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Abstract The fusion dynamics of volcanic ash strongly impacts deposition in hot parts of jet engines. In this
study, we investigate the sintering behavior of volcanic ash using natural ash of intermediate composition,
erupted in 2012 at Santiaguito Volcano, Guatemala. A material science procedure was followed in which we
monitored the geometrical evolution of cylindrical-shaped volcanic ash compact upon heating from 50 to 1400°C
in a heating microscope. Combined morphological, mineralogical, and rheological analyses helped define the
evolution of volcanic ash during fusion and sintering and constrain their sticking potential as well as their ability to
flow at characteristic temperatures. For the ash investigated, 1240°C marks the onset of adhesion and flowability.
The much higher fusibility of ash compared to that of typical test sands demonstrates for the need of a more
extensive fusion characterization of volcanic ash in order to mitigate the risk posed on jet engine operation.

1. Introduction

Over the past 20 years, the threat from volcanic ash to aviation has been widely recognized and documented
[Casadevall, 1994; Miller and Casadevall, 1999; Guffanti et al., 2009]. In particular, the 2010 eruption of
Eyjafjallajokull Volcano in Iceland, which caused major disruptions in air traffic, demonstrated clearly to all
societal actors the threat posed by volcanic ash clouds over vast ranges of airspace corridors [Smith et al.,
2010; Sammonds et al., 2010; Matoza et al., 2011]. Ash, as is the case for any particulate airborne material, can
be ingested into jet engines and can, at higher temperatures, adhere to the internal components of the
engine, causing substantial damage [Pieri et al., 2002; Webley and Mastin, 2009]. Ultimately, this interaction
can result in severe malfunction and in catastrophic engine failure [Drexler et al., 2011]. Moreover, the
deposition of volcanic ash inside an engine is exacerbated by the fact that it is the relatively low temperature
of the glass transition (approximately < 900°C) rather than the typically substantially higher melting
temperatures, at which a viscous liquid will be formed. Thus, the thermal hazard resulting from ash adhesion
to engine parts at the comparatively high temperature of the jet engine (1200-1400°C) [Krotkov et al., 1999;
Smith et al., 2010] may be far higher for volcanic ash than for other, largely crystalline, airborne particulates.
With increasing temperature, volcanic ash transforms (via softening at the glass transition or via melting at
the melting point) into liquid silicate fragments whose viscosity relaxation timescale [e.g., Dingwell and Webb,
1989], which affect sintering dynamics, decrease with temperature [Vasseur et al., 2013]. Each ash is potentially
distinct with respect to its physical state (crystallinity and vesicularity) and its chemical composition (silica
content, water content, iron content, etc.). Large variations in both physical state and chemical composition are
exhibited between eruptive centers, between eruptive events at a single center, and even during single ongoing
eruptive events. In detail, therefore, the fusion and sintering characteristics of volcanic ash are an important
variable in the evaluation of the deposition behavior of ingested volcanic ash onto the high-temperature parts of
jet engines [Swanson and Beget, 1994].

Recent efforts in engineering and material science have focused on the impact of volcanic ash on the
operational performance of a jet engine and the integrity of its internal surface materials (e.g., thermal barrier
coating) [Kim et al., 1993; Borom et al., 1996; Krdmer et al., 2006; Shinozaki et al., 2013]. Dunn and Wade [1994]
tested the effects of volcanic ash deposition on the operation (turbine temperature, residence time, and
pressure) of different gas turbine engines and constrained the minimum turbine inlet temperature required
to cause material deposition on hot engine components to 1094°C. Shinozaki et al. [2013] investigated the
area of a turbine which may be prone to volcanic ash adhesion using as a proxy the temperatures of the gas
and turbine surface. They conclude that volcanic ash deposits principally on the nozzle guide vane, causing
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local overheating and increase levels of surface roughness, which produces corresponding increases in heat
transfer (up to 50%) and surface shear stress coefficient (up to 300%) [Bons et al., 2007].

Simultaneously, efforts to increase the resilience of engines to volcanic ash encounters through the
development of more sophisticated protective coatings have been initiated. Drexler et al. [2011] developed a
novel thermal barrier coating seemingly capable to resist damage from volcanic ash. The coating may,
however, not fully prevent volcanic ash from agglutinating to hot parts of a jet engine, as the rheological
behavior of ingested volcanic ash (at high temperatures and heating rates), and its control on the dynamics of
deposition remains to be tested.

In material science, the sticking potential of material (whether coal ash or here, volcanic ash) at high
temperatures has been recognized as a useful parameterization of its propensity for deposition onto hot
components of an engine [Kim et al., 1993]. A sticking-potential criterion requires consideration of (1) the
onset temperature at which ash is capable of sticking to a hot surface and (2) the time-dependent rheology of
the ash as it evolves to a liquid. Decades of work on ash deposition potentials (fouling and slagging) for
impurities in fuels in chemical engineering (e.g., coal combustion and gasification) [Bryers, 1996; Vargas et al.,
2001] as well as studies on melting characteristics of ceramic glazes and different types of industrial glasses
[Pascual et al., 2001, 2005; Dumitrache and Teoreanu, 2006] have led to the development of characteristic
temperatures to assess the sticking ability of fused material. These are (1) the shrinkage temperature (ST),
(2) the deformation temperature (DT), (3) the hemisphere temperature (HT), and (4) the flow temperature
(FT). This widely employed characterization scheme is yet to be applied in the assessment of volcanic

ash hazards.

Here we quantitatively characterize the fusion and sintering dynamics of volcanic ash from 50 to 1400°C
and provide a thermomechanical analysis to assess the sticking potential. The parameters obtained are
intended to assist in the evaluation of the rheological characteristics of volcanic ash during deposition in
jet engines.

2. Experimental Methods

To investigate the fusion characteristics of volcanic ash during heating, we have used the combined
approach described in greater detail in the supporting information.

2.1. Volcanic Ash Characterization

For the present study, volcanic ash sampled from the 8 November 2012 eruption of Santiaguito Volcano,
Guatemala, was selected due to its currently elevated level of eruptive activity and its hazard potential for
aircraft safety [Bluth and Rose, 2004; Ball et al., 2013]. The chemical composition, mineralogy, and particle size
distribution of the ash sample were obtained using X-ray fluorescence, X-ray diffraction (XRD), and laser
diffraction, respectively (Figures S2 and S7, Table S1, and Text S1 in the supporting information).

2.2. Sintering and Thermal Analysis

The sintering behavior of the volcanic ash was determined by monitoring the geometrical evolution of a
cylindrically shaped volcanic ash compact (CSVAC) sample in a heating microscope (see Movie S1) [Boccaccini
and Hamann, 1999]. The experiments were conducted in air at ambient pressure by heating the core samples
up to 1400°C at a rate of 10°Cmin~" (Figures 1a, 1b, and $3). We quantified the change in height, area,
and shape factor of the CSVAC sample silhouettes during heating (Figure S4 and Texts S2 and S3), which
helped distinguish each of the four characteristic temperatures, ST, DT, HT, and FT. In this manner, it is hoped
that a comparison of sintering and thermal analysis behavior under standard experimental conditions will
enable us to investigate the relationship between thermal history and the sintering process [Greco and
Maffezzoli, 2003]. The thermogravimetric and calorimetric behavior of the Santiaguito volcanic ash sample
were analyzed using a simultaneous thermal analyzer and differential scanning calorimeter (DSC) from 50 to
1400°C at a rate of 10°C min™", respectively (Text S1).

2.3. Structural and Mineralogical Analysis

The structural and mineralogical response of the ash sample to heating was studied at 100°C increments
(from 100 to 1400°C) by optical microscopy, scanning electron microscopy (SEM), and XRD analysis (Text S1).
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Figure 1. (a) Schematic diagram of the heating microscope used to monitor the sintering process. (b) Photograph of location
lin Figure 1. Geometrical definition of the characteristic temperatures in the volcanic ash melting process. (c) Original sample,
(d) ST, (e) DT, (f) HT, and (g) FT. ST defines the temperature in which the area of a sample core’s silhouette decreases by 5%.
DT denotes the temperature initiating the rounding of the corners of a core’s silhouette. HT refers to the temperature at which
a silhouette approximates a hemisphere. FT marks the point at which the sample is spread over the supporting substrate.
(Diagrams in Figures 1c-1g are adapted from CEN/TS 15370-1: 2006 definitions; see Text S3 for details).

2.4. Deposition Behavior Analysis

Each of the four characteristic temperatures was constrained for the volcanic ash by monitoring the
silhouette evolution of CSVAC samples (Figures 1c-1g, S5 and S6, and Text S1) while tilting the carriage
(alumina substrate) by 70° (Figures S11-513 and Text S4). In this test, six samples were lined up into the
groove of a mold to avoid slipping and simultaneously mounted on the carriage at a given temperature.
Upon tilting, one sample was removed to assess the morphology of the initial material. Samples were
subsequently removed at 10 min intervals, to allow characterization of the geometrical evolution and thus to
constrain the ability of sintered ash to flow.

3. Results
3.1. Sintering Behavior

Figure 2a illustrates the sintering behavior of the Santiaguito volcanic ash sample through quantitative
analyses of the geometric changes. The initial change in shape of the ash sample, defined as the point
when the area decreased changed by 1.5% of the original test piece area, occurred at 1115°C. We set this
temperature as a demarcation point to divide the whole heating profile into two phases, namely, a
presintering phase (<1115°C) and a melt-sintering phase (=1115°C).

During the presintering phase, we monitor two stages of mass loss (Figure 2b). The first event (approximately
4wt % of the relative weight loss of the sample) occurs near 105 °C and is attributed to adsorbed water
dehydration [Petit and Bandosz, 2009]. The second mass loss event (75.9 wt % of the relative weight loss of
the sample) observed around 470 °C was likely due to dehydroxylation [Kannan et al., 1996]. These mass
loss events are constrained by the DSC analysis as endothermic reactions [Formosa et al., 2011] and are
accompanied by no changes in the sample mineralogy and microstructures (Figures S7-510). Sample heating
up to this temperature appears to have no effect on subsequent sintering efficiency (Figures 3a-3c).

In the melt-sintering phase, sample melting is evidenced by a broad endothermic peak in the DSC signal
(Figure 2b) and results in significant geometric changes (Figure 2a). Such a deformation response is
commonly used in material science to constrain the sintering dynamics of fuel ash and glass [Adell et al., 2007;
Bretcanu et al., 2009]; here we adopt this scheme. This protocol allows us to further divide the melting-
sintering process into three stages defined by geometrical constraints: (1) shrinkage, (2) swelling, and

(3) fluxion (Figure 2a) [Zhang et al., 2011].
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Figure 2. (a) Monitored sintering dynamics of Santiaguito Volcano ash sample. Height, area, and shape factor curves were
obtained from microscope image analysis for a CSVAC sample. (b) DSC and derivative TG (DTG) curves for the Santiaguito
volcanic ash with a heating rate of 10°C min~". DSC endothermic and DTG signals in the peaks at ~105°C, at ~470°C, and
at ~1320°C are due to the dehydration reaction and dehydroxylation as well as outgassing, respectively, whereas the last
DSC endothermic signal in the temperature range 1100-1400°C corresponds to ash melting process.

1.

The shrinkage stage (1115-1240°C) corresponds to the temperature range over which a sample silhou-
ette’s area and height continuously decrease. Initially, sample shape remains unchanged until at
~1150°C, where the shrinkage temperature, ST, is crossed; the sample silhouette’s corners begin to
round due to melting until the deformation temperature, DT, is reached (Figures 2a, 3¢, and 3d). The
morphological response to melting is accompanied by external color changes (Figures 3i and 3j) as
well as textural and microstructural developments, following the transition from solid to a liquid;
viscous deformation of the ash fragments induces necking at their interfaces, forming an agglutinate
frame (Figures 30 versus 3p and 3u versus 3y, respectively). Melting initiates the necking of small,
and then larger, particles (Figures 3u and 3v), which likely accounts for the shrinkage of the sample
[Coble, 1958; German and Munir, 1976].

The swelling stage (1240-1320°C) is the temperature range over which a sample silhouette’s area
increases; the expansion is accounted for by extensive widening, yet minor shortening. This response

is witness to significant changes in shape of the cylinder into a near sphere, and then hemisphere,
defining HT (Figures 3d and 3e). During this stage, the sample is fully molten as can be macroscopically
observed from the glassy surface of the end product (Figures 3e, 3k, and 3w). This deformation
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Figure 3. (a-f) Photographs of the sintered CSVAC sample showing the changes in the geometric shape upon heating. (g-I) Photographs showing the progressive
fusion and sintering behavior of ash that underline the geometrical changes. (m-r) Photomicrograph and (s-x) SEM image analysis reveal the dominant internal and

external microstructures, respectively.

reflects complete necking between particles, which results in the formation and increase in number of
isolated bubbles (Figure 3q) [Vasseur et al., 2013]. Upon heating, the bubbles coalesce and expand
(both thermally as well as possibly due to the release of volatiles into the bubbles), causing the observed
increase in the area of the sample [Rickard et al., 2012].

3. The fluxion stage (1320-1400°C) corresponds to the temperature range over which a sample silhouette’s
area strongly decreases. This is due to spreading out of the liquid across the alumina substrate due to a
reduction in surface tension of the melt with heating. We observe a short period of sample expansion
in the fluxion stage (at 1348°C), which is caused by reshaping of the semispherical liquid droplet
(with convex contact with the substrate; see Figure 3e) into a spread-out film (with concave contact with
the substrate; see Figure 3f), which then in turn flows as the temperature increases further [Humenik and
Kingery, 1954]. This geometrical transition marks a temperature at which viscosity supersedes surface
tension as a key parameter controlling flow and stickiness of the droplet. In the fluxion stage, the height
and shape factor mimics the trend of area change (Figure 2a); however, discrepancies in the magnitude of
changes are inferred to be the consequence of the outgassing of bubbles from the liquid, as indicated
by the TG curves. (Figures 2b, 31, 3r and observed in Movie S1)

3.2. Characteristics of Volcanic Ash Deposition

In the foregoing we have characterized the deposition behavior of volcanic ash at ST, DT, HT, and FT through
an analysis of the sticking ability and flow distance of the sintered CSVAC samples through time, with the
sample on a horizontal and on a tilted substrates (Figures 4a, 4b, and S$12). While holding the samples at
temperature ST, the samples kept shrinking but did not stick to the substrate, even after 50 min (Figures 4a
and 4c). At DT, the samples began to stick to the substrate and flow required 10 min to initiate (Figures 4a
and 4d); after 20 min, we measured a constant flow rate (i.e., slope in Figure 4). At HT and FT, the samples
flowed readily (Figures 4a, 4e, and 4f); here again, 20 min is required for the flow rate to become steady. We
note that the flow rate increases with increasing temperature, due to the lower viscosity of the melt. This
morphorheological analysis suggests that the sticking and flow potential of volcanic ash becomes important
once temperature reaches the deformation temperature, DT.
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Figure 4. (a) The relative flow of sintered CSVAC samples at each one of the four characteristic temperatures. The plots is
complemented by (b) a schematic of the setup and flow measurements before and after tilting the substrate (L =the
original distance to the edge of alumina plate, L =the distance after tilting to the edge of alumina plate). The sticking
potential is demonstrated as a function of residence time at (c) ST, (d) DT, (e) HT, and (f) FT.

4, Interpretation and Discussion

The results presented in this study illustrate the need for a complete rheological description of volcanic ash
across a wide range of temperatures in order to constrain and ultimately mitigate the impacts of volcanic ash
on jet engine operation. The fusion and sintering experiments reveal a dynamic deformation and flow
behavior, which contrasts with a simple picture of sample rheology. Rheological studies on silicate liquid
rheology are typically concerned with the Newtonian behavior of relaxed crystal- and bubble-free melts in
equilibrium (i.e., undergoing no changes in phase or chemistry) [e.g., Dingwell, 1996], although some recent
studies have investigated the effects of crystallization [e.g., Song et al., 2010, 2013]. Traditional rheometers do
not allow viscosity determination over as wide a temperature (and viscosity) range as that required to
describe fully volcanic ash behavior. A complete description of volcanic ash fusion and sintering dynamics
therefore requires consideration of the glass transition, melting, volatile evolution, bubbling, and outgassing
—a series of processes which induce a nonlinear rheological response, and which preclude simple non-
Arrhenian description based on chemical composition. The experiments presented in this study offer a
relationship between characteristic temperatures and the rheology of the material. The tests demonstrate
the inability of volcanic ash to stick to a substrate at temperatures below DT—a temperature limit, which
ought to be identified when assessing the safety operation of jet engines. Regions of an engine reaching
ST should be viewed as being at risk of sticking, without further spreading unless they are subjected to long
residency timescales. Above ST, the sticking and flow potential increase rapidly with increasing temperatures
(HT and FT) and extended residency may increase damage accumulation.

Sand, which is the particulate most commonly ingested by jet engines, has been used to test turbine
operation performance in dust-laden environments. The response of jet engines to the ingestion of foreign
particulates strongly depends on their chemical and physical characteristics, yet the literature on this subject
has been dominated by sand studies. Due to its liquid origin and high cooling rates, however, volcanic ash
usually contains a host glass (i.e., an amorphous phase lacking crystallographic order) which differs both
mechanically and rheologically from crystalline sand. A salient observation is that temperatures of sintering
and complete melting of Eyjafjallajokull volcanic ash are lower than those of sand by 300°C and 350°C
[Kueppers et al., 2014]. Thus, a picture is rapidly emerging in which the impact of volcanic ash deserves
separate consideration in order to assess the range of potential hazards on jet engine operation. We propose
the protocols defined above as a way forward in this task of utmost importance.
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5. Conclusion

This is the first material science study to quantitatively analyze the complex processes of shrinkage, swelling
and fluxion of sintering, and melting of volcanic ash. Our analysis of the sticking potential and flow behavior
of volcanic ash employing characteristic sintering temperatures highlights the propensity of volcanic ash to
impact hot components (of a jet engine) at temperatures exceeding the deformation temperature (defined
for volcanic ash, such as from Santiaguito, at 1156°C). This experimental approach remains to be expanded
for different heating rates and very importantly, for the breadth of volcanic ash (chemical and mineralogical
compositions) state, in order to constrain the potential impact of volcanic ash on jet engine operation.
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