Density of Liquid Ni-Ti and a New Optical Method

for its Determination
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Liquid Ni-Ti alloys were processed in a containerless way using the technique of electromagnetic
levitation in order to determine their densities. An improved optical method was utilized where,
in addition to recording shadowgraph images from the side, a second camera recorded images of
the sample from the top. A correction factor for the density was calculated from the top-view
images. This method yields measurements insensitive to droplet rotation and static deformation
which removes the need to assume axial symmetry. The measured densities are discussed in
terms of the molar volume. A negative molar excess volume was obtained, indicating that Ni-Ti
is a highly non-ideal system. These measurements were then used to test a recently proposed
relationship between the molar excess volume, the excess free energy, and the isothermal
compressibility. For the first time, the excess volume of a binary alloy, i.e., Ni-Ti, is adequately

predicted by a thermodynamic model.
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I. INTRODUCTION

NI-BASED superalloys maintain stability with
respect to their structure, surface, and properties at
high temperatures and high stress. They are also
resistant to corrosive atmospheres and degradation.!"
For these reasons, they are primarily used in applica-
tions where extreme operational conditions are encoun-
tered, i.e., in gas turbines, in coal conversion plants, in
chemical processing, or in other specialized applications
where the conditions require resistant materials.!"!

A typical example is the use of Ni-superalloys in
different components of an aircraft turbojet engine.?
When casting these alloys, Ti plays the role of an
important precipitation hardening admixing.!' ' How-
ever, due to the large differences in the densities of Ni
and Ti, macro-segregation can occur in large-scale
casting processes, leading to undesirable inhomo-
geneities in the casted product.

In order to understand how this problem can be
avoided, for instance, by optimization of the cooling
process, the density of liquid Ni-Ti needs to be known as
function of both, composition and temperature. In
addition to this very specific motivation, Ni-Ti and
Ni-Ti-Hf are also interesting systems as they became
famous as one of the first shape memory alloys.[* ¢
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Literature containing thermophysical properties of
liquid Ti-based alloys is relatively sparse. Ti exhibits a
comparatively high melting point of 1941 K (1668 °C)
and is chemically highly reactive. Therefore, investiga-
tion of Ti-containing liquid alloys with classical con-
tainer-based methods is nearly impossible. Most existing
data were measured using containerless levitation
methods.

Electromagnetic levitation!”) has been successfully
used to measure density and surface tension of liquid
Ti-44-A1-8Nb-1B®**! as well as liquid Cu-Ti.'">'") The
density and surface tension of liquid Al-Ti was reported
in Reference 12. Thermophysical property data of a
number of technical Al-Ti alloys were measured within
the IMPRESS project!' in the solid and liquid state
using various experimental methods, among which was
also the electromagnetic levitation technique. The latter
technique was also applied under microgravity condi-
tions during a parabolic flight campaign. Ozawal'¥
investigated the surface tension of liquid steels under the
influence of oxygen with electromagnetic levitation.
Paradis reported data of liq[uid Ti measured in an
electrostatic levitation furnace.!'™ Pottlacher!"® reported
thermodynamic and thermophysical property data for
Ti in the solid and liquid state using the exploding wire
technique. A good overview on these activities is given
in.'"" In addition, Mills!"® reviewed thermophysical
property data for selected commercial alloys among
which are also Ni-based and Ti-based systems. How-
ever, data, in particular density data, are not available
for Ni-Ti liquid binary alloys, apart from the very recent
publication of Zhou'” who studied the system
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independently from us using the technique of electro-
static levitation and molecular simulation.

Therefore, the primary goal of the present work is to
measure the density of Ni-Ti liquid binary alloys as
function of their composition and temperature. Density
is a very fundamental property, often needed as an input
parameter in order to derive other thermophysical
properties from measured raw data. For instance, if
the isothermal compressibility is calculated from the
sound velocity, the density must be used in the calcu-
lation. An error in the density would consequently lead
to an error in the derived thermophysical property.
Density is also closely related to short-range order in a
liquid.?” Tt is therefore also interesting to understand
which factors determine the density and the molar
volume of a specific liquid system. In this context, the
excess volume plays a crucial role. Until recently, there
was a lack of understanding of what mechanisms cause
an excess volume on the atomic scale. Progress was
made, however, by theoretical work performed by
Horbach?!! and ourselves?” leading to an idea of a
mechanism causing the large negative excess volumes
typically observed in Al-based liquid alloys. A simple
thermodynamic relationship followed in Reference 22
(see Appendix). It succeeded in describing the empirical
relation between the excess volume and the excess free
energy observed by Watanabe!®®! for this class of
systems. This model offers the potential to predict the
excess volume of a specific system, only from the
knowledge of its excess free energy and isothermal
compressibility. It is, hence, the second goal of the
present work to show that this is indeed possible, using
measurements of the Ni-Ti system.

The final motivation for this study is to improve the
conventional measurement technique. Measuring the
density in electromagnetic levitation can be challenging,
due to sample movements that can make an accurate
measurement impossible (i.e., spinning, oscillations).
One solution could be to perform the experiment under
a strong dc-magnetic field, suppressing all fluid flow in
the droplet and minimizing also the droplet motion.*¥
This method generally requires extensive experimental
modifications and is also not immune to static defor-
mation of the sample. In the present work, we will
present a small modification of a ‘“‘conventional”
method (see below) of measuring the density and show
that it produces reliable results, regardless of
deformation.

II. EXPERIMENTAL

A. Electromagnetic Levitation

The experiments were performed in a standard
stainless steel high vacuum chamber'®?¥ filled with
800 mbar He, Ar, or a mixture of both after prior
evacuation to at least 10~® mbar. The purity of the gases
was 99.9999 vol pct.

The samples, which had typical diameters of 4 mm,
were positioned in the center of a levitation coil. A
schematic depiction of the setup is shown in Figure 1.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The coil generated an inhomogeneous electromag-
netic field which induced eddy currents inside the
sample, so that the sample could be levitated in a
stable position. Due to ohmic losses, the specimen was
also heated and eventually melted. In order to adjust to
a desired temperature, the droplet was cooled in a
laminar flow of the processing gas mixture. The tem-
perature 7' was measured using a pyrometer focussed at
the sample from the side. As the emissivity is generally
not well known in these experiments, it was determined
from the pyrometer output signal, 7py at the known
liquidus temperature 77 under the assumption that
within the operating wavelength range of the pyrometer,
the emissivity of the specimen material did not change
with temperature. 7' could be estimated from the
following relation:

S ]
T Tp T. Tip’

where Tp is the uncorrected pyrometer temperature. The
details of this procedure are described in Reference 26.

In the present work, values for 71 were obtained from
the phase diagram of Ni-Ti reported in Reference 27.
They are also listed in Tables I and II.

Alloy samples were produced from the pure elements
(purities 99.999 pct for Ni and 99.99 pct for Ti) after
grinding to the required masses. After grinding, the
pieces were cleaned with isopropanol in an ultrasound
bath and melted together in an arc furnace. Before
inserting them into the measurement apparatus, another
ultrasound cleaning cycle was performed.

B. Conventional Density Determination

Conventionally, the density of a levitated droplet is
determined via a measurement of its volume and the
known sample mass. In order to measure the volume of
the levitated droplet, a technique has become standard
during the past 20 years in which shadowgraphs were
taken from the levitated sample.'>'®23 The optical

C-MOS Camera
(2nd Camera)

Interference Filter
! % =631 nm

Polarizer

v .
Sample ® P”TO'E %D

Laser
source| = - = s = . =" =

f=80 mm

$=0.5 mm

Fig. I—Schematic diagram of the optical setup used in present work
in order to measure density.
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Table I. Density of Pure Liquid Ni and Ti
Ti. [K(°C)] oo [g em ™) pr[107%g cm 3 K7/ p (1673 K (1400 °C)) [10~*g cm > K]
Ni
1728 (1455) 7.79 - 8.0 7.83
7.83 -91 7.88
7.74 - 5.6 7.77
7.78 -7 7.82
7.68 - 59 7.71
7.76 + 0.03 —72+07 7.8 £ 0.03
Ti
1941 (1668) 4.13 -20 4.18
4.18 —3.6 4.28
4.14 —20 4.20
4.14 —27 421
4.15 + 0.02 —26+05 4.22 + 0.04

The table shows the fit parameters p; and pr obtained for each system from fitting Eq. [11] to the data. Values printed in bold correspond to the
average of the individual measurements. The specified uncertainties correspond to the mean deviation of the individual fits from this average.

Table II. Minimum 7,,;, and Maximum 7,,, Temperature
of the Temperature Range Investigated for Each Composition
of the Ni-Ti System

TL [K(OC)] Tmin [K(OC)] m ax [ (OC)]
Ni 1728 (1455) 1728 (1260) 1953 (1680)
NigssTies 1577 (1304) 1577 (1244) 1558 (1285)
Ni;sTips 1653 (1380) 1653 (1242) 1876 (1603)
Nig; Tizo 1391 (1118) 1391 (1223) 1834 (1561)
NisgTisg 1583 (1310) 1583 (1305) 1780 (1507)
NigoTigo 1473 (1200) 1473 (1383) 2040 (1766)
Nis,Tizg 1215 (942) 1215 (1239) 1743 (1470)
Ti 1943 (1668) 1943 (1640) 2107 (1834)

In addition, the liquidus temperatures 77, taken from the phase
diagram, Reference 27, are shown.

setup is identical to that shown in Figure 1, except the
2nd Camera which is not in a conventional setup.

The shadow images are produced by illuminating the
sample with an expanded laser beam from one side and
recording the images with a digital camera on the other
side. The camera is equipped with a polarizer and an
interference filter. The latter assures that only light from
the laser is detected. The lens and the pinhole act
together as optical Fourier filters removing scattered
light and reflections. The images are analyzed by an edge
detection algorithm which locates the edge curve, R(¢).
Here, R and ¢ are the radius and azimuthal angle with
respect to the drop center. In order to eliminate the
influence of oscillations, the edge curve is averaged over
1000 frames and fitted with Legendre polynomials of
order < 6.

Z a;IT;(cos(¢p 2]

with II; being the ith Legendre polynomial and ¢
the corresponding expansion coefficient. If it can be
assumed that the averaged edge curve corresponds to a
body which is rotational symmetric with respect to the
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vertical axis, the volume of this body can be calculated
using the following integral:

Vrcwe = 37 [ (R@@)sin(o)do. 13

0

In Eq. [3], VP circle 18 the volume in pixel units. The
subscript “Circle’ indicates that the cross sections are
circular. The plxel volume is related to the real volume
of the sample SV by a scaling factor ¢ which is
determined through a calibration procedure using bear-
ing balls as described in Reference 28. The density is
calculated from p = SM/SV, where M is the mass of
the sample. In contrast to the molar volume, ¥V, and the
molar mass, M, the index “S” indicates here that this
not a specific property of the material but rather a
property of the sample.

If the condition of axial symmetry is fulfilled, it can be
shown that the absolute exgerlmental uncertainty in the
density is Ap /p = £ 1 pet.l'?* The main contributions to
this uncertainty originate from the mass loss which must not
be larger than 0.1 pct, and the calibration procedure, using
the bearings balls. In the present work, this method shall be
called the “conventional method” in order to distinguish it
from the new advanced method proposed below.

C. Axial Symmetry

The ““conventional method” has been applied success-
fully to a large number of systems by several authors,
including the authors of this work.!" 1012131823 Nore-
over, it has been used in combination with other
levitation techmqlues, such as electrostatic or aerody-
namic levitation.['>1?:%)

It relies, however, on the precondition that the
time-averaged sample is symmetric with respect to the
vertical axis. If this condition is not fulfilled, Eq. [3]
cannot be applied. A violation of this condition might
occur if the time-averaged sample shape is permanently
deformed. This could occur due to strong rotations,
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surface oscillations, translational motion, or if it is just

statically deformed. The latter might be caused, for

example, by rotation around a horizontal axis.
Equation [3] can be rewritten in the following form:

s

VP Circle = /[ﬂ(R(go))zsinz(q;) %iﬁ(((p(;;d (4]
0

which implies that the integral sums the volumes of
small cylindrical discs with circular cross sections each
having a diameter of 2(R(¢@))sin(¢), an area of
(Qeirae(@) = T(R(@)sin(g)’, and a height of
h(p) = 2/3(R(¢p))sin” (¢)de as function of ¢.
However, this is based on the assumption of axial
symmetry and the real cross sections, (Qeai(¢)), might
deviate from the circular ones. The ratio a,(¢p) of
(Oreal(9)) and (Qgirere(®)) describes the asymmetry of the
real cross section relative to the ideal circular one. In an
experiment, the condition of axial symmetry is fulfilled
in a strict sense only, if for each angle ¢ the temporal
average of Q. .a(®) equals the one of Qicie(@), i.e., if

- (Oreal()) -
aaSY((p) B <Qcircle((p)> =l [5]

If the condition of axial symmetry is not fulfilled,
Eq. [3] needs to be changed so that it reads

37 [ aslo)(R@) sin(o)dp. 6

0

VP,real =

In order to determine the relative error which is
encountered in Eq. [3] when Eq. [5] is violated, it is
assumed that a,, is independent of the polar angle ¢
and that the real cross sections have elliptical shapes
with half axes ¢ and b, so that (Qre.) = m(ab) and
(Qircte) = n<b2>. It is further assumed that a is oriented
perpendicular to the planes of the shadowgraph images
in the conventional method.

The uncertainty encountered from a violation of
Eq. [3] is then given by

(Arsa Yo ap= (1Y

Depending on the choice of (a) and (b), the error can
vary in Eq. [7]. It is zero in case that axial symmetry is
fulfilled, i.e., (a) = (b), it reaches 100 pct if (h) — 0
and can reach « if (a) approaches zero. Hence, the
conventional method can produce wrong results, if the
condition of axial symmetry is not fulfilled.

D. Density Determination with Two Cameras

There are in principle two ways to deal with situations
where the condition of axial symmetry is violated. The
problem may be avoided by assuring that the sample is
axially symmetric through careful and sometimes
tedious adjustment of the coil or by applying strong
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static magnetic fields suppressing turbulent fluid flow
and, hence, pronounced sample rotations.** Although
this method is very powerful, it is also accompanied with
high experimental efforts and sometimes, static defor-
mations of the sample can still not be removed
completely.

The second way is the one proposed in the present
work. Here, the experimental setup is equipped with a
second camera directed at the sample from the top, see
Figure 1.

The second camera records independently from the
first camera 1000 images from the sample. For each of
these images, the edge curve, R'P(¢), is obtained where
R"“P and ¢ are the radius and azimuthal angle with
respect to the drop center. The superscript “‘top”
indicates that these coordinates refer to an image
recorded by the top-view camera. The cartesian edge-
point components X'°P(¢) and Y'°P(¢p) depend on the
azimuthal angle and are fitted for each frame with the
following polynomials:

X (p) = Ziai,X sin'() + bi.x cos'(¢)

Y'P(p) = Zi aiy sin'() + biy cos'(¢). 8]

Here, i is an index and aix. bix and a vy, biy are
corresponding coefficients, whereas the suffices X and Y
mark the appropriate component.

Using the polynomial form of Eq. [8], it is assured
that droplet shapes can be represented, even when they
are rotated in the image plane by an arbitrary angle and
whether symmetric or non-symmetric with respect to
their principal axes. This is demonstrated in Figure 2.

Using Eq. [8], (Orea1) and (Qcircle) can be obtained as
follows:

Fig. 2—Image (snapshot) of a deformed NisyTisy droplet recorded
with the 2nd camera from the top. The edge curve is approximated
by the fitted polynomial (bright solid line). An edge point is
represented in cartesian coordinates X'°P, Y*°P which depend on the
parameter ¢, i.e., on the azimuthal angle. The dark 15 x 15 squares
near the edge are those regions where the software investigates the
image pixel by pixel in order to identify the edge points.
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1 T
(Oreat) = 5(/ [XP ()] + [Y*P ()] dop) 0
<QCircle> = 7T<[th(1)gx - th(l)&]2>»
where X and X'°" are the maximum and minimum
values of X'°P(¢), respectively (see Figure 2), and X*°P is
oriented parallel to the horizontal direction in the lateral
shadowgraph image. Therefore, Y*°P is oriented parallel
to the laser beam. In order to determine the asymmetry
factor a,s, in Eq. [9], it is assumed that the ratio of
(ORea) and (Qcircle) does not change along the vertical
axis of the droplet, which means that a,s, has to be a
constant. This is only a weak condition, as the main
contribution to the overall volume origins from the
center part of the sample where its cross section is
largest. This part also determines the values of (Qgreal)
and (QOcircle) determined by the top-view camera. A
violation of this assumption would only cause a negli-
gible error to the measured volume.
H;nce, asy = <QRea1>/<QCircle> and Eq [6] may be
rewritten as:

n

VP,real = %naasy/<R((p)>3Sin(q))d¢' [10]
0

As in the conventional method, the pixel volume
Vp real 1s related to the real volume of the sample Sy by a
scaling factor ¢g. ¢ is determined in a calibration
procedure using bearing balls as described in
reference.

The accuracy of this new method mainly depends on
the accuracy of the calibration method. As the latter is
accurate within =+ 1 pct, the error of the density is
estimated to be of the same order, i.e., not larger than
=+ 1 pct, if the mass loss is smaller than approximately
0.5 pct.

III. RESULTS

A. Pure Elements

Results for the density of pure elements Ni and Ti are
shown in Figures 3 and 4, respectively. These results
were obtained by using the “‘conventional method.” The
different symbols in each figure indicate separate sam-
ples. The agreement among these individual measure-
ments is within an error of +/— 1 pct. This agrees well
with the error of the method estimated above.

In the case of liquid Ni, the density shown in Figure 3
decays from approximately 7.9 g cm > at 1600 K (1327
°C) down to approximately 7.6 g cm > at 1950 K (1677
°C). There seems to be a small kink in the data at 1650 K
(1377 °C), which is insignificant with respect to the
experimental error.

In the case of liquid Ti, Figure 4, the absolute values
of the density are approximately 55 pct smaller. The
decay of p with increasing temperature is also more
moderate: At 1930 K (1657 °C), p ~ 4.15 g cm > and p
~ 4.12 gecm  at 2150 K (1877 °C). For comparison,
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Fig. 3—Density of liquid Ni as function of temperature. The data
are measured using the conventional technique. Different symbols
represent individual measurements on different samples. The solid
line corresponds to a fit of Eq. [11] to all data. For comparison, the
representations reported by Mills!"”! (dashed line) and Kobatakel*”
(dotted line) are also shown.
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Fig. 4—Density of liquid Ti as function of temperature measured
using the conventional technique. Different symbols represent
individual measurements on different samples. The solid line
corresponds to a fit of Eq. [11] to all data. For comparison, the
representations reported by Mills!'”! (dashed line) and Amore!'”
(dotted line) are also shown.

. . 3
selected representative results from literature!'®!"3% are

shown in both figures as straight lines. The overall
agreement is reasonable.

All measured densities p are linear functions of the
temperature, 7, and the following linear law can be
fitted:

p =pL+pr(T—To). (11]

Here, py is the density of the liquid at the liquidus
temperature 7r. pr = dp/dT is the temperature coeffi-
cient. The parameters p; and pt obtained from these fits
are listed in Table I. The investigated temperature
ranges are shown in Table II.
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B. Alloys

Levitation of liquid Ni-Ti alloys was more challenging
than the pure elements. In many cases, strong turbulent
flows were induced inside the samples leading to
pronounced translational movements and strong rota-
tions of the droplets. In the latter case, the shapes of the
samples became distorted so that Eq. [5] was violated.

The hollow symbols in Figure 5 show apparent
density values measured on NisoTisy as function of
temperature using the “‘conventional technique.” The
values of the obtained apparent density are scattered
around a value of 4.5 g cm™>. This is comparable with
the density of pure Ti. However, the density of NisyTisq
should be near the average of the densities of pure liquid
Ni and Ti, which corresponds to ~ 6 g cm . Values
near 4.5 gcm >, as observed with the conventional
technique, would correspond to an excess volume of
~ 3.0 cm’mol ! which is extraordinarily, if not unphys-
ically, large for liquid transition metals. The densities
obtained in this case are far too low. In addition, the
curve exhibits very unusual artifacts like kinks, positive
and negative slopes, or large scatters. These artifacts do
normally not appear in a proper density measurement.
The obtained values are therefore severely wrong.

In fact, this curve was recorded from a sample that
rotated rapidly and underwent severe translational
oscillatory movements. A snapshot of this sample with
the second (top-view) camera is shown in Figure 2.
Clearly, its shape deviates from the circular one and it is
obvious that Eq. [5], i.e., the condition of axis symmetry,
is violated. In this case, the “conventional method’’ is no
longer applicable.

The solid symbols in Figure 5 show the same data but
corrected using Eq. [10] where the factor a,, was
determined with a second camera looking at the sample
from the top. All artifacts are removed from the data.
The points lie on a straight line with a negative slope.
Over the investigated temperature interval, the density
values range from 6.05 to 5.95 g cm . This is in the
expected range, so we assume these data to be valid.

6.6 - A
|Liquid Nig,Tig,
| Zhou 2018
6.2 v
1 with 2" camera ¢eo e
__ 58
g |
> 54 .
a E conventional method
5.0 4 +rapid rotations
J +static deformation
i oooooo
: Oooo e
|om s o®@ B Pog
4'2 e T T T T T
1600 1650 1700 1750 1800

TIK]

Fig. 5—Example density of a levitated NisgTisy sample. The hollow
symbols are evaluated assuming rotational symmetry (a5, = 1), i.e.,
by the conventional technique. Obviously, they are far too small.
Applying the 2nd camera technique and calculating the sample
volume from Eq. [10] yields the true density (solid). The dotted line
shows data measured by Zhou.['”)
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This is also confirmed by the recent work of Zhou.!"”!

Their results for liquid NisyTisy are shown in Figure 5
by the dotted line. The agreement with our data is
excellent and demonstrates convincingly that our new
method works reliably.

Figure 6 shows the density p of binary liquid alloys vs
temperature 7. For each composition, the temperature
ranges are shown in Table II. With the exception of
Nig; sTije5, each measurement covers a temperature
range of approximately 300 to 400 K. In the case of
Nigz 5Ti6.5, the temperature interval was limited due to
experimental restrictions to 1517 K (1244 °C) < T <

1558 K (1285 °C), see Table II. This might, in principle,
cause a larger uncertainty in the data affecting, in
particular, the determination of the temperature
coefficient.

For the sake of completeness, this figure also shows
the data of the pure elements Ni and Ti. Different
symbols correspond to measurements on different sam-
ples. The hollow symbols indicate that the correspond-
ing measurement was carried out using the conventional
method. This refers to Ni, Ti, Nigz 5Ti¢5, and partially
to NiysTirs. The data of the latter composition demon-
strate the good agreement between the results of the
conventional method, obtained from a droplet where the
condition of axis symmetry, i.e., Eq. [5], was fulfilled,
and results from the new method obtained from a
droplet where Eq. [5] is violated. This demonstrates the
validity of the new method, again.

It was found that for each composition, the density
decreased linearly with increasing temperature. Fits to
the data of Eq. [11] are shown in Figure 6 by solid or
dashed lines. Dashed lines indicate that Eq. [11] was
extrapolated outside the temperature range where the
sample was actually processed. The obtained values for
the fit parameters py, pt and the parameter 77 are listed
for each composition in Table III. The table also

1673 K (1400 °C)

momx® Ni
[ ] Ni83.5Ti16v5
AAAX NI, Ti,
w v Nig, Ty,
& Nig,Tis,
¥ Niy Tig,
© 0 Ni,, Tig
QOB Ti

Density p [g-cm?]

4.0 —T

1500 1600 1700 1800 1900 2000 2100
Temperature T [K]

Fig. 6—Density of liquid Ni, Ti, and Ni-Ti binary liquid alloys as
function of temperature. Different symbols represent individual
measurements on different samples per composition. Hollow symbols
represent measurements that are carried out by using the
conventional technique while solid symbols mark measurements
carried out using the 2nd camera method. The lines represent fits of
Eq. [11] to the all measurements of one composition. The dashed
lines indicate that Eq. [l1] is extrapolated outside the actually
measured temperature range.

VOLUME 50A, FEBRUARY 2019—929



Table III. Parameters Ty, py, pr for Each Investigated Sample of the Ni-Ti System. Values printed in bold correspond to the
average of the individual measurements
Ty [K(°C)] oL [g em ™3] pr[107* gem 3 K71 p (1673 K) [107* g em > K] 2nd Camera?

Ni 1728 (1455) 7.79 — 8.0 7.83 No
7.83 - 9.1 7.88 No
7.74 - 5.6 7.717 No
7.78 - 177 7.82 No
7.68 -59 7.71 No
7.76 + 0.03 -72+£07 7.80 + 0.03

Nigs sTij65 1577 (1304) 7.45 - 3.1 7.42 No

Ni;sTiss 1653 (1380) 6.80 - 6.0 6.79 No
6.82 —-53 6.81 No
6.81 — 45 6.81 Yes
6.74 — 5.6 6.73 Yes
6.79 £+ 0.02 —53+031 6.78 + 0.02

Nig; Tizg 1391 (1118) 6.89 —10.2 6.60 Yes
6.66 — 5.6 6.50 Yes
6.67 — 4.6 6.54 Yes
6.74 £+ 0.07 — 6.8 £0.17 6.55 + 0.03

NisgTisg 1583 (1310) 6.05 — 4.8 6.01 Yes

NigoTigo 1473 (1200) 5.57 - 19 5.53 Yes
5.64 —-33 5.58 Yes
5.61 + 0.04 — 2.6 £ 0.69 5.55 + 0.02

Niyy Tizg 1215 (942) 5.07 — 44 4.86 Yes
5.09 - 25 4.97 Yes
5.09 -29 4.96 Yes
5.08 + 0.01 —32+0.59 4.93 + 0.03

Ti 1943 (1668) 4.13 -20 4.18 No
4.18 - 3.6 4.28 No
4.14 -20 4.20 No
4.14 - 2.7 4.21 No
4.15 £ 0.02 —2.6+05 4.22 + 0.04

The liquidus temperatures are taken from the phase diagram, Reference 27. In addition, the isothermal density at 1673 K (1400 °C) is shown. The
last column marks if the data are measured using the second camera. “NO” hereby means that the conventional method was used.

specifies whether the measurement was performed using
the 2nd camera method or using the conventional
method.

In general, the densities increase with increasing
Ni-mole fraction. In order to further study the depen-
dence of p on the composition, it is calculated from
Eq. [11] for each sample at a temperature of 1673 K
(1400 °C). This temperature was chosen, as it overlaps
with the investigated temperature intervals of most of
the compositions, see Table II. Only in two cases,
namely, in the case of pure Ti and in the case of
Nig; sTij65, p had to be extrapolated by Eq. [11] to a
temperature significantly outside the experimentally
investigated range. The result of this calculation, i.e.,
the density at 1673 K (1400 °C) is plotted in Figure 7 vs
the Ti mole fraction xrj.

The hollow squares indicate that the measurement
was performed using the conventional technique while
solid symbols indicate that the new 2nd camera tech-
nique was applied. The good agreement among the two
methods was observed again. For comparison, Figure 7
also shows the data of Zhou!' exhibiting an excellent
agreement with our work and supporting once again the
new method. At x; = 0 at. pct, the measured densities
of pure Ni have a slight scatter around their mean of 7.8
(£0.03) g cm 2. When x1; is increased, the density
decreases nearly linearly, with only a small convex
curvature. At x; = 50 at. pet, p equals 6.01 g cm ™ and
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Fig. 7—Isothermal density of Ti-Ni at 1673 K (1400 °C) vs Ti mole
fraction xt;. The symbols represent the experimental data measured by
the conventional method (hollow squares) or the 2nd camera technique
(solid symbols). The dashed line represents the density of an ideal
solution, with the molar volume from Eq. [13], and the solid line
represents the density calculated from the excess free energy and the
isothermal compressibility, based on the excess volume calculated from
Eq. [18]. The recent data of Zhou!"” are shown for comparison (circles).

at x1; = 100 at. pct, the final value of pure liquid Ti,
4.22 g cm (£ 0.04) is reached. The numerical values of
the isothermal density at 1673 K (1400 °C) are also listed
in Table II.
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Fig. 8—Temperature coefficient py of the density of liquid Ni-Ti
alloys vs the Ti mole fraction x;. Hollow squares indicate that the
conventional method was used while solid symbols indicate the use
of the 2nd camera methods. The dashed line represents Eq. [16]. For
comparison, data of Zhou'” are shown by the circles.

The temperature coefficient pt is plotted vs xt; in
Figure 8. Again, hollow squares indicate that the
conventional method was used while solid symbols
indicate that the new method was applied. The scatter of
the data is larger in Figure 8 than the scatter of the data
for p shown in Figure 7. This is exPected and has been
discussed in previous paper.'"3'33 Moreover, pr
increases monotonically with xp; from — 7.2 (£ 0.7)
107* g em K~ for pure Ni to a value of — 2.85 (£ 0.7)
107* gem K ™' for pure Ti. The resulting curve is
slightly concave. The value of pr corresponding to the
composition of Nigs sTij6 5 might eventually be seen as a
freak value due to the reduced temperature range as
discussed before. Another freak value is visible for one
measurement at xt; = 39 at. pct. The reason for the
latter is unclear. For comparison, Figure 8§ shows the
data of Zhou.!"” The agreement is excellent, too.

IV. DISCUSSION

A. Concentration Dependence

Due to the significant difference in the atomic masses
of Ni and Ti, the observed dependency of the density on
composition is dominated by the composition depen-
dence of the molar mass. The packing of atoms, i.e., the
packing density is in fact the more relevant parameter as
it directly correlates with the structure. As the packing
density is directly obtained from the molar volume, V it
shall be discussed in the following.

The isothermal molar volumes of the investigated
Ni-Ti samples are calculated from the corresponding
densities at 1673 K (1400 °C) and II)lotted in Figure 9 vs
xti together with the data of Zhou. Y11t is shown in this
figure that V' increases monotonically with xp; from a
value of 7.6 cm®mol~! corresponding to pure Ni to
approximately 11.4 cm®mol™", the value for liquid Ti.
The experimental data form a curve which is slightly
convex. This latter observation can be explained by the
fact that, in general, the molar volume of a liquid alloy
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Fig. 9—Isothermal molar volume of Ti-Ni at 1673 K (1400 °C) vs Ti
mole fraction xt;i. The symbols represent the experimental data
measured by the conventional method (hollow squares) or the 2nd
camera technique (solid symbols). Data measured by Zhou!'” are
shown by the circles. The dashed line represents the molar volume of
an ideal solution, i.e., Eq. [13]. The solid line represents Eq. [12],
whereas the excess volume is calculated from the excess free energy
and the isothermal compressibility via Eq. [18].

deviates from the molar volume of an ideal solution, 9V,
i.e., the linear interpolation of the molar volumes of the
pure components. The difference is equal to the excess
volume BV, which can be zero, positive, or negative.
Often, the excess volume is small and it may be
neglected. In the case of Ni-Ti, the observed convex
curvature indicates a non-negligible negative excess
volume, ¥1<0. The excess volume “V is defined by the
following relation:

v="v+Fp. [12]

In the case of Ni-Ti, the molar volume of the ideal
solution is defined as

9y = X1V + xni Vi (13]

where V' and Vy; denote the molar volumes of the pure
liquid elements Ti and Ni with corresponding mole
fractions xt; and xy;, with xp; +xn; = 1.

Equation [13] is shown in Figure 9 by the dashed line.
Here, the molar volumes Vy; and Vy; are calculated
from the densities of the pure elements. As shown,
Eq. [13] overestimates the empirical molar volumes of
the alloys by approximately 6 pct.

Significant deviation from ideal mixing is already
apparent in Figure 7, where the dashed line shows the
density calculated from the ideal molar volume in
comparison with the measured data. The densities of
the ideal solution deviate from the real ones by a
comparable amount, i.e., by roughly 8§ pct.

In terms of the ideal volume, Al-based alloys exhibit
similar deviations.!!>18:20:22.23.32.341 B instance, the
excess volume amounts 3.2, 5.0, 6.0, and 7.7 pct of the
ideal volume for Ag-Al,Dz] Al-AWPY AL-Ti,!'? and
Al-Cu,B? respectively. In the cases of Al-Fel**! and
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AI-Ni,B¥ these numbers are 14 and 22 pct, respectively,
i.e., they are more than twice as large for these latter
systems.

The excess volume can be obtained from the mea-
sured volume V and the ideal volume, ldV, calculated
from Eq. [13] using Eq. [12]. The result, £ as function
of xtj, is shown in Figure 10.

The data obtained for *V form a curve similar to a
Earabola w1th a mlmmum at x; = 40 at. pct ,where

7 cm®mol . Good agreement is also obtained
Wlth the data of Zhou.!

In the simplest case, °V can be expressed as a

parabola in concentration.”® That is

EV = xrixniV, [14]

where °V is an interaction constant which is independent
of composition. Eq. [14] is fitted to the data in Figure 10
by adjusting the parameter °V. This is shown in the
figure by the dotted line. Obviously, this fit approxi-
mates the experimental data with reasonable agreement.
However, °V would also sllghtly depend on xt; in
reality. Due to the fact that °V is a constant in Eq. [14],
the fitting procedure effectively averages over this
dependence. Hence, some small deviations become
visible in Figure 10. For instance, the fit slightly
overestimates the data for xt; = 39 at. pct and x1; =
16.5 at. pct.

At 1673 K (1400 °C), a value of — 2.17 cm’®mol ™" i
obtained for V. This number is comparable to what is
observed in other attractlvely mteractmg systems like
Ag:Al (—268 cm’mol B! Al-Au (- 2.24
em’mol H.PY  ALTI (- 24 cm’mol )" Al-Cu
(- 3.37 em®mol 1).P? and Al-Fe (— 1.7 ecm’mol").%
Non-surprisingly, the strongly interacting system Ni-Ti
is also strongly interacting with respect to molar volume.

044 Ni-Ti, m Experimental
' T=1673 K (1400 °C) o Zhou 2018
o2d 00w Fit (EV=XﬁXN‘°V)
u —— Model
— 0.0 1
©
£ 02
IS
2 0.4
&
-0.6 +
-0.8 4
-1.0 T T T T T

0 20 40 60 80 100
X;, [at.-%]

Fig. 10—Excess volume of Ni-Ti binary liquid alloys at 1673 K
(1400 °C) vs the Ti mole fraction xt;. The hollow circles represent
data of Zhou"" The dotted line shows a fit of Eq. [14]. The solid
line is calculated (not fitted) by Eq. [18] from the excess free energy
EG and the isothermal compressibility rr. The latter is given by
Eq. [20].
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B. Temperature Dependence
In general V may depend weakly on temperature as
follows!'*!®

Op(T) =44 BT, [15]

where °4 and °B are linear coefficients which can be
obtained by fitting Eq. (15) to a plot of °V s
temperature. This procedure yields °4 = — 1.915
em’mol ™! and °B = — 7.14 x 107> ecm’mol 'K ™' for
hquld Ni-Ti. The latter value indicates that the variation
of °V with temperature is, indeed very small and can, in
principle, be neglected.

The temperature coefficient pt can be expressed by
differentiation of p(7) = M/V(T) with respect to tem-
perature, if M is the molar mass and ¥ the molar
volume. If, in addition, Ep and °B are both set equal to
zero,] the following simple approximation is obtained for

32
PT[

Myipy N
v
Pxi

+ XT1i
idy2

M TiﬂT.Ti:|

XNi 7
[ ! Pri

pr =M x (16]

In Eq. [16], My; and M+; are the molar masses of Ni
and Ti, respectively. prni and pr,7i are their respective
temperature coefficients of the density. All parameters in
Eq. [16] can be derived from the pure element data.
Eq. [16] is plotted in Figure 8 as a dashed line. This
simplified model is in excellent agreement with the
experimental data.

C. Relation with Isothermal Compressibility

In general, the molar volume can be derived from the
excess free energy °G by differentiating the latter with
respect to pressure. Therefore, it makes sense to consider
the excess free energy of liquid Ni-Ti. A mathematical
representation of “G as function of temperature and
mole fraction is given in Reference 35. For Ni-Ti at
T=1673 K (1400 °C), G is negative and exhibits a
shape which is similar to the curve of ¥V shown in
Figure 10, i.e., a parabola with a horizontally shifted
minimum at xt; &~ 40 at. pct.

A thermodynamic relation between ©J and G has
recently been proposed by the authors in Reference 22,
where the isothermal compressibility x is involved. The
relation follows from the definition of xt, Vikr = — dV/
dP. However, the minus sign was neglected in Reference
22, because it was argued that the pressure dP corre-
sponds to an internal pressure originating when an alien
element is added to the matrix under the assumption
that the volume is constant. In reality, however, the
volume would increase by 9} compensating for dP so
that one may write the following relation:

1oV
VOP’
where k. was introduced in Reference 22 as an effec-
tive isothermal compressibility. After carrying out the

same transformations and simplifications as in Refer-
ence 22 (see also Appendix), the following relation

Ke =

[17]
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Table IV. Auxiliary Data Needed in Order to Calculate the Isothermal Compressibility Coefficient x1 for Ni and Ti

Ni Ti
Property Value Reference Value Reference
T1 [K(°C)] 1726 (1455) 27 1943 (1668) 27
up, [m s~ 4037 36 4400 37
dufdT [m s~' K™ —0.35 36 — —
ep Jg™ 'K 466 16 987 16
kr (T=1673 K (1400 °C)) [10~"Pa~] 1.97 this work 1.27 This work

The latter is shown in last line.

between the excess volume and the excess free energy
is obtained, where R, = 8.314 kJ mol™' is the molar
gas constant:

E E G
V ~ 2Kk."Gexp 3R.T ) [18]

In order to apply Eq. [18], a reasonable estimate for
the isothermal compressibility is needed. In our previous
publication,? we found that Eq. [18] reproduced the
experimentally observed excess volumes for a number of
systems with ¥V <0, if a value of x, = 3.2 x 107!
Pa~' was used. This value corresponds to the isothermal
compressibility of liquid Al and makes it appropriate for
the Al alloys considered in Reference 22 as Al-based
alloys. However, the data of the present work are
underestimated this way with this value.

In general, k1 can be calculated from the measured
ultrasonic sound velocity ug according to the followin%
relation,®® where cp is the specific heat (in Jg 'K~

units):
1T :
KT2+("T) . [19]
pug  pPCp \pL

Using the parameters listed in Table IV for the pure
elements Ni and Ti, one obtains for their respective
isothermal compressibilities at 1673 K (1400 °C), values
of krni = 1.97 x 107" Pa™" and wrp=1.26 x 107"
Pa~'. The best agreement of Eq. [18] with the experi-
mental data is obtained if, in the case of Ni-Ti, k. is set
equal to the weighed average of xr n; and wr i, i.e.,

Ke = XNiKTNi + XTiKT,Ti- [20]

This may also be interpreted as the isothermal
compressibility of the ideal solution. The result is shown
by the solid line in Figure 10. Apart from the value of
EV at x; = 25 at. pet, the agreement of Eq. [18] with
the measured excess volumes is excellent. It should be
emphasized that the solid line shown in Figure 10 is not
a fit and Eq. [18] does not contain any fit parameters
making it adjustable to the data.

Knowing the excess volume from Eq. [18], the molar
volume V' is obtained from Eq. [12] and plotted in
Figure 9, while p is calculated via Eq. [12] and shown by
the solid line in Figure 7. The agreement with the

METALLURGICAL AND MATERIALS TRANSACTIONS A

experimental data is excellent in both figures, though
this is a trivial consequence.

Equation [19] appears to be a new inter-property
relation establishing a link between quantities including
excess free energy, ultra sound velocity, excess volume,
and heat capacity. Of particular interest is calculation of
the isothermal compressibility. Equation [18] provides a
promising new way of determining this property in such
cases from the excess volume and vice versa.

We applied Eq. [18] under the following two condi-
tions: first, Eq. [20] is valid, i.e., the isothermal com-
pressibility of Ni-Ti follows an ideal law and the
corresponding excess property can be neglected and
second that, in addition to translational degrees of
freedom, rotational degrees of freedom are also allowed,
see Reference 22 and Appendix.

It will be subject to future investigations to determine
whether these assumptions are always valid or, if not,
under which conditions Eq. [18] can be applied.

V. SUMMARY

Densities of liquid binary Ni-Ti alloys have been
determined as function of temperature and composition
using the containerless technique of electromagnetic
levitation. As the levitated droplets tended to exhibit
strong rotations, large translational movements, and
strong surface oscillations, the use of the conventional
method was seen to be inappropriate. Due to the
presence of these movements, it occurred that the
samples were no longer symmetric with respect to their
vertical axes. Hence, the experimental setup was
improved by installing a second camera aimed at the
sample from the top. This camera measured the correct
cross sections of the distorted droplets. This enabled
measurement of accurate densities, even in cases where
the condition of axial symmetry was heavily violated.

The measured densities were discussed in terms of the
molar volume. A negative deviation of the real molar
volume from the ideal one was found, implying the
corresponding excess volume was also negative. The
non-ideal molar volume confirmed that Ni-Ti is a highly
non-ideal system and comparable to a number of
Al-based alloys, such as Al-Au, Al-Cu, Al-Fe.

A recently proposed relation between the excess
volume, the excess free energy, and the isothermal
compressibility was successfully applied to the Ni-Ti
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measurements of this study. For the first time, the excess
volume of a binary metallic alloy was predicted from a
thermodynamic relation with only a few assumptions.
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APPENDIX

A detailed discussion of the model, Eq. [18], is given in
Reference 22. In the following, it is briefly outlined how
Eq. [18] is obtained in Reference 22 from Eq. [17].

Formally, Eq. [17] is the same as the definition of the
isothermal compressibility, except that the meaning of
the pressure is different and that the minus sign is
omitted. It is easily seen by multiplying both sides by
Vv =4y + Ep that Eq. [17] also holds for the excess
volume ®V;

0°G
oP

otV

Ke(EG) = a—P

Ey ke (FG) = [A1]

In Eq. [Al], it is shown that the excess volume can be
obtained by differentiation of the excess free energy “G.
Moreover, k. is assumed to be a function of *G. To the
first degree of approximation, this function would be
linear with k.o and k.; being the corresponding
coefficients:

Ke(EG) R Keo + KeﬁlEG. [A2]

Combining Eqgs. [A1] and [A2] yields:

OEG g OFG  OFV
Keo 5p + Ke,1 G(?_P ~op [A3]

The pressure is eliminated by integration of Eq. [A3]:

1
KeA’OEG -+ E Ke,lEGz ~E V. [A4]

This expression can be transformed further by
expanding the linear approximation into an exponential
and letting the ratio of . to x.; be written as A/R,,T:

E

G
BV ~ 2k 0 FGexp (2 R—) [AS5]

In reality, this relation is not necessarily true generally
as there are also systems where the signs of ¥V and G
are different.["®2!"! However, Eq. [A5] may be true for a
large number of systems.

Mathematically, Eq. [A5] exhibits a minimum at
EG = EG i, where G, is obtained as
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R, T

E P
Gmm A

[A6]

However, the internal energy U = 3R,,T is a lower
limit for EG if it is assumed that in addition to
translations also a rotational degree of freedom exists.
This holds at least as an approximation, as the excess
entropy was neglected. Hence, it follows from Eq. [A6]
that

h=3 (A7)

Combining Egs. [AS] and [A7] yields Eq. [18].

LIST OF SYMBOLS

0 Mass density (g cm ™)

Ap Uncertainty of the density (g cm )

PN Mass density of liquid Ni (g cm ™)

OTi Mass density of liquid Ti (g cm ™)

oL Mass density at liquidus (g cm )

oT Temperature coefficient of mass density
(gem K

PT.Ni Temperature coefficient of the mass density
of liquid Ni (g cm K™

PT.Ti Temperature coefficient of the mass density
of liquid Ti (g cm K ™)

T Temperature [K (°C)]

Ty Liquidus temperature [K (°C)]

Tp Pyrometer signal [K(°C)]

Trp Pyrometer signal at liquidus temperature

. [K(°O)] »

G Excess free energy (kJmol ")

P Pressure (Pa)

KT Isothermal compressibility coefficient (Pa™")

Ke Effective isothermal compressibility
coefficient (Pa™")

KT.Ni Isothermal compressibility coefficient of
liquid Ni (Pa™")

KT Ti Isothermal compressibility coefficient of
liquid Ti (Pa™")

Ke.0 Ist linear coefficient for the dependence of
on FG (Pa™)

Ke.1 2nd linear coefficient for the dependence of
ke on FG (Pa™h)

Ry, Molar gas constant (8.314 kJmol™")

us Ultrasonic sound velocity (m s~ )

cp Isobaric-specific heat (Jg~ 'K ™)

R Radius of an edge point in the side-view
image represented in polar coordinates
(pixel)

R™P Radius of an edge point in the top-view
image represented in polar coordinates
(pixel)

10 Azimuthal angle of an edge point in the
side-view image represented in polar
coordinates

¢ Polar angle of an edge point in the top-view

image represented in polar coordinates
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a;
Vb Circle

VP,real

SA VP,rcal
V

SM

M

M Ni

M

QCirclc

Qrcal
aasy
a

XTi
XNi

1. E. Akca and A. Gursel:

Cartesian edge-point ““x”’-component in the
top-view image (pixel)

Cartesian edge-point “y”’-component in the
top-view image (pixel)

Maximum value of X'*°P (pixel)

Maximum value of Y'*°P (pixel)

ith expansion coefficient of X*°P (pixel)

ith expansion coefficient of Y*°P (pixel)

ith expansion coefficient of X*°P (pixel)

ith expansion coefficient of Y*°P (pixel)
Legendre polynomial of the order i
Coefficient associated with IT;

Volume of a sample with an assumed circular
cross section (pixel®)

Real volume of a sample (pixel®)
Uncertainty of the real volume (pixel®)
Calibrated volume of a sample (cm®)

Mass of a sample (g)

Molar mass (gmol~")

Molar mass of Ni (gmol ")

Molar mass of Ti (gmol ")

Area of the circular cross section (pixel?)
Position (height) on the vertical axis of the
droplet (pixel)

Area of the real cross section (pixel®)
Asymmetry coefficient

Half axis of an elliptic sample cross section
(pixel)

Other half axis of an elliptic sample cross
section (pixel)

Scaling factor for calibration (cm® pixel )
Molar volume (cm® mol™")

Excess molar volume (cm® mol ')

Molar volume of an ideal solution

(cm® mol™")

Molar volume of Ti (cm® mol™ ")

Molar volume of Ni (cm?® mol™")

Volume interaction constant (cm® mol™")
Coefficient for the temperature dependence
of °¥ (cm? mol™)

Coefficient (sloge) for the temperature
dependence of "V (cm?® mol 'K ")

Mole fraction of Ti (at. pct)

Mole fraction of Ni (at. pct)
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