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Partial melting of a Pb-Sn mushy layer due to heating
from above, and implications for regional melting

of Earth’s directionally solidified inner core

James Yu', Michael I. Bergman'?, Ludovic Huguet?, and Thierry Alboussiere?

"Physics Department, Simon’s Rock of Bard College, Great Barrington, Massachusetts, USA, *Laboratoire de Geologie de
Lyon, Université Lyon 1, ENS de Lyon, CNRS, Villeurbanne, France

Abstract Superimposed on the radial solidification of Earth’s inner core may be hemispherical and/or
regional patches of melting at the inner-outer core boundary. Little work has been carried out on partial
melting of a dendritic mushy layer due to heating from above. Here we study directional solidification,
annealing, and partial melting from above of Pb-rich Sn alloy ingots. We find that partial melting from above
results in convection in the mushy layer, with dense, melted Pb sinking and resolidifying at a lower height,
yielding a different density profile than for those ingots that are just directionally solidified, irrespective of
annealing. Partial melting from above causes a greater density deeper down and a corresponding steeper
density decrease nearer the top. There is also a change in microstructure. These observations may be in
accordance with inferences of east-west and perhaps smaller-scale variations in seismic properties near the
top of the inner core.

1. Introduction

In spite of the small cooling rate of Earth’s inner core (IC), the small temperature gradient in the core favors
the morphological instability [Mullins and Sekerka 1964] of the IC boundary [Loper and Roberts 1981; Shimizu
et al. 2005; Deguen et al. 2007; Alexandrov and Malygin 2011]. This results in dendritic growth of the Fe-rich IC,
with a small liquid fraction possibly extending to its center [Fearn et al. 1981]. The resulting solidification
texturing has been suggested as a possible cause [Bergman 1997] for IC elastic and attenuation anisotropy
[Poupinet et al. 1983; Morelli et al. 1986; Woodhouse et al. 1986; Creager 1992; Souriau and Romanowicz
1996]. In addition, seismology has also inferred east-west variations in IC elastic anisotropy [Tanaka and
Hamaguchi 1997], attenuation anisotropy [e.g., Cao and Romanowicz 2004], and isotropic velocity [Tanaka
and Hamaguchi 1997; Niu and Wen 2001]. More recently, Cormier and Attanayake [2013], Iritani et al. [2014],
and Yee et al. [2014] argue for smaller-scale variations in seismic properties.

Moreover, seismology has suggested a dense, i.e., Fe-rich, layer at the base of the outer core (OC) [Souriau and
Poupinet 1991]. The cause of this layer could be IC translation [Alboussiere et al. 2010; Monnereau et al. 2010],
which would result in melting at the inner-outer core boundary of one hemisphere. As the IC translates, the
microstructure may evolve, either through diffusion or recrystallization [Bergman et al. 2010; Al-Khatatbeh
et al. 2013], because the solidification microstructure is not necessarily thermodynamically stable once the
solidification ceases [Marsh and Glicksman 1996]. These processes that lower surface free energy (or energy
due to defects as a result of deformation) are known as annealing and occur more rapidly at high tempera-
ture. They can result in a weakening of an existing (e.g., solidification) texture and could be a cause for hemi-
spherical variations in elastic anisotropy [Bergman et al. 2010]. Moreover, grain growth during translation and
annealing might result in east-west variations in attenuation and isotropic velocity [Monnereau et al. 2010].

Alternatively, Sumita and Olson [1999] and Aubert et al. [2008] have suggested that mantle control over OC
convection might be the cause for east-west and regional seismic variations. Gubbins et al. [2011] further
suggested that such mantle control could even result in regional melting of the IC boundary, resulting in
the Fe-rich layer at the base of the OC. Translation on its own cannot explain a complex pattern of IC seismic
properties, but Mizzon and Monnereau [2013] find that for an IC viscosity of about 10'®Pa's IC convection
(resulting in shear) and translation can coexist, in agreement with results by Deguen [2012].

In this study we examine experimentally the processes of directional solidification, annealing, and partial
melting from above of a Pb-rich Sn alloy in order to simulate these processes in Earth’s IC. In particular we
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Figure 1. Pb-Sn phase diagram.

are interested in changes in both the alloy’s microstructure, due to diffusion, and the resulting density profile,
due to interdendritic liquid convection.

Several related studies have been carried out. Hallworth et al. [2004] studied melting from above of a
self-supporting matrix of solid KNOs crystals bathed in an aqueous KNOj3 solution that also contains some
proportion of inert glass beads. They found that the melting from above can result in solidification below
due to liquid convection as the denser KNOs sinks. Their study was focused on understanding postdeposi-
tional, prelithification mechanisms to induce compositional layering in sedimentary and igneous rocks and
was therefore not concerned with a dendritic microstructure. Hallworth et al. [2005], Butler et al. [2006],
and Butler [2011] analytically and numerically studied the KNO3 system, finding that the heat from above
is used in the dissolution of solid crystals at the top of the layer, resulting in mass redistribution through brief
but intense convection, as suggested in the experiments.

2. Experimental Procedure

We used a Pb-25 wt % Sn alloy because it forms a simple eutectic system (Figure 1) with low pure-metal melting
temperatures and because there is a large density difference between Pb and Sn. We work on the Pb side of the
eutectic, resulting in Pb-rich dendrites, although there is some solubility of Sn in the solid Pb phase, and vice
versa. Although Pb is cubic whereas Fe under IC conditions is likely hexagonal close packed (hcp) [Tateno et al.
2010; Lincot et al. 2015], the occurrence of dendrites does not depend on the crystal structure [Hellawell and
Herbert 1962], though the crystallographic direction and form of the dendrites does, with cubic dendrites being
more nearly figures of revolution and hcp dendrites taking on the form of platelets parallel to the basal plane.

Figure 2 is a sketch of our furnace. We first melt 1800 g of Pb-25 wt % Sn (1350 g of 99.9% pure Pb and 450 g of
99.9% pure Sn) in a cylindrical graphite crucible that slides down into a resistance furnace (maximum power
840 W), with the heating coils located near the top of the crucible and cooling tubes machined into the
furnace’s base through which we circulate water. The furnace sidewalls are thermally insulated. Two bores in
the walls of the crucible hold type K thermocouples at heights of 3mm and 153 mm. For the solidification
experiments we use the lower thermocouple (labeled 1 in Figure 2) as the feedback thermocouple for a
programmable thermal controller, while the upper thermocouple (labeled 2) is passive. We ran experiments
at two different temperature gradients depending on the presence of an insulating spacer between the crucible
bottom and the cooling tubes.
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Figure 2. Sketch of the directional solidification furnace. The crosses are
the rough locations of the ingot section centers for which we computed
the density.

Once the lower (cooler) thermocouple
is at 350°C and the alloy is molten, we
program cool the alloy at a rate of .25°
C/min down to room temperature. At
this time, the larger temperature gradi-
ent is about 1.3°C/mm and the smaller
.7°C/mm (the gradients may not be
constant, but they are based on just
the two thermocouple positions).
Because of the fixed nature of the
furnace, these temperature gradients
necessarily decrease as the overall tem-
perature decreases. This cooling rate
and these temperature gradients are in
the range for upward directional solidi-
fication to produce dendritic growth
(Figure 3a). The resulting ingots have a
height of 114 mm. This first step of our
experiments simulates directional soli-
dification of Earth's IC.

The second step is meant to simulate
annealing (perhaps due to translation),
which is essentially exposure to high
temperature without deformation. We
carry out this step by removing a
cooled, directionally solidified ingot
and placing it in an isothermal oven at
a temperature of 170°C, just beneath
the Pb-Sn eutectic temperature, for
1 week. We then let it cool at room tem-

perature, which took a couple of hours. Based on the diffusivity of Pb close to its melting temperature
(D=4.5%10""*m?/s [Porter and Easterling, 1992]) and the length scale of secondary dendrites, i.e., side-
branches, seen in Figure 3a (L =50-100 um), we determined that 1 week is sufficient time r = L%/D for signifi-
cant coarsening. This is borne out in Figure 3b. In some experiments we skipped the annealing step and
proceeded directly from directional solidification to partial melting from above.

The third step, partial melting from above, is meant to simulate regional melting of the IC boundary. To
accomplish this, we put an annealed ingot (or a directionally solidified one if we skipped the annealing step)

Figure 3. Micrographs of horizontal slices at a height of 63 mm, 40X magnification (the bars in all micrographs are 1 mm),
polished to 3 um, and etched with 2% nital for 30 s. The Pb-rich phase is dark, the eutectic phase light. (a) A directionally
solidified ingot with the smaller temperature gradient, showing cross-shaped, Pb-rich dendrites. (b) A directionally
solidified (with the smaller temperature gradient) and then annealed ingot, showing coarsening as the secondary arms

have become more globular.
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Figure 4. Plot of density versus height for ingots after each of the three processes, for two temperature gradients. We
skipped the annealing step for the larger temperature gradient. The key observation here is that the ingots partially
melted from above have densities that differ maximally from those only directionally solidified/annealed at a height of
55 mm (smaller temperature gradient, dotted red lines) and at 60 mm (larger temperature gradient, solid red lines). Mass
must be conserved, and above these heights the ingots partially melted from above have densities that decrease more
rapidly with height.

back in the crucible and furnace. Here for the partial melting from above experiments, we use the upper
thermocouple (labeled 2 in Figure 2) as the feedback thermocouple. We set the temperature at thermocouple
2 to be 250°C, with either the smaller or larger temperature gradient. These temperature profiles cross the
liquidus temperature at some height in the ingot, as discussed in section 3. We exposed an ingot to one of
these temperature profiles for 4 h, before turning off the furnace and cooling to room temperature.

After each of the three steps, we machined horizontally 10.0 mm thick slices for some of the ingots and deter-
mined their densities. Some of these slices we also polished using standard metallographic techniques in
order to obtain micrographs. We did the same for a few vertically cut slices.

3. Results

Figure 4 plots density versus height for a number of ingots after each of the three steps, for the two tempera-
ture gradients. The horizontal cuts produce five 10.0 mm thick slices, plus the bottom and top pieces, which
are thicker. We plot the densities at the midpoints of each section, also accounting for machining losses.

Figure 4 shows that the directionally solidified ingots (purple) and the annealed ingots (green) do not show a
great difference in their density profiles. Although the annealing coarsens the microstructure via diffusion
(Figure 3b), there is unsurprisingly not a change in the macrosegregation of the alloying elements since
the annealing temperature was below the eutectic temperature. However, the ingots partially melted from
above (red) show a consistently different trend, with a density difference peaking at a height of about
55 mm (for the smaller temperature gradient, dotted line) and about 60 mm (for the larger temperature gra-
dient, solid line). Above about 65 mm the densities of those ingots partially melted from above drop more
steeply than those ingots that were only directionally solidified/annealed. Below about 45 mm the densities
of those ingots partially melted from above differ little from the others. Since the ingots partially melted from
above have maximal density differences near 55 and 60 mm, to conserve mass, it is consistent that they have
correspondingly lower densities at greater heights.

Our hypothesis is that as dense, Pb-rich dendrites melt from above, the resulting liquid sinks and then reso-
lidifies at a greater depth where it is cooler as was observed in Hallworth et al. [2004]. Obviously, melted inter-
dendritic Sn-rich liquid must then rise, which is apparent in Figure 5a with the presence of more lighter-
colored eutectic above 58 mm. This vertical section is cut from a height in the ingot where the actual crucible
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Figure 5. Micrographs of vertical slices at two different heights of an ingot partially melted from above (directionally
solidified with the smaller temperature gradient and without the annealing step), 20X magnification (the bars in all
micrographs are 1 mm), polished to 3 um, and etched with 2% nital for 25 s. The Pb-rich phase is dark, the eutectic phase light.
The vertical lines denote the vertical direction in the slices. (a) The horizontal front at 58 mm (marked with arrow) is likely due
to complete melting and dendritic resolidification above and coarsening below (in a region that was partially melted). (b) The
horizontal front at 50 mm (marked with arrow) is likely due to coarsening above (in a region that was partially melted), with the
original vertical dendrites of the directional solidification microstructure preserved below (though in a region that was also
partially melted). The lower edge of Figure 5a and the upper edge of Figure 5b are contiguous.

temperature crossed the liquidus (see following paragraphs and Figure 6). Above this crossover, melting was
complete, and below, melting was partial to the eutectic phase and some Pb-rich dendrites. The density of
this section (dotted red) is comparable to those only directionally solidified/annealed, presumably because
the greater fraction of lower density eutectic phase above 58 mm is balanced by the higher density below.

To confirm the cause of the mass redistribution, we calculated the mass fraction of Pb/Sn (assuming linear
mixing) from the density of each directionally solidified slice in Figure 4. From the phase diagram, Figure 1,
we then computed the liquidus temperatures of those compositions versus height. We plot these in
Figure 6, along with the two actual crucible temperature profiles. For the smaller temperature gradient this
profile is based on just the two thermocouple measurements, but for the larger temperature gradient we
took measurements approximately every 10 mm by manually raising the thermocouple. According to
Figure 6, above about 60 mm the actual crucible temperature is greater than the liquidus, so there should
have been complete melting above this height. Below this height, eutectic phase and outer layers of Pb-rich
dendrites would have melted in accordance with the phase diagram, Figure 1.

This is consistent with the horizontal front seen at about 58 mm in Figure 5a, which is the line above which
there was complete melting, with resolidification occurring with a dendritic microstructure. At the end of the
experiment we simply turned off all heating, so the crucible cooled much more quickly than during a

Temperature vs Height
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Figure 6. Plot of liquidus temperatures and crucible temperatures during partial melting from above versus height, for two
temperature gradients.
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programmed directional solidification, resulting in the observed finer microstructure. Below this line melting
was incomplete and the remaining dendritic structure appeared to have coarsened (with loss of secondary
arms) during the partial melting from above. This height coincides with where the density profiles of the
ingots partially melted from above differ maximally from those only directionally solidified/annealed (about
55 mm, Figure 4). We believe that this correspondence results from the pooling of dense Pb-rich melt in the
top of the partially melted zone where the permeability is still relatively high. We will discuss this further in
the next section.

Interestingly, at a height of about 50 mm we find another front, below which the original directional solidifi-
cation microstructure is more apparent (Figure 5b). Figure 4 shows there was little mass redistribution below
this line. However, it is not clear why this front should be so sharp since according to Figure 6, the entire ingot
heights were above the eutectic temperature during partial melting from above, and coarsening is a diffusive
phenomenon. Vertical sections of the original directional solidification microstructure show no such fronts.

4, Discussion and Geophysical Implications

If the IC is translating [Alboussiere et al. 2010; Monnereau et al. 2010] or lateral variations in heat flow from the
OC are sufficiently large [Gubbins et al. 2011], then the IC is regionally melting even as it overall directionally
solidifies. Those regions that are solidifying are likely taking on a dendritic microstructure [Loper and Roberts
1981; Shimizu et al. 2005; Deguen et al. 2007; Alexandrov and Malygin 2011], and if the IC is translating without
deformation, it is likely annealing [Bergman et al. 2010; Al-Khatatbeh et al. 2013] before melting from above.
Directional solidification has been well studied, as has annealing, though perhaps not as much in the context
of Earth’s IC. Here we study partial melting from above.

The first work to study melting of a mushy layer was a theoretical one by Feltham and Worster [2000].
Although they studied the evolution of the solid fraction, which is related to our measurements of density
profiles, they did not consider convection driven by the melting in the mushy layer. As a result, their similarity
solutions do not admit the possibility of macrosegregation resulting from the melting, and hence general
changes to the shape of the density and solid fraction profiles. Hallworth et al. [2004] seem to be the first
to observe that melting from above of a reactive mixed phase region can result in solidification deeper within
that region as a result of convection, which was supported with theoretical work by Hallworth et al. [2005],
Butler et al. [2006], and Butler [2011], but these studies were for a porous mixed phase region that was not
originally formed by directional solidification, as is the case here and in Earth’s core.

As can be seen in Figure 3b, annealing produces coarser dendrites with less sidebranching, as a result of dif-
fusion. This is in accordance with Marsh and Glicksman [1996] and Al-Khatatbeh et al. [2013]. As expected,
Figure 4 shows that annealing does not change the directional solidification density profile, but surprisingly,
ingots that were first annealed before partial melting from above have similar density profiles to those that
skipped the annealing step (in Figure 4, two of the red dotted lines skipped the annealing steps, one did not,
but they are all similar). This seems surprising because one might expect the sidebranches of the directional
solidification microstructure (Figure 3a) to inhibit convection more effectively than the less tortured annealed
microstructure (Figure 3b).

A useful measure of convection in a mushy zone is the mushy zone Rayleigh number Ra,,, [Fowler 1985;
Worster 19911. Rdp, =ﬂ*|AC|gl'IL/wc, where 8 =8 —T'a and 8 and a are the coefficients of solute and thermal
expansion. Assuming a linear liquidus T', TAC= AT, where AC=C, — C, and AT=T(C,) — Te. Here C, is the
initial percent melt composition, 25; T (C,) is the liquidus temperature at this composition, 270°C; and C.
and T are the eutectic composition and temperature, 62 and 183°C, so that |AC|=37; g is gravity, and v
and « are the fluid viscosity and thermal diffusivity. Values for o, 8, I', v, and x can be found in Table Il of
Bergman et al. [1997]. L is the thermal length scale, x/V, where V is the solidification growth rate.
V= (dT/dt)/(dT/dx), where dT/dt is the programmed cooling rate, .25°C/min, and d7/dx is the (nonconstant)
furnace temperature gradient. Finally, IT is the permeability.

In estimating IT we follow Bergman et al.[1997], setting IT = 6%, where & is the averaged measured interdendritic
spacing through which liquid must flow. One might hope that this accounts for both the local liquid fraction
and the geometry of the dendritic matrix. For Figure 3a, we made 65 measurements, finding =43 pm, yielding
[I=18x10""m? Using the initial dT/dx, .7°C/mm, the initial V=58xx10"3mm/s, increasing as the
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temperature gradient decreases as the furnace cools. This yields an initial Ra,, =2300, which is supercritical for
convection [Bergman et al. 1997], consistent with the macrosegregation in Figure 4. Although at least one ingot
exhibited a freckle trail [Copley et al. 1970], we did not consistently find evidence for chimneys. However,
Bergman et al. [1999] found that the absence of chimneys does not affect the macrosegregation, and the
directional solidification density profiles found here are similar to those in Bergman et al. [1997].

A calculation of Ra,, for Figure 3b yields 2400, which is comparable to that for Figure 3a. This likely explains
why the density profiles for the ingots partially melted from above did not depend on whether the direction-
ally solidified ingots were annealed (all the dotted red lines in Figure 4 are similar). Finally, a calculation of Ra,,
at a lower height in the same ingot as shown in Figure 3a yields a lower value, 600, which might explain why
convection does not effectively extend deeper down during partial melting from above (the density profiles
in Figure 4 are all similar below a height of 45 mm). We do not, however, have a good explanation for the
sharp front seen in Figure 5b.

The primary observables from these experiments are that the density profiles of the directionally solidified
ingots, partially melted from above, differ from those that are only directionally solidified/annealed (Figure 4)
and that microstructure changes upon partial melting from above (Figures 5a and 5b). We emphasize that
the results of these experiments apply for regional as well as hemispherical melting from above. In the case that
the ICis translating eastward [Alboussiere et al. 2010] then the top of the eastern IC might be less dense than the
corresponding top of the western hemisphere and that deeper down the eastern hemisphere might be more
dense than the corresponding depth in the western hemisphere.

Niu and Wen [2001] found that in the uppermost 100 km of the IC the isotropic velocity in the Eastern
Hemisphere is .8% faster than that in the Western Hemisphere. The top of the Eastern Hemisphere being
faster is consistent with the experimental results if we assume that variations in the compressional velocity
Vo= ((;c+4/3/1)/p)”2 are due to variations in density p, and the bulk and shear moduli x and u are constant.
The density contrast between Pb-rich dendrites and eutectic Pb-Sn is 1.8 g/cm®, whereas that between the
top of the IC and base of the OC is only 0.6 g/cm> (preliminary reference Earth model [Dziewonski and
Anderson, 1981]). Scaling the density difference from what we find in Figure 4, we calculate that density
differences arising from convection due to melting of the IC could result in a .4% variation in isotropic
velocity. This could be an underestimate because it does not take into account the greater convective efficacy
due to the larger length scale in the IC.

The depth dependence of the east-west variations in isotropic velocity is still uncertain: Cao and Romanowicz
[2004] and Iritani et al. [2014] find little difference beneath 100-200 km, whereas Lythgoe et al. [2014] find var-
iations extending to the center. However, it is likely that the high pressure of the core will squeeze out a high
fraction of interdendritic melt beneath a depth of a few kilometers [Sumita et al. 1996], so although intriguing,
it is not clear whether convection due to melting is viable for explaining the observed depth extent of east-
west variations in isotropic velocity. It is also possible that the direction of translation may be westward and
that perhaps it is the change in microstructure that plays the key role in determining the heterogeneity of
seismic velocity and attenuation. Experiments underway using a centrifuge and the melting from above of
directionally solidified NH4Cl and ultrasonic measurements on the different microstructures may help to
answer these questions.
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