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Two-Wavelength Holographic Measurement of Temperature and
Concentration During Alloy Solidification

A. Ecker*
NASA Marshall Space Flight Center, Huntsville, Alabama

Simultaneous measurement of the temperature and concentration distribution within a fluid can be made using a
"two-wavelength holographic" setup. The technique is successfully applied to the study of temperature, concentration,
ajid flowflelds in the melt of a transparent "model alloy'1 during solidification.
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Nomenclature
concentration
acceleration due to gravity
height of sample
sample depth
interference order
refractivity
refraction index
optical path length
time, s
temperature
coordinate
wavelength
density, g/cm3

Introduction

INTERFEROMETRIC techniques are helpful tools for fun-
damental investigations of the fluid flow, temperature, and

concentration distribution in front of a solidifying interface.
These effects change the solidification conditions of cast metal-
lic materials; hence, they influence their microstructure. In or-
der to optimize the properties of the castings, comprehensive
knowledge is required of the interaction between the fluid flow
in the melt and the temperature- and concentration-dependent
layers close to the solidification front. Transparent model sys-
tems that solidify in the same manner as metals can be effec-
tively utilized for fundamental investigations because they
allow in situ observation and interferometric measurement of
the environment close to the solid/liquid interface.1"3

The objective of this work is to describe a new method for
simultaneous measurements of the interaction between the
temperature and concentration distribution and the fluid flow
in the melt of different g environments adjacent to the solid/liq-
uid interface in metallic alloys using transparent solidifying
monotectic model systems. The "two-wavelength holographic"
method provides the opportunity for direct measurement of
temperature and concentration.

Transparent Monotectic Model Systems
In order to examine the fluid flow in melts, transparent

model systems that solidify in the same manner as metals are
studied. Figure 1 shows a growing dendritic interface of the
succinonitrile-ethanol model system.1'2-4

Since the dendritic structure is strongly dependent on the
fluid flow conditions in the melt (Fig. 2),1'2 the influence on the
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physical properties of the cast metallic material has to be
considered.

Figure 3 shows one principal phase diagram of the two stud-
ied monotectic5 model systems: succinonitrile-ethanol and suc-
cinonitrile-water.

Fluid Flow Conditions in the Melt
of a Solidifying Monotectic Alloy

The fluid flow in the melt in front of a solidifying monotectic
alloy will be driven by either thermocapillary or buoyancy
forces. The causes of fluid flow in monotectic systems in the
vicinity of the solidification front during ground-based labora-
tory experiments are summarized as3

1) Separation processes below the consolute temperature.
2) Dynamic processes at the liquid-liquid-solid (I^-L^-S^

trijunction (wetting conditions).

Fig. 1 Growth of single dendrites in the organic transparent suc-
cinoitrile-ethanol model system.1'2

FLUID FLOW

Fig. 2 Trunk of the dendrites grows with an angle against the direction
of the fluid flow in the melt. The symmetrical dendritic tip growth will be
changed by fluid flow conditions.
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Fig. 3 Phase diagram of the monotectic succinonitrile-ethanol model
allow based on measurements by Schreinemakers4 and Ecker.1
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Fig. 4 Primary dendritic spacing and the tip radius measured at the
succinonitrile-ethanol system1'2 in comparison with the data measured by
Somboonsuk et al.6 at the system succinonitrile-aceton.

3) Solidification velocity (incorporating or pushing of
droplets).

4) Thermocapillary-driven motion resulting from thermal
and solutal differences in the interface.

5) Density differences between the liquid-liquid (LrL2).

Two-Wavelength Holographic Techniques
For the basic understanding of the fluid flow in the melt in

front of a solidifying interface, optical measurements can be
made using microscopy or shadowgraph techniques. This pro-
vides in situ information about the fluid flow conditions and
the parameters of the solidification front dynamics (e.g., pri-
mary dendrite spacing and dendrite tip radius; see Fig. 4). The
fluid motion can be discerned from changes of refractivity or
moving particles. These techniques cannot provide information
about the temperature and concentration distribution and their
interaction with the fluid flow in the melt.

A first experiment using such techniques to determine the
concentration and temperature distribution in the monotectic
system at 1 g and micrpgravity involved the hypomonotectic
system of succinonitrile-ethanbl.1'3 The particular technique
employed was Ganzfeld differential interferometry7 in conjunc-
tion with thermocouples placed in the melt. A development of
a local concentration maximum was revealed in the melt at 1 g.
In comparison, reduced gravity conditions, such as those which
prevailed during the sounding rocket experiment TEXUS-
10,1'2'8 lead to concentration boundary layers ahead of the so-
lidification front (Fig. 5). Under microgravity conditions, the
temperature profile depends only on diffusion. Under 1 g, the
temperature profile differs from the pure thermodiffusion
profile. Also, small rising droplets, which will be resolved at the
critical temperature (Tc = 32°C), change the temperature ana
concentration profiles in the melt. A concentration maximum
was found at the 32°C isotherm in the melt. With interferomet-
ric techniques of this kind, only those disturbances large
enough (e.g., large migrating droplets or rising volumes) to
induce refractivity changes greater than the minimum interfer-
ometric resolution can be detected. Droplets of the necessary
size appear only because of the decomposition phenomenon
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Fig. 5 Concentration and temperature profile of the 1 g and micrograv-
ity TEXUS-10 experiment "boundary layers at transparent solidifying
melts" with SCN-E. The concentration layer in front of the solid-liquid
interface corresponds to the well-known theory (8C ~ 2 • D/v).9
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Fig. 6 Optical setup of a Mach-Zehnder interferometric system.10

and Ostwald ripening in the melt or the monotectic solidifica-
tion process at lower solidification rates.

A Mach-Zehnder interferometric technique (Fig. 6) used to
measure concentration and temperature in front of a solid/liq-
uid interface provides information only about the refractivity
changes in the melt. Since the refractivity is a function of the
temperature and concentration, there has to be additional in-
formation on temperature or concentration distribution in the
melt in order to evaluate the interferograms.

Until now interferometric measurements in front of solidify-
ing melts relied upon the simultaneous use of thermocouples in
the melt. Unfortunately, this provides only local information
about the temperature profile. The nature of the temperature
profile measured by thermocouples (TEXUS-10: six 3 m ther-
mocouples in the sample) is uncertain since it is necessary to
assume a spatial linear temperature distribution in the melt.
Temperature changes in the melt resulting from fluid flow
are, using a standard interferometric technique, not only un-
detectable but cause a misinterpretation of the concentration
distribution, since the concentration distribution in the melt is
calculated from the density profile on the basis of the measured
temperatures.

Only the two-wavelength holographic technique provides
the possibility of a separate measurement of temperature and
concentration profiles without the use of thermocouples in the
melt. The accuracy of the refractivity measurements is as high
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RECONSTRUCTION

Fig. 7 Principal setup for the two-wavelength holographic device, first
used by El-Wakil and Ross.11
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Fig. 9 Sample12 for the use in the optical setup.

a) He-Ne Argon b) He-Ne Argon

Fig. 8 Reconstruction of a two-wavelength hologram using a He-Ne
and an argon laser. Both reconstructions show: a) the same temper-
ature changes, and b) the same concentration changes. The number of
fringes observed differs about 34%.

as that obtained using standard holographic technology. The
two-wavelength holographic method is transferable to any
holographic system (Fig. 7). This technique was first used by
Mayinger and Panknin10 and El-Wakil and Ross11 to measure
the temperature and concentration of a burning fuel drop. The
technique offers a significant opportunity to determine the tem-
perature and concentration profiles simultaneously in all pro-
cesses where heat and mass transport in transparent systems
occurs. The technique is based on the simultaneous recorded
images of both wavelengths on one holographic plate. Each
hologram is reconstructed separately for each wavelength and
contains the information on temperature and concentration
changes. Since the refractivity is also a function of the wave-
length,10'11 it is possible to determine both profiles from the
differences between both holograms (Fig. 8).

Initial information obtained from the holograms represent
changes in the optical path length s through the sample via the
equation

(1)

where M is the interference order in multiples of the different
wavelengths A7- and kk and n the refractivity. Equation (1) can
be integrated if the intensity of the total field is constant. For
fluids, the Lorentz-Lorenz equation gives the relation between
the refractivity «, refractive index R, and density p of the melt,

n(T,c)2-\
(2)

The slope of the fringe shift dM/dy depends on the change of
the refractivity between both exposures. Since the information
of the refractivity changes due to temperature and concentra-
tion variation is in both reconstructions, it is possible to elimi-
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Fig. 10 Two-wavelength holography provides the possibility of separat-
ing temperature and concentration profiles in the melt at different cuts.
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nate the concentration and solve it for the temperature profile,
dnk dMj hj dnj dMk Xk

dT dc dy I dc dy I
dy dnk dn, dnk dn,^ _* . _ j_ __ ___^ . _i

(3)

with / as the sample depth, A the wavelength (A,- = 488 nm,
Xk = 632.8 nm), n the refractivity/(A, T9c), c the concentration,
and T the temperature.

Using the temperature profile from Eq. (3), the concentra-
tion profile may be determined by

dc ^ (dMk/dy) • (4/0 ~ (Snk/ST) • (dT/dy)
dy (dnk/dc) (4)

To achieve a sufficient difference at the wavelength-dependent
refractivities, lasers have to be selected with a large wavelength
difference.

Two-Wavelength Holographic Setup
Using the same optical path as a normal holographic setup,

a second laser was added, as shown in Fig. 7. For ground-
based measurements, a He-Ne (1 = 632.8 nm) and an argon
(A = 488 nm) laser were chosen. Because of the high power
consumption of an argon laser, another laser type had to be
selected for the planned reduced-gravity experiments (10~2 g)
achieved during parabolic flight trajectories (KC-135). There-
fore, a He-Cd (A = 422 nm) laser was selected with a coherence
length larger than 100 mm. A glass cell (Fig. 9) was used with
Peltier cooling at the lower side and resistance heating at
the top side. The temperature at both sides was controlled by
thermocouples.

If both lasers are carefully aligned, spatial filters with a hole
of 25 /zm may be used. In the laboratory, the needed power
output of the argon laser is 20 mW compared to 10 mW output
of the He-Ne laser. One reason for this large difference is that
the holographic material (10E75) is 60% less sensitive at
488 nm (argon laser) than at 632.8 nm (He-Ne laser). Using a
He-Ne and a He-Cd laser (442 nm), the sensitivity of the holo-
graphic material is identical for both wavelengths.

For the evaluation of the two-wavelength holographic holo-
grams, the change of refractivity has to be determined as a
function of wavelength, temperature, and concentration. First,
the refractivity was determined using an Abbe refractometer.
These data were proved by holographic measurements of the
fringe shift due to a stable temperature gradient in the melt.
The holograms can be evaluated for two-dimensional fluid flow
in the melt using an image analyzing system. Figure 10 shows
the temperature and concentration profiles in front of a solid/
liquid interface of the succinonitrile-water system.

Discussion
An improvement of this two-wavelength holographic tech-

nique would be the use of a third wavelength. This would have
two advantages: 1) the third laser would allow an increase in
the measurement accuracy because of a three-point measure-
ment and 2) the third laser would be a good safety margin for
use under migrogravity conditions (Shuttle or space station)
due to the possibility of getting results if only two lasers were
operating.
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