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ARTICLE INFO ABSTRACT

Keywords: FOAMGLAS?® is a closed-cell glass insulation that has a high porosity, is impermeable, and can be heated above
Experiment its glass transition temperature (Tg) without fracturing. Here, we characterize, using standard laboratory tech-
Volcanology niques, the thermal and transport properties of FOAMGLAS®, and report viscometry and calorimetry results.
RhEOIf)gy Based on this characterization, we propose that FOAMGLAS® be used as a proxy material in studies of the
z;;i::}zar dening deformational behaviour of natural crystal-free melts populated with isolated bubbles. We demonstrate its utility
Permeability with a case study: cores of FOAMGLAS® are deformed at high temperature (> Tg) in uniaxial compression.

Deformed FOAMGLAS® samples record a different pattern of strain accumulation (volume loss vs. bulging)
compared to deformed natural materials where bubble connectivity is high (e.g., sintered ash, vesicular lavas).
The divergent behaviour can be ascribed to pressurization of the isolated gas-filled bubbles as a result of
compression. The pressurized bubbles resist deformation, and expand when unloaded. In contrast, the high
connectivity of open-cell foams allows gas escape and collapse of pore space during compression. The different
behaviours of open- and closed-cell melt foams highlight the influence of isolated bubbles on magma rheology.
These results demonstrate the utility of FOAMGLAS® as an experimental analogue for closed-cell bubble-rich

magmas.

1. Introduction

In magmatic and volcanic systems, ascending silicate melts foam as
they transit the Earth to erupt. Foaming produces melt populated with
gas-filled bubbles. Empirically, we know the addition of bubbles to a
melt has a large impact on magma density [1], thermal diffusivity and
conductivity [2], viscosity [3-6], and the potential for fragmentation
[7]. However, a quantitative understanding of how bubble content af-
fects the bulk properties of bubble-rich melts is mainly absent. In the
geological sciences, we often design experiments to produce data that
inform on the effects of bubbles to fill existing gaps in our under-
standing [2-4,8]. A critical element for ensuring the experimental re-
sults are widely applicable is using a well-characterized starting mate-
rial (i.e. materials for which the glass water content, average bubble
size, bubble size distribution, etc. are already known). Here we propose
FOAMGLASS®, a cellular glass insulation, as an analogue for bubble-rich
melts in experimental studies conducted above the glass transition
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temperature (Tg). In the following sections we characterize the material
and demonstrate its utility in experimental studies of magmatic foams.

2. FOAMGLAS®

FOAMGLAS?® is a high-porosity cellular glass insulation produced by
Owens Corning Corporation [9]. It is a durable low-density industrial
material, favoured for its high compressive strength (given its porosity)
and low thermal conductivity. It is impermeable to water and water
vapour. Many of the physical and thermal properties, which have been
determined using ASTM (American Society for Testing and Materials)
methods and standards, are reported by Owens Corning for each of the
materials within the FOAMGLAS® product line [10].

FOAMGLAS® HLB 2400, the specific FOAMGLAS® product used
throughout this study, is synthesized from recycled soda-lime glass and
other natural materials, including sand, dolomite, and lime. No fibres or
binders are present in the material [11]. The bubbles in the glass foam
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Fig. 1. X-ray computed tomography (XCT) and scanning electron microscopy
(SEM) images of FOAMGLAS®. (a) Compiled XCT images of a FOAMGLAS® core
(6 x 1 mm) show the distribution of glass (white) and bubbles (dark grey) in
three dimensions. The position of the slices shown within the FOAMGLAS® core
are indicated by the yellow lines in each orientation (i.e., XY, YZ, XZ). Sub-
rounded bubbles 100-275 pm in radius are uniformly distributed within the
glass and separated by thin curvilinear glass walls. Smaller bubbles
(radii < 25 pm) sit within the glass walls (b, c). Cores do not show bubble wall
fracturing as a result of sample preparation. Irregular black shapes in (b) are
glass walls cut during sectioning and give view into bubbles. White box in (b)
shows location of (c). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

contain gas (> 99.5% CO,), are sub-rounded, and homogenously dis-
tributed within the glass (Fig. 1). The size distribution of the bubbles is
bimodal: the volumetrically dominant bubbles have radii between 100
and 275um (Fig. 1b), while a second population of smaller bubbles
(radii < 25um) are present in the glass films that separate bubbles
(Fig. 1c).

Table 1 includes the properties of FOAMGLAS® HLB 2400 as re-
ported by Owens Corning [11]. To augment these data we have in-
cluded the results of our independent characterization and testing of
this material using typical methods and analyses in volcanological
studies (following sections) (data available in Table 1).
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Table 1
Average physical and thermal properties of FOAMGLAS® (HLB 2400) as mea-
sured in this study and reported by Owens Corning Corporation (OCC).

Property Measured Uncert. Calculated  Uncert. 0ocCC

Density (gcm ™ 3)*
Dimensional - - 0.21
(pdim)
Skeletal (psie1) - - 0.22 < 0.001 -
Bulk (ppui) - - 2.41 0.01 -
Porosity”
Total (dro0) - - 0.91 0.01 -
Connected (¢con) - - 0.06 < 0.01
Isolated (¢iso) - - 0.85 0.01
Permeability (k; <1078 - - - 0
m?)
Thermal
conductivity
(G
Wm™'K™)
25-30°C 0.074 < 0.001 - - 0.057
150°C 0.088 0.001 - - 0.080
Thermal diffusivity
(a¢; m?s™ Y
25-30°C
150°C
Specific heat
capacity (Cp;
JgTlKTYE
25-30°C - - 0.65 0.03 0.77
150°C - - 0.81 0.05 -
VFT fit parameters
A —-2.14 - - - -
B 4238.96 - - - -
C 498.45 - - - -
Tg (°C) 525 - - - -
n=10"Pas
Melt fragility 38 - - - -
(“steepness
index”)

< 0.001 0.20

0.02 x 1077
0.03 x 1077 - - -

5.38 x 1077
5.19 x 1077

@ Calculated from measured mass, and dimensional (caliper) and skeletal
(helium pycnometry) volumes (at ambient temperature); uncertainties are
propagated from 1o uncertainty in volume and mass measurements.

b Gor =1 — Pdim/ Pbull Geon =1 — Pdim/Pskels Giso = Drot — Deons un-
certainties in average densities have been propagated to give uncertainties in
porosities; connected porosity represents the bubbles that intersect the surface
of the prepared cores (see Fig. 1a).

¢ Cp = M/(paim @); uncertainties average dimensional density, thermal con-
ductivity and thermal diffusivity have been propagated.

3. Characterization
3.1. Porosity and permeability

Our porosity and permeability measurements are based on cylind-
rical cores (2.4 X 5.2cm) prepared (cored and ends ground) from a
single sheet of FOAMGLAS® HLB 2400 (45 x 60 x 5.2 cm). Each core
was measured at ambient temperature for sample length and diameter
using digital calipers, mass using a high precision balance, and skeletal
volume (i.e. volume of glass + isolated bubbles) using a Micromeritics
AccuPyc II 1340 He-pycnometer. The bulk density of the bubble-free
glass was calculated from the mass and volume of chips of re-melted
FOAMGLAS® (see Section 3.3) when measured at ambient temperature.
From these measurements we determined the average dimensional
(pdim), skeletal (pske) and bulk (ppyi) densities of the glass. The average
total (¢or), connected (dbeon) and isolated (¢iso) porosities are calculated
from these densities. Table 1 includes these values and relevant equa-
tions. Uncertainties in densities and porosities are propagated from the
lo standard deviation of the measured sample lengths, diameters,
masses and skeletal volumes.

The permeability of the FOAMGLAS® cylindrical cores was esti-
mated using the benchtop nitrogen permeameter at the Institut de
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Physique du Globe de Strasbourg (IPGS, University of Strasbourg,
France) (see Heap et al. [12] and Kushnir et al. [13] for detailed de-
scriptions of the apparatus, methods, and supporting theory). To
minimize gas flow along the outer surfaces of the cores, we coated the
cylinders with a silicone sealant and placed the coated core within an
annular silicone rubber jacket before inserting them into the confining
pressure vessel of the apparatus. A confining pressure of 1 MPa was
used for all measurements. A transient pulse method was used, with an
initial upstream fluid pressure of 2000 mbar and atmospheric condi-
tions as the downstream fluid pressure/reservoir. Test times were re-
stricted to 16 h and conducted overnight to avoid diurnal temperature
changes. Over the experimental timescale there was negligible (< 10%)
change in the upstream fluid pressure indicating a permeability below
the detection limit of the permeameter («10~ ' m?) (Table 1).

In summary, FOAMGLAS® cores have high measured total porosities
(~0.91) and remain impermeable following sample preparation pro-
cesses (Table 1). The gas-accessible porosity (from helium pycnometry;
reported in Table 1 as the connected porosity) represents the proportion
of bubbles that intersect the surface of the core (e.g. Fig. 1a), rather
than bubbles that have been connected as a result of FOAMGLAS®
synthesis or coring and grinding.

3.2. Thermal conductivity and diffusivity

The thermal conductivity and diffusivity of the material were
measured at ambient temperature (25-30 °C) and 150 °C, using a Hot
Disk TPS 500 Thermal Constants Analyzer equipped with a Kapton-in-
sulated sensor (design 5465) at IPGS (see Heap et al. [14] for a detailed
description of the apparatus) (Table 1). The sensor was sandwiched
between two FOAMGLAS® cores and six consecutive measurements
were conducted at five-minute intervals to ensure thermal equilibration
of the sample between measurements. The output power was 10 mW,
and was applied for 20 s. For measurements at 150 °C, the entire sample
assembly was heated within a box furnace (SalvisLab VC20 vacuum
oven) and left for 1 h to ensure thermal equilibration. The sample was
then placed in the assembly at 150 °C and left for an additional hour
prior to the first measurement, again to ensure thermal equilibration. In
all thermal analyses, diffusivity and conductivity were measured si-
multaneously, and the specific heat capacity was calculated by the Hot
Disk system from these measurements and the input dimensional den-
sity of the glass (0.21 g cm ™ 3). Table 1 includes relevant equations and
the uncertainty in these measurements.

At elevated temperatures, the measured thermal conductivity in-
creases, whereas the measured thermal diffusivity decreases (Table 1).
The calculated specific heat capacity is also greater at 150 °C than at
ambient conditions (Table 1). The measured conductivities and calcu-
lated specific heat capacities are, respectively, 9-20% greater and 18%
less than values reported by Owens Corning (Table 1). The small size of
the Hot Disk sensor (6.2mm in diameter), and the relatively small
contact area between the sensor and the uneven surface of the porous
glass (e.g., Fig. 1a) may contribute to the discrepancy between the re-
ported and measured thermal conductivities.

3.3. Viscosity

FOAMGLAS® was prepared for viscosity and calorimetric (Section
3.4) measurements by re-melting samples to produce bubble-free glass
chips. Samples were crushed and powdered in an agate mortar, then
melted in large thin walled Pt crucibles. Melting was performed in a
Nabertherm® MoSi2 box furnace at 1400 °C in multiple, small batches.
The crucible was left in the furnace for 1h to allow for potential melt
degassing, and samples were quenched to glass on a steel plate to ac-
celerate cooling and to suppress crystal growth.

Some of the bubble-free FOAMGLAS® glass was re-melted into
PtgoRhyo cylindrical crucibles (51 mm height, and 26.6 mm diameter)
and transferred into a Deltech® box furnace for high-temperature
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Fig. 2. Viscosity (log;on) of FOAMGLAS® melts plotted against temperature
(10*/T (K); °C). Measurement and propagated uncertainties are less than
symbol size unless shown otherwise. (a) Melt viscosities measured by micro-
penetration (closed circles) and concentric cylinder (open circles) viscometry.
The curve is the VFT model fitted to the experimental data. (b) Model melt
viscosities derived from differential scanning calorimetric data (Fig. 3), based
on models of Stevenson et al. [25] (closed diamonds) and Giordano et al. [26]
(open diamonds). Solid line is the VFT model curve from (a), which captures the
low-temperature viscosity data measured over the same temperature range
(closed circles, as in (a)).

rheological experiments. High-temperature viscosity measurements
were performed using a Brookfield DV-III + viscometer head (full range
of torque = 0-0.7187 mNm). A solid PtgoRhy spindle is hung from this
measurement head, immersed into the sample and rotated at a constant
rate. The torque required to maintain a constant rotation rate is pro-
portional to the melt viscosity and is recorded at a frequency of 1 Hz.
The spindle used in these experiments is 33.2mm long with a 45°
conical top and bottom (14.4 mm diameter). This bob is hung on a
2.4mm diameter stem (see details in Dingwell and Virgo [15]). The
torque reading for the spindle and crucible were calibrated against the
DGG1 standard glass of the Physikalisch-Technische Bundesanstalt
(PTB), for which the viscosity-temperature relationship is accurately
known. Calibration was performed for shear rates and temperatures
exceeding those used in this study. The precision of the viscosity de-
termination is = 3% as described in Dingwell [16]. The thermal evo-
lution of the sample at the imposed cooling rates was calibrated over
the entire experimental temperature range using a platinum sheathed
type-S thermocouple immersed in DGG-1 standard glass.

Using this method, we measured melt viscosity at temperatures
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from 1370 to 1199 °C, in temperature steps of ~25 °C (Fig. 2a; Table
Al). Each temperature step was maintained for 120 min and a stable
torque reading was commonly achieved after ~70 min. Torque values
measured when returning to a previous high experimental temperature
(1395 °C) after measurements at other temperatures stabilized with a
reproducibility of ~1% of the measured value. This indicates thermal
and chemical (i.e. redox) homogeneity and stability of the sample at the
measurement conditions.

Raman spectral analysis of re-melted bubble-free FOAMGLAS® (Fig.
B1), both, prior to and after high-temperature viscometry, show: (1) an
absence of Raman peaks related to crystalline phases, and (2) no change
in the Raman spectra before and after experimentation. These results
indicate that the high temperatures imposed during viscometry, ca-
lorimetry, and deformation experiments do not cause crystallization or
modification of the melt structure. Therefore, all retrieved viscosity or
calorimetric data are representative of the FOAMGLAS® HLB 2400
material.

Low-temperature viscosity measurements were carried out on
double-polished 3 mm thick samples of the re-melted bubble-free glass
using the micropenetration technique [17]. Measurements were con-
ducted between 520 and 580 °C, using a Setaram Setsys vertical dilat-
ometer at the EVPLab of Roma Tre University, Italy [18]. The samples
were heated to the target temperature at an initial rate of 25 °Cmin ™",
which was decreased to 10 °Cmin ! for the last 100 °C to avoid over-
shooting the target temperature. At the target temperature, the samples
were allowed to thermally relax for 10 min, and then a load of 100 g
was applied on their surface via a pushing rod with an iridium hemi-
spherical indenter (1 mm radius). Indentation of the hemisphere into
the sample was measured as a function of time using a linear variable
displacement transducer (LVDT). The rate at which the indenter moved
into the melt was used to determine sample viscosity [17]. The system
was also calibrated with the standard glass DGG1. At the investigated
temperatures, FOAMGLAS® viscosity ranges from 10°7 to 10'%>?Pas
(uncertainty in viscosity measurements is = 0.06 Paslog;o units)
(Fig. 2a; Table Al).

We have fit the Vogel-Fulcher-Tammann (VFT) equation (i.e.
logion = A + B/(T — (), to the high- and low-temperature viscosity
measurements (Fig. 2a; Table Al) to model the temperature-depen-
dence of the melt viscosity [19]. The unweighted fit yields the ad-
justable parameters A, B and C, as reported in Table 1. Fig. 2a compares
the model curve to the data. The model captures all measured viscos-
ities and exactly reproduces the data.

Based on the VFT model fit, the glass transition temperature (Tg),
taken as the temperature where melt viscosity is ~10'?Pas, is calcu-
lated to be 525°C (Table 1). Similarly we used the VFT model fit to
assess FOAMGLAS® melt fragility: fragility is a parameter that describes
the sensitivity of the melt structure to changes in temperature [20,21].
It can be assessed qualitatively by looking at the shape of the VFT
model in log1o n — 1/T (K) space (e.g., Fig. 2a): strong liquids will have
near-Arrhenian temperature dependence while fragile liquids will be
non-Arrhenian [20]. A measure of melt fragility is provided by the
“steepness index” (m) calculated from the VFT function (B/(Tg(1 — C/
Tg)z)). The FOAMGLAS® melt has a non-Arrhenian temperature de-
pendence and a corresponding m of 38 (Table 1).

3.4. Calorimetry

Calorimetric measurements were performed using a Netzsch DSC
404 Pegasus Differential Scanning Calorimeter (DSC) at the EVPLab.
The device has been calibrated using melting temperatures of standard
materials (inorganic salts of Rb, K, Cs and Ba) up to 1000 °C. For these
analyses, a double-polished chip of the re-melted, bubble-free FOAM-
GLAS® was placed in a Pt/Rh crucible that is continuously flushed with
argon (20 L min "~ 1. The sample was heated at 1 °C min "~ 1 from ambient
temperature to 50 °C, where it was kept for 1 h to achieve DSC signal
equilibrium. The sample was then heated at a rate of 20 °Cmin ™~ to
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Fig. 3. Differential scanning calorimetry scans of FOAMGLAS® across the glass
transition, expressed as (a) absolute and (b) normalized heat capacity curves
plotted against temperature (°C). Coloured curves (red, purple, blue) show data
collected in subsequent controlled heating-cooling cycles, at decreasing cooling
rates. Slower cooling rates cause curves to shift to lower temperatures and
peaks of normalized heat capacity to increase. Glass transition temperatures
(T, TP, Tghi%) were picked from the absolute heat capacity curves after
Giordano et al. [26]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

~50 °C above the estimated Tg of the glass. Measurements of Tg were
performed in three subsequent thermal treatments where the heating
rates matched the previous cooling rates, which decreased from 20 to
10 to 5°Cmin ! (coloured curves, Fig. 3). To convert raw DSC signals
to absolute heat capacity values (Cp, J gf1 °C™1), a baseline measure-
ment was taken where two empty Pt/Rh crucibles were loaded into the
DSC and then the DSC was calibrated against the Cp of a single sapphire
crystal [22]. The heat capacity versus temperature paths do not show
any evidence of crystallization during the experiments (Fig. 3a), as also
confirmed by post run optical analysis (Appendix B).

Table 2 includes the glass transition temperatures (Tg”™¢, TgP°%,
Tg!'94id) determined from the absolute heat capacity curves for different
prescribed cooling rates (Fig. 3a). As the cooling rates decrease the
measured glass transition temperatures also decrease by 8-11 °C. Fol-
lowing the method of Wilding et al. [23], the normalized (Cpgss = 0
and Cpjquic = 1) heat capacity curves (Fig. 3b) can be directly

Table 2

Differential scanning calorimetry measured glass transition temperatures (Tg)
at different cooling rates (|q|), fictive temperatures (Tj), activation energy for
the relaxation of enthalpy (AH*), and the pre-exponential term (A) (see text).

|q| (Cmin~ 1) Tgliquid o) Tgpeak o Tgonsel o) T; CC)
20 651 575 535 528
10 640 566 526 510
5 628 556 518 494
AH* (kJ mol ") 430.41 406.07 430.18 -
logio A (Ks™1) —23.85 —24.50 —-27.33 -
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correlated to the evolution of the fictive temperature (T, which defines
the structure of the glass (Table 2). The modelled Ty values decrease by
16-18°C as the cooling rate decreases.

In order to model and predict FOAMGLAS® heat capacity evolution
and the glass transition temperature as a function of cooling rate, we
used our DSC data to determine the activation energy for enthalpic
relaxation of the glass (AH*, kJ mol™ b, following the methods in the
relaxation geospeedometry literature [24,23]. This parameter can be
calculated from the measured glass transitions temperatures (Tg", °C) at
the different cooling/heating rates (|q|, °C s~ ') using the following
equation: —In|q| = —InA + AH*/(R Tg"), where A is the pre-ex-
ponential term and R is the universal gas constant (Table 2).

Lastly, we have used the DSC results and the models of Stevenson
et al. [25] and Giordano et al. [26] to calculate the implied melt visc-
osity at the glass transition for different cooling rates. These models
apply a shift factor to the calorimetric measurements in order to predict
the effective viscosity of the melt as the glass transition is reached [25].
The Giordano et al. [26] model results (open diamonds, Fig. 2b) agree
well with the VFT model curve fitted to the measured viscosities in the
same temperature range. The Stevenson et al. [25] model results are
nearly an order of magnitude greater than model curves (closed dia-
monds, Fig. 2b).

4. A case study using FOAMGLAS®: the rheology of bubbly melts

Studies of the rheology of vesicular magmas commonly document
decreasing bulk viscosity with increasing porosity (see Mader et al. [5]
and Vona et al. [6] for compilations of models and experimental data).
However the relationship of porosity to bulk viscosity is complex and
depends on bubble size, shape, orientation and deformation rate
(Mader et al. [5] and references therein). Studies of the deformation of
other cellular solids [27-30] suggest magma viscosity will also depend
on the capacity of gases within void spaces to become pressurized
during deformation, which is a function of their connectivity. “Closed-
cell” foams contain bubbles that are isolated from one another and from
the atmosphere. Examples of closed-cell magmas may include magmas
in the conduit prior to fragmentation, pyroclasts or lavas that vesiculate
en route to or at the surface, and extensively welded granular materials
(i.e. where inter-particle spaces have become isolated [31]). Materials
science studies of closed-cell foams show when these impermeable
foams are loaded, gases trapped within bubbles are compressed, and
gas overpressures develop in individual bubbles [27,28]. The pressur-
ized gas resists further deformation and exerts a restorative pressure on
the surrounding cell walls [27,28]. In contrast, “open-cell” foams con-
tain void spaces that are interconnected and communicate with the
atmosphere. Examples of open-cell magmas may include magmas fol-
lowing fragmentation, welding pyroclastic materials, and lavas with
interconnected pores. When loaded, the gas within the void spaces can
move through or out of the permeable material. The gas therefore has
no capacity to become pressurized [27,28]. Because it exclusively
contains isolated bubbles, as shown by the measured isolated porosity
and estimated permeability (Table 1), FOAMGLAS® is an excellent ex-
perimental proxy for the former materials and is not a suitable material
to use when studying the rheology of open-cell foams.

There have been few studies that have sought to distinguish the bulk
viscosities and rheological behaviours of closed- vs. open-cell magmatic
foams [32]. Below we compare the results of our deformation experi-
ments using closed-cell FOAMGLAS® (Section 4.1) to high-temperature
uniaxial deformation experiments that used open-cell volcanic mate-
rials with high connected porosities (e.g., cores of sintered particles
[8,33-371, vesicular lavas [38-41], vesicular glasses [3,6]). From this
comparison we identify the different rheologies of closed- vs. open-cell
magmas: the ways strain accumulates in these materials are distinct, as
are the causes of observed strain-hardening behaviour.
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4.1. Deformation experiments

We performed unconfined, uniaxial compression experiments to
explore the behaviour of FOAMGLAS® deforming at temperatures above
Tg. The high-temperature experiments use the low-load, Volcanic
Deformation Rig (VDR) at the University of British Columbia, Canada
[42]. The sample assembly includes a tube furnace; the temperature of
the furnace is controlled by one K-type thermocouple and simulta-
neously measured by two additional K-type thermocouples. Samples
were heated at 5°Cmin~! to the experimental temperature (555 °C).
The measured melt viscosity at this temperature is 10'*7 Pas (Fig. 2;
Table Al). The samples remained at the experimental temperature for
45 min prior to deformation to ensure the melt was relaxed and ther-
mally homogenous. Cores were then shortened at a constant strain rate
of 2.5 x 10~ %5~ to different final positions equivalent to 0.005-0.60
strain (g;). Throughout deformation an LVDT positioned beneath the
moving platen measured sample shortening (displacement), and a
2.5klb load cell at the top of the sample assembly measured the load on
the sample. In most experiments, the displacement direction was re-
versed following deformation and the sample was unloaded over a
period of 5 min, then cooled at 5 °C min . In two confined experiments
the samples were not unloaded but cooled at 5°Cmin~' while in
contact with the upper piston. Following cooling, sample dimensions
and porosity were remeasured (Table 3).

The behaviour of FOAMGLAS® above Tg is consistent: nine stress-
strain curves from samples deformed to different amounts of total strain
(e; = 0.01-0.60) plot on top of each other (Fig. 4a). This consistency is a
function of the textural homogeneity of the FOAMGLAS® material, and
its capacity to be shaped, handled and prepared for experiments
without measurable changes to its physical properties. The variation
(~0.01 MPa) in the position of the plateau in the curves can be at-
tributed to slightly different experimental temperatures (555 + 2°C).

The mechanical data show FOAMGLAS® cores behave viscously:
there are no sudden drops in the stress-strain curves with increasing
strain — no fracturing events were recorded (Fig. 4a). The stress-strain
curves show three stages of deformation (Fig. 4a): where strain is low
(e; < 0.005) stress increases sharply with increasing strain, as the
bubble-rich melt is initially loaded. As deformation continues
(0.005 < g < 0.15) the measured stress on the sample plateaus near
~0.05MPa. This behaviour continues until strain is > 0.15, where
stress increases with increasing strain, indicating strain-hardening be-
haviour. The potential causes of this strain-hardening behaviour are
discussed further in Section 4.3.

Photographs (Fig. 4b) and scanning electron microscopy (SEM)
images (Fig. 4¢) of the experimental products confirm the FOAMGLAS®
cores did not fracture (microscopically or macroscopically) during de-
formation. With increasing applied strain cores shorten and their dia-
meters increase (Fig. 4b). Measured changes in sample dimensions
show significant volume loss, up to 9.3 cm®, or 38% of the original
volume, also occurred as a result of deformation (Table 3).

The total porosities of the cores decrease from 0.91 to 0.85 with
increasing applied strain. The small magnitude of the change in total
porosity (0.06) relative to the change in the volume (up to 38%) is a
consequence of the high gas:solid ratio of FOAMGLAS®. On average an
undeformed core has a dimensional volume of 23.84 cm®, dimensional
density of 0.21 gem ™2 and total porosity of 0.91 (Table 1). Therefore,
on average, 21.69 cm® of a core is occupied by gas and 2.15cm?® by
glass. While a 30% reduction in volume (for example) changes the
volume occupied by gas to 15.18 cm®, and increases the dimensional
density to 0.28 g cm ™2 (a 30% increase), the normalization of this final
dimensional density to the high bulk density of the glass (2.41 gcm ™)
yields a final total porosity of 0.88, a reduction of just 0.03. Lastly,
measured isolated porosities remain high (> 0.79; Table 3) following
deformation. This demonstrates deformation did not result in an in-
crease in bubble connectivity.
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Table 3

Journal of Non-Crystalline Solids: X 1 (2019) 100001

Physical properties of experimental products, including the instrumental strain (g;), the changes in sample length (1), radius (r) and dimensional volume (V), total and
isolated porosity (¢) after deformation, and shortening (e;), radial (e,) and axial (e,) strains.

Sample g Al (cm) 1o Ad (cm) 1lo AVgim (cm®)  Uncert. [ & Uncert. g Uncert. &," Uncert.
Total Uncert. Isolated Uncert.
fg 19 0.005 —-0.04 0.00 0.00 0.01 —-0.12 0.06 0.92 0.01 0.85 0.01 0.009 0.001 0.003 0.000 0.006 0.003
fg_20 0.005 -0.05 0.00 0.01 0.01 —0.08 0.05 0.92 0.01 0.85 0.01 0.010 0.001 0.006 0.000 0.004 0.004
fg 18 0.01 -0.07 0.00 0.00 0.01 —-0.22 0.07 0.91 0.01 0.85 0.01 0.014 0.001 0.004 0.000 0.010 0.005
fg 22 0.01 —-0.08 0.00 0.01 0.00 —-0.16 0.05 0.92 0.00 0.85 0.00 0.015 0.001 0.008 0.000 0.007 0.003
fg 16 0.015 -0.10 0.00 0.01 0.01 -0.33 0.07 0.92 0.01 0.85 0.01 0.020 0.000 0.005 0.000 0.015 0.004
fg 17 0.015 -0.10 0.00 0.01 0.01 —-0.24 0.09 0.91 0.01 0.85 0.01 0.020 0.001 0.009 0.000 0.011 0.006
fg 15 0.02 -0.13  0.00 0.01 0.01 —0.42 0.08 0.91 0.01 0.85 0.01 0.025 0.000 0.006 0.000 0.020 0.005
fg 21 0.02 -0.13 0.00 0.01 0.01 -0.29 0.11 0.91 0.01 0.84 0.01 0.025 0.001 0.012 0.000 0.013 0.006
fg 109 0.05 —-0.30 0.01 0.03 0.02 —-0.87 0.20 0.90 0.01 0.84 0.01 0.057 0.001 0.023 0.000 0.035 0.008
fg 122 0.05 -0.29 0.00 0.02 0.01 —-0.82 0.10 0.91 0.01 0.84 0.01 0.055 0.000 0.020 0.000 0.035 0.004
fg 110 0.10 —-0.53 0.00 0.06 0.03 —-1.53 0.26 0.91 0.01 0.84 0.01 0.102 0.001 0.044 0.000 0.061 0.010
fg 116 0.10 -0.52 0.00 0.04 0.03 -1.77 0.23 0.91 0.01 0.84 0.01 0.100 0.001 0.032 0.000 0.070 0.010
fg 108 0.20 —-0.98 0.00 0.11 0.07 —2.85 0.58 0.90 0.02 0.83 0.02 0.187 0.001 0.082 0.002 0.114 0.023
fg 121 0.20 -1.01 0.00 0.08 0.05 -3.49 0.47 0.90 0.02 0.85 0.02 0.194 0.001 0.065 0.001 0.138 0.019
fg 106 0.30 —-1.45 0.00 0.16 0.08 —4.65 0.61 0.89 0.03 0.84 0.03 0.276 0.001 0.114 0.003 0.183 0.024
fg 117 0.30 —-1.42 0.00 0.15 0.06 —4.26 0.49 0.90 0.02 0.82 0.02 0.274 0.001 0.113 0.003 0.181 0.021
fg 104 0.40 -1.92 0.00 0.18 0.12 —6.86 0.83 0.88 0.04 0.84 0.04 0.368 0.001 0.133 0.006 0.271 0.033
fg 118 0.40 -1.79 0.01 0.20 0.13 —-5.83 0.92 0.88 0.04 0.85 0.04 0.342 0.001 0.143 0.007 0.233 0.037
fg 115 0.50 —-2.28 0.00 0.27 0.14 -7.39 0.85 0.88 0.04 0.83 0.04 0.438 0.001 0.189 0.010 0.307 0.035
fg 120 0.50 —-2.30 0.00 0.34 0.19 —-6.79 1.21 0.88 0.06 0.82 0.06 0.438 0.001 0.229 0.015 0.271 0.048
fg 112 0.60 —-2.61 0.01 0.42 0.17 —-7.80 1.04 0.87 0.05 0.79 0.05 0.498 0.001 0.270 0.016 0.312 0.042
fg 119 0.60 —-2.55 0.01 0.38 0.16 —7.54 0.95 0.88 0.05 0.82 0.05 0.493 0.001 0.255 0.015 0.319 0.040
fg_123b 0.20 -1.05 0.00 0.13 0.06 —-2.74 0.52 0.90 0.02 - - 0.202 0.001 0.097 0.002 0.116 0.022
fg_124h 0.60 -3.09 0.00 0.56 0.25 —-9.34 1.28 0.85 0.07 - - 0.592 0.000 0.340 0.029 0.382 0.052

Note: Uncertainties in volume, porosity and strain have been propagated from the 1o standard deviation in sample length, diameter and mass, and the bulk density

(Table 1).
2 After Quane and Russell [34].

> Confined samples (Section 4.1); samples were cut for thin sections without measuring skeletal volume, so isolated porosities are unknown.

4.2. Strain analysis

Following the work and nomenclature of Quane and Russell [34],
we used the measured changes in sample length, radius, and volume to
calculate shortening strain (g;), radial strain (e,) and axial (i.e. volu-
metric) strain (e,), respectively (Table 3). We propagated measurement
uncertainties for sample length, diameter and dimensional volume to
determine the uncertainties in calculated strain parameters (Table 3). In
Fig. 5 we use the descriptive terms “bulging” and “volume loss” to re-
present radial and axial strains, respectively, and have plotted these
parameters against instrumental strain (g;). Fig. 5a shows that many
cores deformed to > 0.30 strain record less shortening than the applied
displacement (open circles fall below the 1:1 line). In experiments
where cores where not unloaded after deformation (confined samples),
the sample shortening equals the instrumental strain (closed symbols,
Fig. 5a). The discrepancy between the shortening and instrumental
strains in many of the samples above 0.30 strain is a consequence of
unloading the deformed closed-cell foam: prior to cooling below Tg (it
takes ~7.5 min to cool below Tg”™* at a rate of 5 °Cmin ') the isolated
pressurized bubbles expanded in the absence of an external load in
order to lower their internal gas pressure. As a result, the gas in the
bubbles caused the core to viscously “rebound” and sample length to
increase. This response does not occur during the compression of open-
cell materials because the gases present have no capacity to become
pressurized. This potential for high-porosity closed-cell foams to resist
deformation and rebound highlights an important difference in the
responses of closed- and open-cell magmatic foams to deformation.

FOAMGLAS® deforms by a combination of bulging and volume loss
(Fig. 5b), though volume loss is the dominant mechanism for accom-
modating the resultant strains (Fig. 5¢). In contrast, in many experi-
mental studies of open-cell vesicular melts and magmas, the bulging
component is greater than the volume loss component until total strain
is ~0.40 [6,34,35,39]. Again, the change in deformation behaviour can
likely be attributed to the presence, and abundance, of isolated bubbles

in the FOAMGLAS®.

4.3. Causes of strain-hardening

In addition to generating a gas overpressure within the individual
cells, studies of the mechanical behaviour of closed-cell foams (e.g.,
polymers, ceramics, metals) have shown compression will cause cell
walls to reorient, and to stretch or buckle depending on their orienta-
tion to the principle stress [27,28,30]. As a consequence of these two
mechanisms, the stiffness of two-phase closed-cell materials will in-
crease throughout deformation, and strain-hardening behaviour will be
apparent in the mechanical data [27,28].

FOAMGLAS® cores show the expected strain-hardening behaviour,
which becomes more pronounced above 0.15 strain (Fig. 4a). In these
cores bubble walls are deformed: walls oriented normal to the short-
ening direction have been stretched and flattened, and bubble walls
oriented parallel to the shortening direction have been bent and
buckled (Fig. 4c). Notably, though extensively deformed, bubble walls
are intact. Coupled with the high measured isolated porosities of the
experimental products (> 0.79, Table 3), and the rebound behaviour
observed (Section 4.2), we submit that gas loss did not occur as a result
of deformation.

Two additional material properties may affect the observed strain-
hardening behaviour. First, as strain increases, the initially high gas:-
solid ratio decreases when bubbles are compressed. An increase in this
ratio, which is poorly captured by the measured change in total porosity
(Section 4.1), will result in a stiffer composite, and greater forces re-
quired to deform the material (e.g. Fig. 4a). In addition FOAMGLAS®
cores bulge to accommodate strain (Fig. 4b). Therefore the contact
areas (i.e. diameters of end-faces) increase slightly with increasing
strain (e.g. high strain sample in Fig. 4b). However, the reduction in the
maximum calculated stress as a function of the change in contact area is
small (~0.025 MPa for high strain sample), and is much less than the
stress increase as a result strain-hardening (~0.1 MPa) (Fig. 4a).
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Fig. 4. Results of high-temperature uniaxial compression experiments. (a)
Stress—strain curves, colour-coded for applied instrumental strain. Isothermal
experiments show the cores to deform viscously at temperatures
(555 = 1-2°C) above Tg and exhibit strain-hardening behaviour above 0.15
strain. Stress calculated using initial sample area. (b) Photos of an undeformed
FOAMGLAS® core (left) and cores shortened by 0.20, 0.40 and 0.60 instru-
mental strain. With increasing strain, cores show more pronounced bulging but
no macroscopic fractures develop. Units of scale bar at left are 1 cm. (¢) SEM
image of deformed bubbles in a core shortened by 0.60 instrumental strain
(image in same orientation as cores shown in (b)). As a result of shortening
large bubbles have become nearly rectangular. Bubble walls are intact.

This strain-hardening behaviour can be compared to that of open-
cell foams where there is no pressurized gas to support bubble walls and
act against the applied stress. In these materials interconnected void
spaces will collapse during compression [27,28]. As cells collapse, cell
walls touch and interact, and deformation is solely accommodated by
the melt [27,28]. This produces strain-hardening behaviour, although
the mechanisms giving rise to strain-hardening differ [27-29]. In the
volcanology literature, high-temperature deformation of open-cell vol-
canic materials (i.e., lavas, glasses and granular materials with high
connected porosities) causes pore collapse and produces dense com-
posites [6,8,33-41]. As an example, photomicrographs of sintered ash
cores (initial porosity ~0.70) track the collapse of inter-grain pore
spaces in progressively more dense experimental products (minimum
final porosity ~0.25) [8]. As pores collapse and the total porosity de-
creases, the bulk viscosity of the material increases and produces the
observed strain-hardening behaviour [8,34,35].

In conclusion, the results from these high-temperature uniaxial ex-
periments, which use FOAMGLAS® as the experimental material, in-
dicate: (1) the partitioning of strain between bulging and volume loss is
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Fig. 5. Strain analysis. Solid line shows 1:1 relationship between parameters.
Measurement and propagated uncertainties (Table 3) are less than symbol size
unless shown otherwise. (a) Sample shortening against instrumental strain.
Open circles show samples that were unloaded following deformation. The
sample lengths measured after cooling are less than the applied strain when the
instrumental strain was > 0.30. In contrast, closed circles show “confined”
samples that were cooled below Tg in contact with the upper piston. (b)
Combined sample bulging (i.e. radial strain) and volume loss (i.e. axial strain)
vs. applied instrumental strain. (¢) Comparison of bulging to volume loss. Da-
shed lines are iso-strain contours, showing total strain. FOAMGLAS® cores
(open circles) lie below the 1:1 line (within uncertainty), indicating the closed-
cell cores primarily accommodate strain by volume loss. In contrast, open-cell
volcanic melts/magmas (filled symbols, above 1:1 line) accommodate strain by
bulging below 0.40 total strain, then show increased contribution of volume
loss in taking up applied strains > 0.40.

dependent on the gases trapped in the isolated void spaces, (2) the
mechanisms giving rise to strain-hardening behaviour in vesicular melts
are fundamentally different in closed- and open-cell foams, and (3)
because isolated bubbles do not collapse under an applied load as
connected pores do, melts containing high proportions of isolated
bubbles retain their high porosities even after extensive compression
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and, moreover, have the potential to rebound and fill available space
when the load acting on them is removed.

4.4. Implications for volcanic systems

These results demonstrate that when high-porosity, low-perme-
ability (closed-cell) foams are deformed isolated gas-filled bubbles are
compressed and become pressurized, rather than collapsing and ex-
pelling their gas. This behaviour has two important consequences for
volcanic activity: (1) deforming magmas/lavas can maintain high por-
osities, and thus low bulk viscosities, as they flow, and (2) throughout
deformation magmas/lavas can retain, and also transmit, pressurized
gases, that have the potential to cause viscous rebound (as in our ex-
periments) or magmatic fragmentation when deformation ceases. These
responses of isolated bubbles to deformation will not only impact the
behaviour of magmas in the subsurface, but will also influence the
morphology of surficial lava flows, and dictate the potential for ex-
plosive activity emanating from these lava flows.

5. Conclusions

The presence of bubbles in silicate and other melts changes the bulk
properties of the material significantly. Our understanding of and ca-
pacity to predict the effects of bubbles on the physical, thermal and
rheological properties of bubble-rich melts requires careful and in-
sightful experimentation. The experimental campaigns must also be
carried out at relevant experimental conditions, including at tempera-
tures above Tg, during both compaction and simple shear conditions,
and in the presence of a pore fluid or other confining pressure. Use of an
experimental material like FOAMGLAS® provides a strong basis for
relevant experimentation because it is a homogeneous, bubble-rich
glass which has constant physical properties, is not susceptible to
crystal formation or compositional changes at high temperatures, and
has robust, reproducible mechanical behaviour. In this regard it is an
excellent proxy for industrial and geological foams and is suitable for
use at a wide range of experimental conditions. Given its experimental
consistency and reproducibility, FOAMGLAS® can also be used to de-
termine the time (or strain) dependent evolution of the physical prop-
erties and rheology of glass or melt foams. With this in mind we re-
commend that a closed-cell solid like FOAMGLAS® be used in future
comprehensive studies of the behaviour of melts, glasses and other
cellular materials populated with isolated bubbles, with application to
complex natural systems.
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