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ABSTRACT

Two experiments to study the dissolution of a torospherical stainless steel vessel by an
isothermal pool of molten aluminum have been performed. The test vessels consisted of 24 inch
diameter 316L stainless steel "ASME Flanged and Dished Heads." The nominal value_ of the
average melt temperatures for the two tests were: 977°C and 1007*C. The measurements of the
dissolution depth as a function of the position along the vessel surface showed the dissolution to be
spatially highly non-uniform. Large variations in the dissolution depth with respect to the azimuthal
coordinate were also observed. The maximum value of the measured time averaged dissolution rate
was found to be 5.05 mm/br, and this occurred near the edge of the molten pool. The concentration
measurements indicated that the molten pool was highly stratified with respect to the concentration
of stainless steel in the melt (molten aluminum-stainless steel solution).
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EXECUTIVE SUMMARY

Under postulated severe accident sequences that lead to fuel melting in the New Production
Reactor_Heavy Water Reactor (NPR-HWR), a pool of molten material (aluminum-uranium-lithium-
stainless steel) is likely to exist in the reactor vessel bottom. Previous experiments have shown that
molten aluminum can dissolve stainless steel at temperatures as low as the melting point of aluminum
(660.2"C). Therefore, as suggested by some preliminary and detailed heat transfer calculations, it
is quite likely that even if the downfacing boiling heat transfer from the vessel bottom to the water
in the reactor cavity were sufficient to remove ali the decay heat from the melt, the equilibrium melt
temperature may not be low enough to prevent the dissolution of the vessel wall by stainless steel.
Consequently, in order to assess the inherent ability of the reactor vessel to retain the molten core
material on the vessel bottom, the dissolution of the vessel wall as a function of position and time
must be calculated. However, due to the very complex nature of the stainless steel-molten aluminum
dissolution process, and the extremely large uncertainties in the relevant thermophysical properties,
reliable calculations to predict the dissolution of the reactor vessel cannot be performed. Therefore,
to reduce the uncertainties in numerical predictions of dissolution, it is important to perform integral
molten pool dissolution experiments.

In connection with the NPR-HWR program, an experimental facility to perform 1/10th (of
full scale NPR-HWR) scale molten pool dissolution experiments was fabricated. The apparatus
consisted of four major components: (a) an aluminum melting furnace, (b) an oven tu serve as an
isothermal enclosure for the test vessel during the test, (c) the control panels for the oven and the
furnace, and (d) the data acquisition system. Two experiments to study the dissolution of a stainless
steel vessel by a pool of molten aluminum were performed. In these molten aluminum pool
dissolution experiments, 24 inch diameter 316L stainless steel "ASME Flanged and Dished Heads"
were used as the test vessels. During the experiment the test vessel was held in the oven, and molten
aluminum was poured into the test vessel. After a specified time interval, the test vessel was
removed from the enclosure, and the melt was drained from the test vessel. The difference between
the pre-test and post-test values of the vessel wall thickness yielded the data for the dissolution depth
as a function of position along the vessel surface. For these experiments, no forced convective
motion was established in the moltea aluminum pool. The nominal value of the average melt
temperature for the first test was 977"C, and for the second test it was 1007"C. In addition, while
the inside surface of the test vessel for the first experiment was virtually un-oxidized, it was heavily
oxidized for the second test.

For the first experiment, the post-test visual inspection and the measurements of the
dissolution depth at various locations on the test vessel show the dissolution process to be highly non-
uniform spatially. Large variations in the dissolution depth with respect to the azimuthal coordinate
were also observed. However, qualitatively, the azimuthally-averaged dissolution depth was found
to increase as one traversed from the vessel center towards the edge of the molten pool. The
maximum local value of the measured time-averaged dissolution rate for this test was found to be
5.05 mm/hr, and this occurred near the edge of the molten pool. The concentration measurements
show the molten pool to be highly stratified with respect to the concentration of stainless steel in the
melt (molten aluminum-stainless steel solution).



For the second experiment, wherein the inside surface of the test vessel was heavily oxidized
prior to injection of molten aluminum, a large reduction in the dissolution rate was observed. The
maximum value of the measured dissolution rate for this test was 1.18 mm/hr, which is much smaller
than the peak dissolution rate of 5.05 mm/hr for the first test. Thus this experiment shows that, at
least up to a temperature of 1007"C, a pre-existing oxide layer on the surface of stainless steel is
protective in nature. However, it is noted that at higher temperatures, this may not be the case due
to the expected thermite reaction between the iron oxide and molten aluminum.

An analysis showing the relationship between the linear dissolution rate and the mass transfer
coefficient which is not restricted to vanishingly small values of the concentration (of solute in the
solution), was developed. Since the diffusivity of iron in molten aluminum is a key property that
must be known in order to predict the dissolution of stainless steel by molten aluminum, uncertainties
in its value were also documented.
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NOMENCLATURE

c concentration, mass of dissolved solute per unit volume of the solution

c8 concentration when the solution is saturated with solute

c* mass fraction of solute in the solution (see Equation (3))

c: dimensionless saturation concentration (see Equation (3))

d dissolution depth, local decrease in the wall thickness due to dissolution

D Diffusivity of solute in solution

g acceleration due to gravity

h mass transfer coefficient (see Equation (8)), except in Figure 8, where it is used to denote
the location of melt thermocouples

Ho volumetric heat generation rate within the melt

k thermal conductivity of the melt

K linear dissolution rate, erosion depth per unit time on the sample surface

L melt height or length scale

m8 mass of dissolved solute in the solution

r radial coordinate in the horizontal plane (see Figure 8)

R Reynolds number

Ra Rayleigh number

atomic radii

s curvilinear coordinate measured from the test vessel center along the bottom surface of the
test vessel

S interfacial contact area between the solid (solute) and the melt

Sc Schmidt number

Sh Sherwood number

t pre-test wall thickness of test vessel; in Chapter 2: instantaneous value of time

T temperature
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NOMENCLATURE (Cont'd)

U Velocity scale for convective motion in the melt

x = s. cos_O)

y = s. sin(O)

Greek Svmbo_

c_ thermal diffusivity of melt

/_ isobaric coefficient of thermal expansion of the melt

0 azimuthal coordinate in the horizontal plane (see Figure 8)

_c Boltzmann constant

_Al absolute viscosity of molten aluminum

kinematic viscosity of the melt

0 density

r time duration during which the melt stays within the test vessel

o total volume of solution

; us volume occupied by dissolved solute

Subscripts

Al aluminum

m melt

s solute
L

rn,s melt at saturation
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1. INTRODUCTION

1.I Background

Let us consider postulated severe accident sequences that lead to fuel melting in the New
Production Reactor-Heavy Water Reactor (NPR-HWR). In these sequences it is likely that the fi_el
and structural material (aluminum) within the core would eventually be relocated to the vessel
bottom. The ability of the reactor vessel to indefinitely retain the molten core material within it not
only depends upon various factors, such as the mass of molten core material, the decay heat level,
the downward facing boiling heat transfer from the vessel bottom to the water surrounding the NPR-
HWR pressure vessel, but is critically dependent upon the chemical compatibility between the molten
core material and the vessel wall at the prevailing conditions. These conditions are the melt
temperature, the melt-vessel wall interface temperature, the convective velocity induced within the
melt due to natural convection, and the local chemical composition of the melt adjacent to the vessel
wall. It is therefore possible that even if the downward facing boiling heat transfer from the vessel
wall to the water in the reactor cavity is sufficient to remove ali the decay heat from melt, the
equilibrium melt temperature may not be low enough to prevent the dissolution of the stainless steel
from the wall into the molten pool. It is well known that Type 316L stainless steel and other ferrous
alloys are dissolved by molten aluminum [1-6]. In fact, the experimental evidence [3] suggests that
the melt temperature threshold for the dissolution of stainless steel by molten aluminum may be the
melting point of aluminum. Therefore, unless it can be shown that the core debris
(aluminum/uranium/lithium) adjacent to the vessel bottom remains in the frozen state during the
postulated severe accident, the dissolution of the vessel wall by the molten core debris must be
calculated in order to assess the "in-vessel retention" of the molten core debris.

1.2 Previous Studies on Molten Aluminum/Stainless Steel Dissolution

Webb [1] studied the dissolution of 316 stainless steel samples in molten aluminum in lhc
temperature range of 705°C to 927"C. In these experiments, there was no relative motion between
the stainless steel samples and the molten aluminum. He observed the growth of hemispherical pits
in the stainless steel samples, indicating that the dissolution did not occur uniformly over the surface
of the samples. His experiments indicate that at 927"C, the linear dissolution rate on the sample
surface was about 1 mm/hr. This linear dissolution rate is simply defined as the average erosion
depth per unit time on the sample surface. Dybkov's [2] experiments showed that the dissolution
of stainless in molten aluminum was "non-selective," i.e., ali the elements of the stainless steel
passed on to the solution uniformly. His experiments also showed that the dissolution rate was
controlled by diffusion in the solution (melt). Furthermore, he observed the formation of
intermetallic layers adjacent to the steel surface.

Greene [3] studied the dissolution of 316L stainless steel samples in molten aluminum in the
temperature range of 680 *C to 950 *C. In addition to performing a few static1 tests, he performed
experiments in which the small flat plate stainless steel samples were moved parallel to their surfaces

1Norelativevelocitybetweenthemeltandthe stainlesssteelsample.



at velocities of approximately 13, 26, and 40 cm/s within the molten aluminum pool. As expected,
he found the dissolution rate to increase, both with increasing melt temperatureand with increasing
sample velocity. In addition, he observed that, when the surface of the stainless steel sample was
heavily pre-oxidized, the sample showed no erosion in molten aluminum. The empirical correlation
of his data indicates that at 1000 °C, a 316L stainless steel sample, at rest in molten aluminum at
the same temperature, would experience a linear dissolution rate of 1.6 mm/hr. Under similar
conditions, the dissolution rate for a stainless steel sample moving at 2 cm/s would be 6.7 mm/hr.
However, these are surface averaged erosion rates; he furtherobserved that local peak erosion rates
could be a factor of four times larger. This phenomenonof local attack on the stainless s_,'l surface
by molten aluminum is consistent with the observations of Marra [4,5] and Webb [1]. Marra [4,5],
who studied the dissolution of 316L stainless steel samples in molten aluminum and molten _duminum
alloys in the temperature range of 700°C to ll00°C, also investigated the effect of sarnpllesurface
condition (as received, #600 grit ground surface, air annealed, anu passivated) on the dissolution
rate. He found the dissolution rate to be strongly dependent upon the surface condition of the
sample. Furthermore, as expected, he also found the dissolution rate to decrease with an increase
in the concentration of stainless steel in the melt.

To summarize, the following parameters among others, have a large effect on the dissolution
rate of stainless steel in molten aluminum: temperature, concentration of stainless steel in the melt,
melt agitation or convective velocity, and the surface condition of the stainless steel surface. In
addition, molten aluminum is observed to attack the stainless steel surface preferentially at local
spots. This phenomenon of "localized attack", and the fact that there are large uncertainties in (a)
the viscosity of molten aluminum and aluminum-stainless steel solutions, and Co)the diffusivity of
stainless steel in molten aluminum-stainless steel solutions, make it very difficult to develop reliable
dimensionless correlations2 for predicting the dissolution rate. Clearly, more experimental work
is needed to resolve these problems. The rationale for the present experiments is discussed in
Section 1.3.

1.3 Objectives for the Integral Molten Aluminum Pool/Stainless Steel Dissolution
Experiments

Previous studies have shown that the dissolution of stainless steel by molten aluminum is a
complex phenomenon that is difficult to predict quantitatively. One of the major difficulties
associated with making predictions for the dissolution rate is the fact that there are very large
uncertainties in the most important properties of molten aluminum and molten aluminum-stainless
steel solutions. These are the diffusivity of stainless steel in molten aluminum-stainless steel
solutions, and the viscosity of molten aluminum-stainless steel solutions. In fact, no experimental
data for th_: viscosity of aluminum-stainless steel solutions as a function of temperature and
concentration of stainless steel are available. In this connection, it is importantto note that Marra
[5] has qualitatively observed an extremely large increase in the viscosity of the aluminum-stainless
steel melt as the concentrationof stainless steel approachessaturation conditions. Because of these
reasons, therefore, it is important to perform integral molten pool dissolution experiments directly,

2Correlationsfor Sherwoodnumberasa functionof ReynoldsnumberandSchimidtnumber.
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wherein the dissolution of a small scale3 torospherical stainless steel vessel by a pool of molten
aluminum can be studied. This not only would provide direct experimental data for the dissolution
rate for a reasonably sized experiment, but also provides an experimental data base which can then
be used for model validation. Furthermore, in the actual reactor case, the concentration of stainless
steel within the molten U-AI pool would increase with time as more and more stainless steel from
the vessel wall is dissolved into the melt. It has been postulated that since stainless steel is heavier
than aluminum, the U-AI-Stainless steel solution would be stratified, such that the concentration of
stainless steel is highest near the vessel bottom. It has therefore been argued that the melt in contact
with the vessel wall would quickly get saturated with the stainless steel, and would thus prevent
further erosion of the vessel wall. This argument pre-supposes that diffusion and natural circulation
within the molten pool are insufficient to prevent the argued "chemical stratification" within the
molten pool. Since the dissolution rates of stainless steel in pure aluminum are quite high, whether
or not chemical stratification occurs is very important for establishment of in-vessel retention.
Therefore, experiments to demonstrate the presence or absence of chemical stratification are needed.

1.4 The Experimental Strategy

For the full scale NPR-HWR case, the following situationwould exist at the vessel bottom.
There is a heat generating pool of liquid (molten U-Al-Li-Stainless Steel) at the vessel bottom, and
the vessel bottom is being cooled from the outside via downfacing boiling. Because the vessel
bottom is curved, natural convection would be established in the melt as a result of temperature
gradientswithin the melt. Ideally, one would want to simulate this natural convective motion within
the melt in the small scale dissolution experiment by using a heat generating pool of molten
aluminum and cooling the vessel bottom from the outside. However, this is not a trivial matter. Let
us now discuss the difficulties in performing a phenomenologically scaled small scale combined
natural convection/dissolution experiment. One of the importantdimensionless scaling parameters
that governs the natural convection, and hence induced convective velocities in the melt, within a
heat generating molten layer is the internal Rayleigh number, Ra, defined as,

Ra = g"oLS°' (1)
2o_uk

where g is the acceleration due to gravity, # is the isobaric coefficient of thermal expansion of the
melt, I40 is volumetric heat generation rate within the melt, L is the melt height and thus corresponds
to the physical scale of the experiment, ot is the thermal diffusivity of the melt, u is the kinematic
viscosity of the melt, and k is the thermal conductivity of the melt. Since we w_sh to study the
dissolution of stainless steel in the melt, it is therefore necessary that we use the prototypic melt.
Hence the thermophysical properties of the melt used in the experiments would be the same as for
the prototypic reactor case. Due to practical considerations, we can not perform a full scale
experiment. This implies that for a correctly scaled experiment the following condition must be
satisfied:

3SmaUcomparedto the full scaleNPR-HWR,butmuchlargerthantypicalbenchtop experiments.
Presentexperimentusesa vesselthat is 1/10th the sizeof the fullscaleNPR-HWR.
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Since the largest experiment that can be performed economically is about 1/10th scale, this implies
that the above equality can only be satisfied if the vok_metric heat generation rate in the experiment
is 10s times greater than the volumetric heat generation rate in the reactor. This is clearly not
possible to achieve. In fact, being able to provide a non-nuclear volumetric heat generation rate
equal to the reactor case in a molten pool of aluminum would itself be a significant experimental
challenge. Therefore, it is clear from the above discussion that the Rayleigh number for the 1/10 th
scale experiment is going to be smaller than the full scale Rayleigh number by a factor of IOs.
Hence, the convective velocities induced in the melt during the experiment would be much smaller
than those for the full scale case and any conclusions about chemical stratification and dissolution
rates based upon the experimental data would be difficult to extrapolate to the full scale reactor case.
Inordertocircumventthisproblem,we haveelect_toperformexperimentsinwhichaprescribed
forcedconvectiveflowismechanicallyestablishedinanisothermalpoe!ofmoltenaluminum,and
thecharacteristicforcedconvectivemeltvelocityisusedasanexperimentalparameter.As shown
inFigureI,theconvectiveflowistobeinducedinthemoltenaluminumpoolby meansofasmall
rotatingceramicpropeller.Significanteffortwas devotedtothedevelopmentof methodsfor

VESSEL

MOLTENALUMINUM CERAMICPROPELLER

..,

ISOTHERMAL ENCLOSURE

Figure 1. A schematicof a methodof producingconvectivemotionin the melt.

producingconvectivemotion in a pool of molten aluminum. The detailsand the resultsof these
experimentalstudiesare not discussedherebecauseno dissolutionexperimentswith mechanically
induced convective motion in the molten aluminum pool have been performed to date. These
planned experiments with convective motion were not performed because of the deferral of the NPR
program by DOE in the fall of 1992.

This report presents the results of the two "static" experiments that have been performed.
Some analytical considerations of the dissolution process are discussed in Chapter 2, and a
description of the experimental apparatus and the values of the test parameters for these experiments
are provided in Chapter 3. The results of these tests are discussed in Chapter 4, and some
concluding remarks are presented in Chapter 5.
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2. ANALYTICAL CONSIDERATIONS

2.1 Some Definitions and Assumptions

Since we are considering the dissolution of stainless steel by molten aluminum, stainless steel
is the "solute" and molten aluminum is the "solvent" for our problem. The "melt," then, consists
of a solution of stainless steel and aluminum. The concentration, c, of the dissolved solute in the
solution, is defined as the mass of solute per unit volume of the solution. We shall denote the
concentration under saturation conditions by cs. Here, the concentrations c and cs are defined in
units of kg/m3. It is, however, more convenient to define concentration in terms of a dimensionless8

mass fraction, that is, the mass of dissolved solute per unit mass of total melt. Let c* and cs be the
concentration and the saturation concentration, respectively, of the solute in the melt expressed as
mass fractions. Then, these are simply related to c and cs by the following equations'

* _ Cs
c* ----c, c, --- (3)

Pm Pm,s

where Pm is the density of the melt. Since the melt consists of the solute and the solvent (stainless
steel and aluminum in our case), the melt density, Pm, is a function of the concentration c*. When
the melt is saturated with the solute, which occurs when the concentration of the solute equals cs,

the melt density will be denoted by Pm,s" Note that since the saturation concentration is a function
of temperature, Pm,s is a function of temperature.

No experimental data for the density of molten aluminum-stainless steel solutions as a
function of temperature and concentration of stainless steel in the melt are available. Therefore, in
the absence of such data, we make the following assumption: As stainless steel dissolves in molten
aluminum, the incremental change in the volume of the solution is equal to the volume of the solid
stainless steel dissolved. We shall use this assumption to derive an expression for the melt density,

Pm, as a function of the concentration of stainless steel in the melt.

Let ms be the mass of the dissolved solute in a solution of total volume v. Then, if Ps is the
density of the solute (stainless steel in our case) and USis the volume occupied by the dissolved
solute, we have:

m s

p

m s
Volume occupied by dissolved solute -- _ = us

ps (4)
Mass of solvent = Pat ( v -US)

-

[,ns +pal(v - US)]
Melt Density = Pm =

U

where PAl is the density, of molten aluminum (solvent). Equations (3) and (4) lead to the following
relationships for Pm and Pm,s:

-5-



PA/
p,,,=

[1 - c* * c*(p,4z/pa)]

Pm,_= ,
[1 - cs + c,* (P_/Ps) ]

Note that when c - 0, Equation (5) gives Pm -- PAl, and when c - 1, Pm reduces to Ps, as
should be the case.

2.2 A Model For The Saturation Concentration of Stainless Steel In Molten Aluminum

As discussed in Section 1.2, Dybkov [2] found the dissolution of stainless steel in molten
aluminum to be non-selective. Furthermore, he found the solubility of stainless steel in molten
aluminum to be approximately the same as the solubility of iron in molten aluminum. Since
experimentaldata for the solubility of iron in molten aluminum at high temperatures is available, we
shall assume that the saturation concentration of stainless steel in molten aluminum is the same

as the saturation concentration of iron in molten aluminum. Figure 2 shows a plot of data (from
References [2, 7, and 8]) for the saturationconcentration of iron in molten aluminum as a function
of the melt temperature. For computational convenience a mathematical expression was used to fit
this data. This least squares fit through the data is shown as the solid line in this figure, and is given
by:

• T - 1550 ] 2
cs = 0.916exp - _146_]6 J ' 650°C <T< 1550°C (7)

where T is the melt temperature in °C. It should be noted that the saturation concentration is
bounded between zero and unity. Therefore, even though the saturation concentration increases
sharply with temperature around 1100 °C, it can not indefinitely continue to increase at this rate.
The experimental data for the saturation concentration of iron in molten aluminum is tabulated in
Table 1.

-6-



SATURATION CONCENTRATION OF IRON IN
MOLTEN ALUMINUM

t

cs (Mass Fraction)
1 _ _:

0.8

---. EQUATION (7)

0.6

0.4

0.2

0 t _ I
600 800 1000 1200 1400 1600

MELT TEMPERATURE (°C)

Figure 2. The saturation concentration of iron in molten aluminum.
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Table 10 The Experimental Data for the Saturation Concentration of Iron in Molten
Aluminum

O

Melt Temperature cs Reference
oC

700 0.025 [2]

725 0.03 [2]

750 0.034 [2]

800 0.053 [2]
.,,.,.......,........,. ,.......,.....,......,,, ,.... ,,..,,, a....,....,,.., o,.o..,.,...,.. ,.,---..,.................,,, ...,,,,....,....,....,.......,....,,,..............,.,,.,

850 0.079 [2]

655 0.0187 [7]

660 0.02 [8]

700 0.03 [81

75O 0.O45 [8]

800 0.062 [8]

850 0.085 [8]

900 0.11 [8]

950 0.14 [8]

1000 0.18 [81

1200 0.53 [8]

1500 0.89 [8]

2.3 An Idealized Relationship Between the Linear Dissolution Rate and the Mass Transfer
Coe_cient

As discussed in Section 1.2, previous experimental work [2,3,5] has shown that the
dissolution of stainless steel in molten aluminum is controlled by the diffusion of stainless steel within
the solution (melt), and not by diffusion through solid intermetallic layers formed on the stainless
steel specimens. This is inferred from the experimental observations, which show that the dissolution
rate increases sharply with the increase in the relative velocity between the melt and the stainless
steel sample. If the dissolution rate were controlled by the diffusion through the solid intermetallic
layers, there would be no or little increase in the dissolution rate with an increase in the melt
agitation. Therefore, it is reasonable to conclude that, once the dissolution process is initiated, the
dissolution rate of stainless steel by molten aluminum is controlled by the mass transfer coefficient
at the stainless steel-melt interface. Similar conclusions, on the dissolution of pure iron and some
ferrous alloys by molten aluminum, were drawn by Niinomi et al. [6,9].
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A schematic of the idealized d_ssolution process at a given location on the stainless steel
surface is shown in Figure 3. Since, as discussed above, for situations of practical interest (i.e.,
f'mite melt agitation or melt convective velocity) the dissolution rate is only limited by the mass
transfer coefficient, h, at the solid-melt interface, it follows that the concentration of the stainless
steel at the melt-solid interface (x-0 in Figure 3.) is always equal to the saturationconcentration cs.
This is because the diffusion process through the solid intermetallic layers is relatively very fast, and
therefore sufficiently large to maintain the concentration at the solid-liquid interface to be always
equal to the maximum allowable concentration, cs. If S is the surface area of the solid in contact
with the melt, then, it follows that:

Rate at which the solid is dissolved into the melt = h S (c s - c ), ( kg/s ) (8)

where c is the concentration in the bulk of the melt far away from the solid-melt interface. Let K
be the local value of the linear dissolution rate on the stainless steel surface. It is simply defined
as the local erosion depth per unit time on the sample surface, and therefore, is the quantity of
practical interest. Thus, as shown in Figure 3, in the time interval dt, the thickness of the solid
specimen would be reduced by K dt. Therefore, it follows that:

Rate at which the solid is dissolved into the melt = K S Ps, (kgls) (9)

From Equations (3), (8), and (9), it is easy to show that:

K hPm'_I * .Pm] (10)
= -- Cs - C --

Ps Pm,_

Substituting the values of Pmand Pm,s from Equations (5) and (6) into the above equation, we get:

PAl ( Cs C ) O £c * £Cs*K h

• * PAl 1 c * , Pal1 - cs + cs __ - + c --
Ps

R should be noted that the dimensionless concentration, c , is always bounded between zero and the
saturationconcentration, %. The above equation gives us a relationship between the local value of
the mass transfer coefficient, h, and the local value of the linear dissolution rate, K. Therefore, if
the former can be calculated, for example, from a relevant engineering correlation, then the value
of the latter for any concentration, c, can be deduced. Equation (11) shows that the dissolution rate
is a function of the concentration, c, and the saturation concentration, cs. For the special case
when the concentration of stainless steel in the bulk of the melt4 is zero, Equation (11) reduces to:

4Everywhere, except the concentration boundary layer adjacent to the dissolving stainless steel
sample.
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K= h Pal ," cs mild only when c* =0

[ .,]'as " • ,Oa/ (12)1 - cs + cs --g-

Since the density of aluminum is smaller than the density of stainless steel, Equations (11) and (12)
show that the K increases with increasing cs. As discussed in Section 2.2, the saturation
concentrationof stainless steel in molten aluminum increases with increasing temperature of the melt.
Therefore, it can be expected that the dissolution rate of stainless steel in molten aluminum will rise

the temperature of molten aluminum is increased. Furthermore, as expected, Equation (11) shows
that the dissolution rate decreases as the concentration of stainless steel in the melt increases, and
vanishes when c = cs.

For a given melt temperature, T, and a mass transfer coefficient, h, the ratio of K at any
concentration c* to the value of K at c* = 0, is obtained simply by dividing Equation (I I) by
Equation (12), Tl,,is gives:

I

I C* /Cs*
I

K(0,T) K(0) [" "] (13)

L1 - c* 1 - #Al JCs* 0"-'_ Cs*

This ratio, which is valid only for a fixed value of the mass transfer coefficient, can then be used
to judge the effective reduction in the dissolution rate as the concentration of solute in the melt
increases. It is important to note that, in addition to being a function of the "relative saturation,"
c*/c_, this ratio is explicitly dependent upon the saturation concentration, cs. A plot of K(c*)/K(0)
for the dissolution of stainless steel in molten aluminum at three different temperatures, and hence
for three different values of cs, is shown in Figure 4. For these calculations, as discussed in Section
2.2, it has been assumed that the saturation concentration of stainless steel in molten aluminum is
identical to the saturation concentration of iron in molten aluminum. Therefore, Equation (7) was
used to compute cs. The following correlations for the densities of stainless steel [10] and molten
aluminum [11] as a function of temperature were used in these calculations:

Ps(kglm3 ) = 8084 - 0.4209(T + 273.15) - 3.894X 10-5(T + 273.15)2

( T in °C) (14)

#at(kglm3) = 2380 - 0.35(T - 660.2), (T In °C)

At a melt temperature of 800°C, when the saturation concentration is very small, as expected, the
change in K with increasing concentration is almost linear. However, at a melt temperature of
1400°C, when the saturation concentration is large (and equal to 0.818), the reduction in K as
concentration increases from zero to higher values is significantly smaller.
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DEPENDENCE OF DISSOLUTION RATE
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Figure 4. The dependence of the linear dissolution rate of stainless steel on the
concentration of stainless steel in the molten aluminum-stainless steel solution.
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2.4 The Differential £quation for the Solute Concentration in the Solvent

Consider a solid s:Au_ specimen in contact with a solution (dissolved solute and solvent) of
• finite volume, v, such that th,_ interfacial con'.actarea between the solid and the solution is S. Then

the differential equationfGrthe average concentration, c, of the solute dissolveA in the entire volume
of solvent, v, has often been given in the literature [2, 12] as:

dc h S (cs c ) (15)dt v

where t is the time. However, this equation is valid only for the limit c _ 0. In order to derive an
equation with greater applicability, it is necessary to know the density of the solution as a function
of concentration. Since this data for the molten aluminum-stainless steel solutions is not available,
we shall use the azsumption enumerated in Section 2.1, namely: the incremental change in the
volume of the melt, dr, due to the dissolution of an incremental mass, dm s, in the solute,on is equal
to the volume of the solid dissolved. Therefore,

: dm sdo ---_ (16)
Ps

Differentiating the def'mition of the concentration, c, in Equation (4), we get:

dc 1 dms dv (17)
_ ma _ _ C

dt _ dt

Substituting Equations (8) and (16) !_nthe above equation, we get:

ii

ac __h_s(1.- .c_.) - c) (IS)
dt v Ps

_

The above equation, which differs from Equation (15) by the factor (1 - clos), provides a better
model for the time rate of change of coneentratioa in the solution.

2.5 The Uncertahtties in the !h,ediction of the Dissolution Rate of Stainless Steel by Molten
Aluminum

The linear dissolution rate oh the surface of a stainless steel specimen in contact with a
molten aluminum-stainless steel solution is given by Equation (11). Therefore, if the mass transfer
coe.fficient, h, which appears in this equation is known or predictable, the linear dissolution ratz can
be calculated. Thus the ore.diction of the linear dissolution rate reduces to the:prediction of the mass
transfer coefficient. The engineering correlations for the mass transfer coefficient are usually given
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in terms of the dimensionless correlations of the following type:

Sh = _hL = ¢ (R )_ (Sc)", R -- ---UL , Sc =--_ 09)D v D

where, Sh is the Sherwood number, R is the Reynolds number, Sc is the Schmidt number, v is the
kinematic viscosity of the solution, D is the diffusivity of the solute in the solution, L is the length
scale, and U is the relevant velocity scale for the convective motion. If no direct mass transfer
experimentsfor the problem of interest are available, then, for some cases the use of the analogy
between the mass, momentum, and the heat transfer via the Chilton-Colburn j factors [13,14] can
be used to determine the mass transfer coefficient. For example, for laminar flow past a flat plate
of length L, which corresponds to the experiments of Greene [3] and Marra [5], the Colburnanalogy
yields:

Sh = 0.664R °'5 SC 113 , R < 5×10 s (20)

Equations (19) and (20) show that the mass transfer coefficient is dependent upon the properties u
and D. Therefore, any large uncertainty in the values of the diffusivity of stainless steel in molten
aluminum-stainless steel solution, and the viscosity of molten aluminum-stainless steel solution would
cause a correspondingly large uncertainty in the calculated value of the mass transfer coefficient, and
hence in the predicted value of the dissolution rate. Let us now briefly review the uncertainties in
the available experimental data for the diffusivity of stainless steal in molten aluminum-stainless steel
solutions and the viscosity of molten aluminum-stainless steal solutions.

No experimental data for the diffusivity of stainless steals in molten aluminum are available.
However, we noto several points. As discussed in Section 1.2, Dybkov's [2] experiments have
shown that upon dissolution, ali the elements of stainless steel pass on to the solution (molten
aluminum-stainless steel) uniformly. Furthermore, the atomic radii of the major components of
stainless steal (Fe, Ct, and NO, which are the diffusing elements, are about the same. From
reference [15], the atomic radii, _, are: _1_= = 1.17 A, _Cr = 1.18 A, and _Ni = 1.15 A.
Based upon these observations, and the fact that iron is the major component of stainless steel, it
seems reasonable to assume that the diffusivity of "stainless steel" could be approximated by the
diffusivity of iron in molten aluminum.

The atomic radius of aluminum [15] is equal to 1.25 A, which is very close to the value for
iron. Since in our case the radius of the diffusing (iron) particle is of the same order as the radius
of the solvent (a/uminum) particle, the hydrodynamic theory of diffusion [11, 16] gives the following
relation for the diffi_sivity of iron in molten aluminum:

rT
DFe'al = 4 ( Sutherland - Einstein Formula ) (21)_tFeT IZAI

5Since stainless steel consists of many elements, strictly speaking, the diffusion of these elements
must be considered separately. Here, for the purpose of modeling, we look upon stainless steel as a
single component with certain properties.
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where DF©,A l is the diffusivity of iron in molten aluminum, #Al is the viscosity of molten aluminum,
is the Boltzmann constant, and T is the temperature in Kelvin. This equation is known as the

Sutherland-Einstein Formula. Note that the diffusivity is dependent upon the viscosity of the
solution. Thus any uncertainty in the value of viscosity would lead to a corresponding uncertainty
in the computed diffusivity. Roy andChhabra [17] have also developed a theoretical model for the
diffusion coefficient of solute in liquid metals. The predictions from this model and the Sutherland-
Einstein model are presented below. Equation (22), given below, was used to compute the viscosity
of molten aluminum for the Sutherland-Einstein model.

The experimental data for the diffusivity of iron in molten aluminum is extremely limited and
ambiguous. Uemura [18] measured the diffusivity of iron in molten aluminum at temperatures of
700, 800, 900, and 1000°C. He used the method of "Finite-cylinder, semi-infinite-rod technique"
[19] for his experiments. A 10mm long (and 20mm diameter) aluminum disc was brought into
contact with a 50 mm long rod of the same diameter consisting of 15.8% iron and 84.2% aluminum,
and heated in an oven to the desired temperature. In his experiments, therefore, the initial
concentration of iron in the rod was 0.158. Kato and Minowa [20] have also made measurements
of the diffusivity of iron in molten aluminum at temperatures of 700, 800, and 900°C. They
performed their experiments for two different values of the initial concentration of iron (presumably
at one end of the pure aluminum sample): 0.01415, and 0.04135. These measurements, and the
predictions from Roy and Chhabra [17] and the Sutherland-Einstein equation are presented in Figure
5. As can be seen, the agreement among the various experimental values of the diffusivity of iron
in molten aluminum is extremely poor. However, one trend is noteworthy; the larger the initial
concentration of iron in the experiment (at one end of the solvent), the smaller is the measured value
of the diffusivity of iron in molten aluminum. In this sense, the experimental results are consistent.
This suggests two things: (a) that the diffusivity of iron in a solution of molten aluminum and iron
is a very strong function of the concentration of iron in the melt, and Co)that the design of these
experiments is flawed in the sense that it is hard to interpret the experimental results. Does the
measured value of DFo.Airepresent the diffusivity of iron in pure aluminum, the diffusivity of iron
in a melt with the concentration equal to the initial concentration of iron, c*, or the diffusivity of iron
in a molten aluminum-iron solution of some intermediate concentration between 0 and c*? From
these considerations, it appears that the experimental results of Kato and Minowa [20] for the initial
iron concentration of 0.01415 (dark triangles in Figure 5.) may be closest to the value of the
diffusivity of iron in pure molten aluminum. However, this experimental value is about seven times
larger than the prediction from the Sutherland-Einstein equation, and about five times greater than
the prediction from Roy and Chhabra [17].

From the experimental data and the theoretical predictions for the diffusivity of iron in
molten aluminum, presented in Figure 5, two conclusions can be drawn. First, there is a large
uncertainty in the value of the diffusivity, and secondly, since the diffusivity appears to be a strong
function of the concentration of iron in the melt, the diffusivity may have to be treated as a variable
within the concentration boundary layer.

lida and Guthrie [11], among other_, have documented the experimental measurements of the
viscosity of molten aluminum, and have shown that there is a large variation, by as much as a factor
of 3.5, in the measured viscosity of molten aluminum. As pointed out by reference [7], this may
be due to the reason that the viscosity of molten aluminum is quite sensitive to small amounts of
impurities, for example, aluminum oxide or traces of other soluble impurities, lida and Guthrie [11]
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recommend the use of a predictive model which gives calculated values for the viscosity of molten
aluminum (as a function of temperature) that lie between the experimental data. A least square's fit
of the tabulated values from this model (dotted line in Figure 6.26 of [111) gives the following
correlation for the absolute viscosity of molten aluminum:

65.143
( Pa. s ); 933.35 K < T_ 1320 K (22)

ttAt --- T1.5207

The above equation was used for the computation of the diffusivity of iron in molten aluminum as
predicted by the Sutherland-Einstein model in Figure 5.
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3. THE EXPERIMENTAL APPARATUS AND METHOD

3.1 The Test Vessel

A drawing of the 24 inch diameter 316L stainless steel test vessel used for the experiments
is shown in Figure 6. The nominal wall thickness of this commercially available6 "ASME Flanged
and Dished Head" was 3/16 inches for the first experiment, and 1/4 inch for the second experiment.
To prepare the vessel for the test, the following procedure was followed. The inside surface of the
vessel was first polished using a deburring wheel with Carborundum coated nylon bristles. Next,
the vessel was cleaned with a detergent and thoroughly rinsed with distilled water. After the vessel
was dry, its wall thickness was measured at various locations to a precision of 0.0005 inch. Finally,
the inside surface of the test vessel was soaked in a 20% (by weight) solution of NaOH for one hour,
and then rinsed with distilled water. Previous experiments with polished samples of 316L stainless
steel have shown that there were no changes in the dimensions or mass of these samples following
the NaOH treatment.

3.2 The Experimental Apparatus

A schematic of the experimental apparatus is shown in Figure 7. The apparatus consists of
four major components: (a) an aluminum melting furnace, (b) an oven to serve as an isothermal
enclosure for the test vessel during the test, (c) the control panels for the oven and the furnace, and
(d) the data acquisition system. The control panels and the data acquisition system are not shown
in Figure 7. A carbon-bonded silicon carbide crucible, with a capacity to hold 30 kg of molten
aluminum, is placed in the aluminum melting furnace. The oven consists of two parts: the bottom
part holds the test vessel, and the top cover contains the penetrations for the melt sampling ports,
thermocouples, argon gas supply, and a furmel for pouring molten aluminum into the test vessel.
In order to provide an inert atmosphere for the test vessel, argon gas is also injected from the bottom
of the oven. To reduce thermal gradients within the oven, electric heating elements are installed in
both parts of the oven. Since the melt must quickly be drained from the test vessel at the end of the
experiment, a mechanism to lift and move the top cover of the oven along a track was also
constructed as shown in Figure 7. This figure shows the top cover in the "open" position. To
prevent any interaction between the molten aluminum that might accidently be spilled and the floor,
the experimental floor was covered with a non-skid galvanized "grid-work" or grating. The top
surface of the grid-work is about 1.5 inches from the ground, and the grid-work is filled with sand
to a height of about one inch.

3.3 Test Procedure

As discussed in Section 3.1, prior to the experiment the initial thickness of the test vessel wall
is measured at various poshions. To start,the experiment, the carbon-bonded silicon carbide crucible
is placed in the aluminum melting furnace and the argon purge gas supply to the furnace is turned

eObtainedfrom:AmericanAlloysInc.,Secaucus,NewJersey.
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on. Then, 25 kg of solid aluminum peUets7 are poured in the crucible and the aluminum melting
furnace is turned on. After a suitable time interval, the argon gas supply and the electric power to
the "test vessel oven" are turned on. When the melt (molten aluminum) in the crucible and the test
vessel reach the desired test temperature, the crucible is removed from the furnace and the melt is
poured into the test vessel via the funnel in the top cover of the oven (see Figure 7). The data
acquisition program, which records the vessel wall temperature and the melt temperature in the
molten pool during the experiment, is startedjust prior to the instantthat the melt is poured into the
test vessel. The locations of these thermocouples are shown in Figure 8. After a predetermined
amount of time, samples of melt from various locations in the molten pool are withdrawn and the
experiment is terminated. The termination of the experiment involves lifting the test vessel from the
oven and draining the melt from it. Following the experiment, the test vessel is cleaned of ali the
adhering melt by means of the NaOH treatment, and the vessel wall thickness is again measured at
various locations.

3.4 Experimental Parameters

As mentioned in Section 1.4, only two "molten pool dissolution experiments" have been
performed to date8. For these initial experiments, no forced convective motion was set up in the
molten aluminum pool. Therefore, in these tests, after the initial motion due to pouring the melt in
the test vessel subsided, any convective motion set up in the molten pool would only have been due
to the density gradients induced as a result of any concentration9 gradients within the molten pool.

The nominal value of the average melt temperature for the first test was 977°C. The
durationof the experiment, which is the time during which the molten aluminum is held in the test
vessel, was 2100 seconds for this experiment. For the second experiment, the average melt
temperature during the test was 1007°C, and the durationof the experiment was 2479 seconds. In
addition, for the second test the initial ( the instant the melt is poured into the test vessel ) surface
condition of the test vessel was different from that of the first test. It was heavily oxidized due to
air infiltration into the test vessel oven during the heat-up phase. Thus a comparison of the results
from the two tests shows the effect of the oxide film on the dissolution process at these temperatures.

7ALCOA,99.9% Aluminum

SSincethe experimentalprogramwasterminatedlongbeforeits plannedconclusion,no further
experimentsarescheduledto beperformed.

SConcentrationof stainlesssteel in the melt. As the stainlesssteelfrom the vesselwall gets
dissolvedinthemoltenaluminum,thedensiWofthemelt(aluminum-stainlesssteelsolution)increases.
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4. RESULTS

4.1 Results From the First Molten Pool Dissolution Experiment, Run No. MPD-01

4.1.1 The Melt and Test Vessel Temperature History

As shown in Figure 7, in order to pour the molten aluminum in the test vessel, the crucible
containing the melt must be removed from the furnace and transported to the location of the test
vessel. During this brief time interval, the crucible, and hence the molten aluminum in the crucible,
loses heat to surroundings. Therefore, in order to compensate for this heat loss, the melt must be
heated in the furnace to a higher temperature than the target test temperature. However, for this test

the actual observed heat loss from the crucible was found to be significantly smaller than the
calculated heat loss. As a result, the temperature of the melt delivered to the test vessel was higher
than the initial vessel temperature. A plot of the temperature traces from two melt thermocouples
(VM1, VM3) and two vessel wall thermocouples (VS1, VS8) is shown in Figure 9. The locations
of these thermocouples are shown in Figure 8. The average melt temperature for this test was
9770C, and the melt remained in the test vessel for 35 minutes. Since it took 26 seconds to deliver

the melt into the vessel, and it required 23 seconds to drain the melt from the vessel at the end of
the experiment, the uncertainty in the time interval of the test was 4- 25 seconds.

4.1.2 Visual Post-Test Examination of the test Vessel

Following the experiment, the adhering frozen "melt 10" on the inside surface of the test
vessel was removed in two stages. First, most of the frozen melt was removed by locally heating
a small portion of the frozen material under the cover of argon gas, and simultaneously using

mechanical means to scrape off the melt. Next, the adhering aluminum was dissolved by treating
the vessel with an aqueous solution of NaOH (20% by weigh0.

A post-test photograph of the test vessel following the NaOH treatment is shown in Figure
10. At the top of this figure, please note that a small wedge shaped section of the test vessel has
been sliced off from the vessel. This was done prior to cleaning the vessel so as to preserve samples

of frozen material adhering to the test vessel. As can be seen, the dissolution appears to be severely
non-uniform. Visual inspection of the test vessel shows negligible dissolution in the bottom central

portion of the vessel. This seems to be due to the fact that the concentration of stainless steel in the
melt in this region was very high. On the other hand, as can be seen from the top right hand corners
of Figure 10 and Figure 11, the dissolution is observed 1t to be very high in the outer regions of
the vessel (near the molten pool edge). However, it is noted that even in these outer regions, there
are zones which show very little dissolution, for example, zone B in Figure 10. In addition, it is
observed that in regions of large dissolution the test vessel surface is wavy, thus indicating locally

1°The term melt is used here to denotethe aluminum-stainlesssteel solutionthat remained inside
the test vesselat the end of the experiment and solidifiedon the insidesurface of the test vessel.

11Becauseof optical illusion, the depressionsin the photographsmay sometimes appear to be
elevated regionsand the picture may appearto be confusing. If this happens, it may be necessaryto
changethe orientationof paper and view the picture several times to see the depressionscorrectly.
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non-uniformdissolution, and suggesting a possible hydrodynamic origin for this phenomenon. This
can be seen from Figure 11, which is a close-up of zone A in Figure 10. As indicated in Section
3.4, since stainless steel is heavier than aluminum, the dissolution of stainless steel in the melt can
lead to "dissolution induced nnturalconvective motion" in the melt. An importantpoint that should
bo noted is that even in regions of negligible dissolution, for example the; zone B in Figure 10,
evidence of attackby molten aluminum on the stainless steel surface is obsereed. The vessel surface
in these regions appears to have microscopic pits. This is discussed further in Section 4.1.5, which
presents the results of the Scanning Electron Microscopy.

4.1.3 The Linear Dissolution Depth Measurements

As shown in Figure 8, let s be the longitudinal coordinate from tJhe test vessel center as
measured along the bottom surface of the mst vessel, and 0 be the cylindrical coordinate as measured
in the horizontal pla,,,.. Then, s and 0 are sufficient to locate every pe:mt on the outside surface of
the test vessel. If t is the initial (pre-tes0 thickness of the test vessei at any point, then, as indicated
in Figure 12, the difference between the initial and final (post-tes0 thicknes,,;is defined as the linear
dissolution depth, d, at that point.

d t

i....... TEST VESSEL
CRO88-SECTION

Figure 12. The definition sketch for the linear dissolution depth, d.

Prior to perf._rming the experiment, the initial wall thickness of the test vessel was measured
at 94 locations. These measurements are pre_ented in Figure 13. Multiple data points corresponding
to a single value of s correspond to different 0 locations on the test vessel surface. The measured
wall thickness was in the range 0.175" g t < 0.1825", with an average value of 0.1789 inches and
a standard deviation of 0.00215 inches. After the experiment, the test vessel wall thickness was
measured agaJ_ at these and 101 other locations. For the latter 101 locations, the initial vessel wall
thickness was estimated by interpolating from the data of Figure 13. For this purpose, the data in
Figure 13 was re-plotted as a function of s with 0 as a parameter.

The measurements for the local dissolution depth, d, as a function of the coordinate s are
-=.
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presented in Figure 14. Different data points for a single value of s correspond to different values
of 0, andhence represent separate points on the test vessel surface. The left ordinate shows the data
for d in inches. Since the present experiment is by design an integral transient 12 experiment, the
local linear dissolution rate is a function of time. Although the instantaneous local dissolution rate
could not be,measured during this experiment, the time averaged local linear dissolution could easily
be calculated. As indicated in Section 1.2, the linear dissolu',ion rate is simply defined as the average
dissolution depth per unit time on the sample surface, and thus equals d/r, where r is the duration
of the experiment. The right ordinate in Figure 14 shows the experimental data in units of the linear
dissolution rate. As can be seen, the maximum measured value of the dissolution rate for this test
was 5.05 mm/hr. On the other hand, Greene's [3] correlation for a static stainless steel sample held
vetxical in molten aluminum at 977"C yields an average dissolution rate of 1.42 mm/hr, which is
about 3.5 times lower than the measured peak value. However, he has reported local erosion rates
exceeding the average erosion by as much as a factor of four in his experiments.

Several observations can be made from the data in Figure 14. The dissolution in the bottom
central portion ( s _< 6 inches ) of the test vessel is small. In addition, the dissolution depth
increases with increasing s as one travels from the bottom center of the test vessel (s =0) to the edge
of the molten pool. Furthermore, the maximum local dissolution is observed near the edge of the
molten pool. There are two reasons for this. First, as the stainless steel from the test vessel surface
is dissolved in the molten aluminum, the local density of the melt increases, and this dense solution
travels downwards along the inside surface of the vessel. While this concentration gradient induced
natural convective motion causes the concentration of stainless steel to increase at the vessel bottom,
it also causes the melt near the pool edge to be replaced by the melt from outside the concentration
boundary layer. Thus the concentration of stainless steel in the melt near the pool edge is always
lower than the concentration at the vessel bottom. Secondly, since the induced convective velocity
is expected to be highest near the pool edge13, the mass transfer coefficient would be the highest
near the pool edge. Therefore, the expected dissolution rate is the greatest near the pool edge.
However, it should be noted that the local dissolution rate is highly non-uniform, and even near the
pool edge there are regions of insignificant dissolution. In fact, for 10" < s _< 11.75", Figure 14
shows the dissolution to be either negligible or very large.

As shown in Figure 14, we measured small negative values of dissolution depth at some
locations. In other words, the post-test thickness at these points was measured to be greater than the
pre-test thickness. We also note that this measured deviation was much larger than the measurement
precision. Fo, 'hose regions of the test vessel that were not exposed to molten aluminum, the largest
measured negative value of the dissolution depth was measured at s = 13", and O = 225*. At this
location d = -0.0015". This is thought to be due to the thin layer of oxide film formed on both
sides of the vessel when the hot vessel was taken out of the inerted atmosphere and exposed to air
at the end of the experiment. On the other hand, for regions exposed to molten aluminum, the

12Transient with respectto concentrationof steelin the moltenpool,whichis initiallyzeroand
thereaftera functionof timeand space.

13Theinclinationof the vesselsurfaceto the verticalis the smallestat the pooledge. If the
dissolutionrateis the highestnearthepooledgedueto the low freestreamconcentrationof steelin_

the melt, then, the drivingforce for naturalconvectionwouldalsobe highestnear the oooledge.
- Furthermore,the centerof the vesselbottomis a stagnationpoint.
-

_
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largestmeasurednegative valueof the dissolutiondepth was measuredat s =11", and0 = 67.5°.
At this location d - -0.0055". Since only the outside surfaceof the test vessel was availablefor
oxidation in this case, this rather large negative value cannot be explained on the basis of the
oxidationof the test vessel. Furthermore,at this locationthe vessel surfaceshows indicationsof
attackby moltenaluminum.It shouldbe notedthat forthis locationthe pre-testvesselwall thickness
measurementswere availableand did not haveto be interpolated.

To further illustrate the severe local non-uniformityof the dissolutionprocess, some of the
data for the dissolutiondepth is re-plottedin Figure 15 with 0 as a parameter. The data points are
joined with a straight line in this figure only for ease of identification; it is not implied that the
intermediatedata points would lie on the straight line segments. Finally, a dissolution depth map
is presented in Figure 16. In this figure, x = s. cos(0) and y = s. sin (0). Thus, the x-y plane
in this figure represents a disc that would be formed if the test vessel were flattened (and
simultaneously stretched in the circumfrential direction) into a disc of diameter equal to 2 Smax,
where Smax is the maximumvalue of the s coordinate. For this figure the data points were divided
into three domains depending upon the value of the dissolution depth: a region of negligible
dissolution (d < 0.01"), a region of moderate dissolution (0.01" < d < 0.05"), and a region of
high dissolution (d>0.05"). The data points in different domains are represented by separate
symbols. The highlynon-uniformnatureof the dissolutionprocess, and the fact that the dissolution
is very small in the central region of the test vessel is clear from _is figure.
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DISSOLUTION DEPTH MAP FOR RUN NO. MPD-01
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4.1.4 Concentration Measurements

Although the experimental procedure called for withdrawing ten melt samples from different
locations within the molten pool, only one melt sample (Sample 5) was collected during the
experiment due to operational difficulties during this first experiment. Other samples available for
concentration measurements were: the "well-mixed" sample from the melt drained from the test
vessel at the end of the experiment, and the frozen post-test material removed from the bottom of
the test vessel. These samples, and a pure aluminum sample from the aluminum pellets used for the
experiment, were analyzed using the Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) 14. In preparation for this analysis, known masses of these samples were digested in
HNO3, and diluted with distilled water. The results of the analysis are presented in Table 2. The

Table 2. The Concentration Measurements for Run No. MPD-Ol.

Mass of Measured Mass Fraction, c_

Sample Description Sample I I(g) AI Fe Cr Ni

A: "Pure"Aluminum 1.71982 0.999 0.00041 0.00034 0.00023
i., i

B: Well-mixed sample from melt 1.50302 0.9639 0.02706 0.00656 0.0025
drained from the test vessel

C: Frozen post-test material from 2.89744 0.8121 0.1488 0.02495 0.0141
the test vessel center

, i

D: Sample 5 from molten pool 0.18232 0.9975 0.00166 0.0005 0.0004

j - AI, or Fe, or Cr, or Ni.

mass fraction of each component in Table 2 is simply the ratio of the mass of that component
detected to the total observed mass of aluminum, iron, chromium, and nickel.

At the end of the experiment, as a part of the experimental procedure, the melt from the test
vessel was drained into a crucible. This melt was well mixed and cast into ingots. The sample
designated as B in Table 2, is a small sample form one of these ingots. Therefore, the concentration
of iron in this sample gives a measure of the average concentration in the molten pool at the end of
the experiment. However, since not ali of the melt was drained from the test vessel (a small fraction
of the melt remained within the vessel), and because the concentration of iron in the melt that
remained adhered to the test vessel (sample C in Table 2) was found to be much higher, the
measured concentration of iron in sample B represents a lower bound on the average melt
concentration. We also note that this measured average concentration of 2.7 % iron is much smaller
than the saturation concentration of iron in molten aluminum at the 977"C (the average temperature
during the experiment), which is calculated to be 17.6% from Equation (7). On the other hand, the
concentration of iron in the frozen melt sample at the test vessel center (sa,rqTleC in Table 2) was

14"LiberWModel100", manufacturedby Varian(Australia),was usedfor the analysis.
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found to 14.9%, which is very close to the saturation concentration of iron in molten aluminum.
The last sample in Table 2 (designated, D) was removed from the molten pool (via suction through
a small quartz tube) at the following location: radius, r = 10 inches from test vessel center, and
1/4 inch above the test vessel surface at that location. This location was approximately 1.5 inches
from the edge of the molten pool and roughly 1/2 inch below the free surface of the molten pool.
As can be seen, the concentration of iron at this location is very low, and equal to 0.166%. This,
and the concentration measurements from samples B and C clearly show that molten pool was highly
stratified, with most of the dissolved stainless steel settling to the bottom of the vessel. Furthermore,
the concentration of iron in the melt near the test vessel center is very close to the saturation
concentration. This explains the observed small dissolution rates experienced by the bottom central
portion of the test vessel.

4.1.5 The Scanning Electron Microscopy (SEM) Measurements

Following the completion of the post-test vessel wall thickness measurements, small samples
of the test vessel were cut, mounted in holders, and polished along the vessel cross-section to a finish
of 0.3 microns. It should be noted that since the vessel had been treated with NaOH to remove any
adhering aluminum on the inside surface of the vessel, there were no macroscopically visible films
of aluminum on these samples. Figure 17 shows a scanning electron microscope (SEM) image t5
of one of these samples. Two photographs have been butted together to yield a spatially continuous
field of view. In this figure, the distance between the top and bottom edge at any position is the
thickness of the vessel wall at that location. The two circular rings on the right hand side of this
picture are a part of the sample holder and should be disregarded. The interpretation of the three
numbers along the left edge of this photograph is as follows: The first three digit number is the
magnification, with the last digit being the exponent. Thus 100 in this figure corresponds to a
magnification of 10 x 10o = 10. The second number is a counter for the photograph number, and
the third and the last number indicates the length of the white line just below this number in microns.
In this figure, therefore, 1000.0u indicates that the white line below this number is 1000 microns
long. At location X in this figure, the post-test wall thickness is measured to be 0.0055 inches larger
than the initial thickness at this point. Therefore, the macroscopically measured dissolution depth
at this location was essentially zero. As can be seen from this figure, the dissolution at location Y
is significant, and equal to 0.044 inches.

A closeup of the region X in Figure 17 is presented in Figure 18. At this point, as noted
above, no macroscopic dissolution of the vessel wall was measured. The inside vessel surface is just
above location 4 in this figure, and the outside vessel surface is well below location 2. This figt_re
also shows the Energy Dispersive X-Ray Spectroscopy (EDS) measurements at locations 1, 2, and
4. The fact that significantly large fraction of mass below the vessel surface is observed to consist
of aluminum, shows that even though no dissolution was observed at this location, molten aluminum
did indeed "attack"the stainless steel at this location. The labels on the right hand corners of the
EDS measurements (e.g., 40-1, 40-2) correspondto the format: SEM photographnumber - Location
number. An enlarged view of the SEM image presented in Figure 18 is shown in Figure 19. The
corresponding EDS measurements are shown in this and Figure 20. The evidence of stainless steel-

15Analysisperformedby: R.L. Sabatini,Dept.of AppliedScience,BrookhavenNationalLaboratory.
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aluminum intermetallic layers adjacentto the steel surface is clearly observable from the SEM image
and the EDS measurements. While the composition at location 6 is the base metal (stainless steel),
the fraction of aluminum mass keeps increasing as one moves from location 7 towards the free
surface. Based upon the SEM image in Figure 19, the thickness of the intermetallic layer at this
location is observed to vary from 30 to 50/_. An enlargement of the region Y in Figure 17, and the
corresponding EDS measurements, are presented in Figure 21. This figure shows that at this
location of significant dissolution, there is essentially no intermetallic layer adjacent to the steel
surface. This result, and the results from Figure 19 should, however, not be used to draw the
general conclusion that, at locations of large dissolution there is no intermetallic layer, and that at
locations of negligible dissolution the intermetallic layer is thick. For example, the SEM and EDS
analysis at another location (s - 11", 0 - 270 °) of negligible dissolution showed virtually non-
existent intermetallic layer.

An SEM image of the cross-section of the vessel wall at the center of the test vessel is shown
in Figure 22. Recall from Section 4.1.3 and Figure 14, that at this location no dissolution of the
vessel wall was measured. In addition, the concentration measurements presented in Section 4.1.4
indicate that at the end of the experiment, molten aluminum at this location was saturated with
dissolved stainless steel. The SEM image and the EDS measurements at locations 1 through 4 in
this figure clearly show the presence of a relatively thick intermetallic layer. The thickness of this
intermetallic layer is observed to vary from 60 to 85/z. lt is noted that these observed thicknesses
of the intermetallic layers are much larger than those measured by Dybkov [2] at 700°C.

Finally, an SEM image and the EDS measurements at a location of large dissolution are
shown in Figure 23. The dissolution depth at this location was measured to be equal to 0.12 inches
from an SEM image at this point. As can be seen from this figure, the intermetallic layer at this
location is very thin, about 3.4/_ deep.

Since the free stream concentration of stainless steel in the melt and the mass transfer
coefficient on the vessel surface are expected to vary with the coordinate s, one would expect a
variation in the dissolution rate with the coordinate s, as one travels from the vessel center towards
the edge of the molten pool. However, no macroscopic phenomena are apparent that would explain
the rather large variation in the dissolution rate with respect to the azimuthal coordinate, 0, as seen
from Figures 10 and 15. Clearly, the origin for this severe azimuthal non-uniformity in the
dissolution process must be microscopic in nature. It is, however, quite likely that once the
dissolution process has started, the dissolution induced convective motion within the melt may
enhance the non-uniformity of dissolution. The rather limited SEM and EDS analysis performed and
presented here is not sufficient to solve this problem, lt is apparent that more experiments, possibly
at higher temperatures, and a more detailed post-test microscopic metallurgical examinations of the
test vessels are needed to resolve this puzzle.
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Figure 18. The SEM Image of the Cross-Section of the Test Vessel and Some EDS Measurements
in the Neighborhood of s = 11" and 0 = 67.5 °. A Magnified View of the Location X

in Figure 17. No Macroscopic Decrease in the Thickness of the Vessel Wall was
Measured at This Point.
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Figure 19. The SEM Image of the Cross-Section of the Test Vessel and Some EDS Measurements
in the Neighborhood of s = 11" and 0 = 67.5 °. An Enlargement of the View in
Figure 18.
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Figure 20. EDS Measurements at Locations 9 and 10 in Figure 19.
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4.2 Results From the Second Molten Pool Dissolution Experiment, Run No. MPD-02

4.2.1 The Melt and Test Vessel Temperature History

Figure 24 shows a plot of the temperature traces from two melt thermocouples (VMI, VM3)
and two vessel wall thermocouples (VS2, VS4) during the second molten pool dissolution
experiment. The locations of these thermocouples are shown in Figure 8. The average melt
temperature for this test was 1007"C, and the melt remained in the test vessel for 2479 seconds.
Since it took 21 seconds to deliver the melt into the vessel, and it required 10 seconds to drain the
melt from the vessel at the end of the experiment, the uncertainty in the time interval of the test was
+ 15 seconds.

4.2.2 Visual Post-Test Examination of the test Vessel

An examination of the test vessel and the test vessel supporting structure at the end of this
experiment revealed that significant oxidation of the test vessel had taken piace during the
experiment. By comparison, the test vessel used for the first experiment had shown negligible
evidence of oxidation during the experiment. This oxidation of the test vessel during the seccad
molten pool dissolution experiment is attributed to unexpected air infiltration into the "test vessel
oven" during the experiment. A post-test photograph of the test vessel, taken prior to removal of
the adhering aluminum and subsequent cleaning of the test vessel, is shown in Figure 25. The
heavily blackened appearance of the test vessel surface clearly shows that the vessel was oxidized
significantly. The extent of oxidation clearly indicates that during this experiment, the inside surface
of the test vessel was heavily pre-oxidized at the instant that molten aluminum was poured into the
vessel. Thus, the initial condition of the surface of the test vessel for this test was different from
that of the first test. Therefore, the results of this test will shcw the effect of a pre-existing oxide film
on the dissolution of stainless steel by molten aluminum at a temperature of 1007"C.

As discussed in Section 4.1.2, the post-test removal of the adhering aluminum on the inside
surface of the test vessel was accomplished in two steps. These consisted of mechanical means under
localized heating, followed by etching with an aqueous solution of NaOH. A photograph of the test
vessel following the NaOH treatment is presented in Figure 26. The closeups of the regions 2 and
3 in this figure are shown in Figures 27 and 28. A comparison of these figures with the post-test
photographs for Run No. MPD-0I, presented in Figures 10 and 11, shows a striking dissimilarity
between the two results. The dissolution of the vessel wall during the second test is much smaller,
and in comparison to that during the first test, it is almost negligible . In addition, no regions of
very large dissolution rates near the edge of the molten pool are present in the second test. lt is
evident that the pre-existing oxide layer on the vessel surface has resulted in a large reduction in the
dissolution rate. This is consistent with Greene's [3] observations. We also note from Figures 26
through 28, that similar to the first test, the dissolution is observed to be spatially highly non-
uniform.
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Figure 25. A Post-test photograph of the test vessel prior to cleaning of the test vessel. Run
No. MPD-02.
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Figure 26. Post-test photograph of the test vessel following the NaOH treatment. Run No.
MPD-02.
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Figure 27. Post-test photograph of the test vessel for Run No. MPD-02. A close-up of the
Region 2 in Figure 26.
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Figure 28. Post-test photograph of the test vessel for Run No. MPD-02. A close-up of the
Region 3 in Figure 26.

-51-



4.2.3 The Linear Dissolution Depth Measurements

Before performing the experiment, the initial wall thickness of the test vessel was measured
at 137 locations. These measurements are presented in Figure 29. As discussed in Section 4.1.3,
multiple data points corresponding to a single value of the coordinate s, correspond to different O
locations on the test vessel surface. The measured wall thickness was in the range 0.25" __.t
0.266", with an average value of 0.2606 inches and a standard deviation of 0.00279 inches. After
the experiment, the test vessel wall thickness was measured again at these and 123 other locations.
For the latter 123 locations, the initial vessel wall thickness was estimated by interpolating from the
data of Figure 29. For this purpose, the data in Figure 29 was re-plotted as a function of s with 0
as a parameter.

The measurements for the local dissolution depth, d, as a function of the coordinate s are
presented in Figure 30. The left ordinate shows the data for d in inches, and the right ordinate
shows the data in units of a time averaged linear dissolution rate. As can be seen from this figure,
the maximum measured value of the dissolution rate for this test was 1.18 mm/hr. In contrast, as
indicated in Section 4.1.3, the measured value of the peak dissolution rate for the first test was 5.05
mm/hr. In addition, a comparison of these results with those for the first experiment presented in
Figure 14, shows another important dissimilarity. While during the first experiment (Figure 14) the
dissolution depth appears to increase with increasing s, as one travels from the center of the vessel
(s=0) to the edge of the molten pool, for the second test (Figure 30) no such trend is observed.
There are two apparent reasons for this. Since the average dissolution rate for this test was very low
(presumably due to the pre-existing oxide film on the test vessel surface), no appreciable convective
motion due to concentration induced density gradients would have been established in this test.
Thus, there probably was no appreciable spatial variation in the mass transfer coefficient with s.
Secondly, because of the rather small overall dissolution during the second test, there probably was
not any significant spatial variation in the concentration of stainless steel in the melt either.

As can be seen from Figure 30, small negative values of the dissolution depth were measured
at many locations (indicating a post-test thickness greater than the pre-test thickness at these
locations). This is attributed to the oxidation of the test vessel during the experiment. To further
illustrate the extreme non-uniformity of the dissolution process observed during this experiment, a
dissolution depth map, analogous to that for the first experiment, is presented in Figure 31. Please
refer to the last paragraph of Section 4.1.3 for the description of the x and y coordinates and the
interpretation of the figure. The highly non-uniform nature of the observed dissolution process is
clear from this figure.

Due to programmatic constraints, no concentration measurements using the ICP-AES or the
scanning electron microscopy measurements were performed for this second experiment. However,
since the test vessel suffered negligible dissolution during this experiment, it is unlikely that these
measurements for the second test would yie!d any additional insights.
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DISSOLUTION DEPTH MAP FOR RUN NO. MPD-02
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Figure 31. The dissolution depth map for Run No. MPD-02. x = s. cos(0), y = s. sin(0)
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5, CONCLUDING REMARKS

To study the chemical dissolution of a stainless steel vessel by a poe! of molten "aluminum,
two experiments were performed. In these molten aluminumpool dissolution experiments, 24 inch
diameter 316L stainless steel "ASME Flanged and Dished Heads" were used as the test vessels. For
these experiments, no forced convective motion was established in the molten aluminum pool. The
nominal value of the average melt temperaturefor the first test was 977°C, and for the second test
it was 1007°C. However, the majordifference in initial conditions between the two experiments was
the state of the test vessel surfacejust prior to the instant that molten aluminum was poured into the
test vessel. While the inside surface of the test vessel for the first experiment was virtually un-
oxidized, it was heavily oxidized for the second test.

For the first experiment, the post-test visual inspection, and the measurements of the
dissolution depth at various locations on the test vessel, show the dissolution process to be highly
non-uniform spatially. There is almost insignificant dissolution in the bottom central portion of the
vessel. This seems to be due to the fact that the concentration of stainless steel in the melt in this

region is very high and close to saturation concentration of stainless steel in molten aluminum. On
the other hand, the dissolution is observed to be very high in the outer regions of the vessel (near
the molten pool edge). However, it is noted that even in these outer regions, there are zones which
show very little dissolution. Qualitatively, the azimuthally-averaged dissolution depth was found to
increase as one traversed frc,m the vessel center towards the edge of themolten pool. The maximum
local value of the measured time averaged dissolution rate for this test was found to be 5.05 mm/ht,
and this occurred near the edge of the molten pool. This is about 3.5 times larger than the average
dissolution rate predicted from Greene's [3] correlation for the dissolution of stainless steel by
stagnantmolten aluminum, lt is interestingto note that Greene [3] reported the peak dissolution rate
to be as much as a factor of four larger than the average dissolution rate.

The concentration measurements performed on samples of melt from the first experiment
show the molten pool to be highly stratified with respect to the concentration of stainless steel in the
melt (molten aluminum-stainless steel solution). The scanning electron microscopy analysis of the
cross-section of the test vessel wall at various locations showed the presence of intermetallic
(stainless steel components-aluminum) layers adjacent to the stainless steel surface. The observed
thickness of these layers ranged from a few microns to 85/z. Furthermore, the presence of these
layers in regions where no macroscopic dissolution was measured indicated evidence of "sttack" by
molten aluminum on the test vessel surface at many of these regior,s.

For the second experiment, wherein the inside surface of the test vessel was heavily oxidized
prior to injection of molten aluminum, a large reduction in the dissolution rate was observed. The
maximum value of the measured dissolution rate for this test was 1.18_un/hr, which is much smaller
than the peak dissolution rate of 5.05 mm/hr in the first test. Thus this experiment shows that, at
least up to a temperature of 1007°C, a pre-existing oxide layer on the surface of stainless steel is
protective in nature. However, it is noted that at higher temperatures, this may not be the case due
to the expected thermite reaction between the iron oxide and molten a!uminum.

Because the free stream concentration of stainless steel in the melt and the mass transfer

coefficient on the vessel surface are expected to vary with the coordinate s, a variation in the
dissolution rate with the coordinate s, as one travels from the vessel center towards the edge of the

-57-



molten pool, is expected. However, _o macroscopic phenomena are apparent that would explain the
rather large variation in the dissolution rate with respect to the azimuthal coordinate, 0, as indicated
by the experimental data. Clearly, the origin for this severe azimuthal non-uniformity in the
dissolution process must be microscopic in nature. It is, however, quite likely that once the
dissolution process has started, the dissolution induced convective motion within the melt may
enhance the non-uniformity of dissolution. The rather limited SEM andEDS analysis performed and
presented here is not sufficient to reveal the reasons for the origin of the severe non-uniformity of
dissolution. It is apparent that more experiments, possil_ly at hig,her temperatures, and a more
detailed post-test microscopic metallurgicalexaminations of the test vessels would be needed to solve
this problem. Neverthele_,s, this observed non-uniformity of dissolution clearly points out the
limitations of the idealized models for the dissolution of stainless steel by molten aluminum.

=_
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