Sinc(q’ (1)) =
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FIG. 2. Scattering law S(g,w) of liquid (a) AlysNiss at T
=1868 K and (b) Als,Nis, at 7=1840 K, both for g=0.6 and
1.2 A~ The lines are fits with a Lorentz function that is convo-
luted with the instrumental energy resolution.

AlsoNis, the half width at half maximum I'} 5 of S;,.(¢,) is
plotted in Fig. 3 for different temperatures as a function of
q*>. T';, shows a linear dependence on ¢* up to a value of
¢*~1.6 A2, above which the increasing contribution of co-
herent scattering cannot be neglected anymore. From the
slopes of the linear fits (Fig. 3) the Ni self-diffusivities are
determined. The results for the melts of Als)Nis, and
AlysNiys at different temperatures are given in Table I to-
gether with results from former experiments in a crucible on

For the determination of the Ni self-diffusion coefficients
the data are analyzed in the framework of hydrodynamics,
which predicts a Lorentzian shape of the scattering law as
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FIG. 3. g-dependent half width at half maximum I';,, of the
scattering law S(q,w) for AlsoNis, at two different temperatures.
The lines are linear fits for ¢><<1.6 A2, from which the Ni self-
diffusion coefficients are determined.
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well as a linear dependence of its half width on ¢ at small q.
Indeed the experimentally determined scattering law is well
described by a Lorentzian function (Fig. 2) and a linear de-
pendence of T';, is observed for ¢g><1.6 A2, indicating that
the hydrodynamic approximation is justified in this range of
momentum transfer. The question on the validity of the hy-
drodynamic approximation has also recently been addressed
by QNS and molecular dynamics simulations for the ex-
ample of liquid Ti.? It has been shown that for liquid Ti this
approximation is justified for ¢<<1.2 A" (42<1.44 A?).
The molecular-dynamics simulations allow to determine the
purely incoherent dynamic structure factor from which the
self-diffusion coefficient can be calculated. Alternatively, the
self-diffusion coefficient can be estimated from the long-time
limit of the mean square displacement of the atomic posi-
tions. Both methods deliver consistent results. The
molecular-dynamics simulations also show that the hydrody-
namic description can be applied for ¢<<1.2 A~', which is in
agreement with the QNS results on liquid Ti.

In Fig. 4 the diffusion coefficients determined by QNS are
plotted as function of the inverse temperature. In semiloga-
rithmic representation the measured diffusion constants lie
on a straight line, indicating that in the investigated tempera-
ture range the Ni self-diffusion is well described by an
Arrhenius law: D=Dg exp(—E,/kgT). Here E, denotes the
activation energy of the diffusion process and D, a
temperature-independent prefactor. For Alsy)Nisy we find E4
=042 eV per atom and Dy=60X10" m?>s' and for
AlysNiss E,=0.465 eV per atom and Dy=78 X 10 m? s,
The data points for Al,sNi,s comprise the results of this work
and of former quasielastic neutron-scattering experiment in a
crucible.!” All these data points are on the same line, again
highlighting the reliability of the levitation approach.

Figure 4 also shows that at a given temperature the Ni
self-diffusivities measured for pure Ni, Al,sNi;5 and AlsyNisy
are similar indicating that the Ni self-diffusivities are essen-
tially independent of the alloy composition, in the composi-
tion range between 0 and 50 at. % Al. It is also remarkable
that—though the measurements on the Ni-rich alloys are all
in the same absolute temperature range—the liquidus tem-
peratures of these alloys are quite different, 7, =1940 K for
AlsoNisg, 7;=1658 K for AlysNiss, and 7;=1726 K for
pure Ni. Hence, the Ni self-diffusivities of Als)Nis, were
determined in the metastable regime of an undercooled melt,
whereas for AlysNiss, the Ni self-diffusion coefficient was
measured well above the liquidus temperature within the
stable melt. The data for pure Ni was measured in both
states. No change in slope in the temperature dependence of
the Ni self-diffusivity is observed at the melting temperature.

In the upper part of Fig. 5 we compare the Ni self-
diffusivities measured in this work and in the preceding
studies!” at the same temperature of 7=1795 K as a function
of the alloy compositions including also data on the Al-rich
side. As discussed before, the Ni self-diffusivity is nearly
independent of the composition on the Ni-rich side up to
50 at. % Al. On the Al-rich side, however, the addition of Al
leads to a drastic monotonic increase in the Ni self-
diffusivity. In order to analyze if there is any relation to the
phase diagram, we inspect the concentration dependence of
the Ni self-diffusion of the studied Al-Ni alloys at their re-
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TABLE I. Ni self-diffusion coefficients determined by quasielastic neutron scattering for Al,sNi;s and

AlgoNisp.
Ty T D (this work) D [crucible (Ref. 17)] E4 Dy
Alloy (K) (K) (X107 m?s7h) (X107 m?s7) (eV per atom) (X107 m?s~!)
AlsNi;s 1658  1670%5 3.05+0.17 0.465 = 0.027 78+ 13
1689+ 5 3.22+0.08
1795 %5 3.95+0.10
1868 £5 4.35+0.05
1928 £5 4.90+0.20
AlNig, 1940 1758+5 37+03 0.42+0.06 60+22
1840*5 4.35+0.17
1892 *5 4.59+0.11

spective liquidus temperature as a function of the Ni content
that is shown in the bottom part of Fig. 5.

For intermediate concentrations, the higher liquidus tem-
perature of the intermetallic causes a moderate increase in
the diffusivity. The activation energies are fairly equal, with
somewhat lower values on the Al-rich side. The highest Ni
self-diffusion coefficient is not reached for the Ni concentra-
tion with the highest liquidus temperature (1940 K for
AlsoNis), but already at around 40 at. % Ni.

The macroscopic density on Al-Ni melts has been mea-
sured as a function of temperature and composition.?’ The
atomic volume calculated by use of the interpolation func-
tions given in Refs. 31-33 for 7=1795 K are also plotted in
the upper part of Fig. 5 (open circles). The average atomic
volume shows only a small increase (less than 10%) when
increasing the Al concentration for compositions of up to
50 at. % Al. On the Al-rich side, however, the addition of Al
leads to a considerably stronger increase in the atomic vol-
ume. As suggested by Das et al.,"> for Al-Ni melts the den-
sity of packing governs atomic diffusion. We have observed
that the Ni self-diffusion coefficient at constant temperature
is nearly constant for Ni-rich melts up to Al concentrations
of 50 at. % Al In this composition regime also the atomic
volume shows only a very small dependence on the Al con-
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FIG. 4. Ni self-diffusion coefficients in Al-Ni melts. For
AlysNiys also the data from previous container experiments (Ref.
17) are included. Also shown are data for pure liquid Ni (Ref. 23).
All temperature-dependent diffusivities show an Arrhenius
behavior.

centration. At larger Al concentrations the atomic volume
strongly increases, which also results in an increase in the Ni
self-diffusivity.

Due to the fact that the Ni self-diffusion coefficient is
nearly composition independent for Ni-rich Al-Ni melts, dur-
ing solidification of such melts changes in the Ni concentra-
tion in the liquid due to partitioning will not significantly
influence the Ni self-diffusivity. This facilitates modeling of
the solidification behavior of Ni-rich AI-Ni melts.

IV. CONCLUSIONS

We performed measurements of Ni self-diffusion coeffi-
cients in AlsgNisy and Al,5Niss alloy melts, using quasielastic
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FIG. 5. (Top) Ni self-diffusion coefficients (full circles) as func-
tion of composition at 1795 K. Also shown is the atomic volume at
1795 K (open circles) as calculated from the linear interpolation
functions given in Refs. 31-33. (Bottom) Ni self-diffusion coeffi-
cients at the respective liquidus temperature (squares) and derived
activation energy (open diamonds). The dotted line is a guide to the
eyes. Diffusion coefficients for Al-rich compounds are from con-
tainer experiments (Ref. 17).

024204-4



Ni SELF-DIFFUSION IN REFRACTORY Al-Ni MELTS

neutron scattering. This was made possible by the combina-
tion of QNS with electromagnetic levitation, which proofed
to be a veritable tool for dynamical studies, because as a
containerless method, it gives access to a large g range,
chemically reactive melts, high temperatures and undercool-
ing.

The temperature dependence of the Ni self-diffusivities is
well described by an Arrhenius behavior in the investigated
temperature range. For the Ni-rich alloys of the Al-Ni sys-
tem, we found that there is neither a concentration depen-
dence of the Ni self-diffusion coefficient at constant tempera-
ture nor a change in the activation energy within
experimental errors, up to an Al concentration of 50 at. %.
Nevertheless, due to the strong composition dependence of
the melting temperature in Al-Ni, the diffusivity values at the
liquidus temperature significantly change with composition.
For Al-rich alloys investigated in former studies, the Ni self-
diffusion coefficients at constant temperatures significantly

PHYSICAL REVIEW B 81, 024204 (2010)

increase when adding further Al. The observed composition
dependence of the diffusivity corresponds to the composition
dependence of the atomic volume. This indicates that the Ni
self-diffusivity in liquid Al-Ni is mainly governed by the
density of packing. Together with the data of the preceding
studies on Al-rich Al-Ni alloys,!” data on the Ni self-
diffusivity as function of the temperature is now available in
the full range of composition, providing a basis for a quan-
titative modeling of the solidification of Al-Ni melts.
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