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Rheology of nanocrystal-bearing andesite magma
and its roles in explosive volcanism
Satoshi Okumura1✉, Kentaro Uesugi 2, Akio Goto 3, Tatsuya Sakamaki 1, Kazuhisa Matsumoto1,

Akihisa Takeuchi 2 & Akira Miyake4

Recent petrological and experimental studies have proposed that explosive volcanism may

originate from the formation of nanoscale crystals in magma and the resultant ductile–brittle

transition. However, the rheology of magma with quantified volume fractions of nanoscale

crystals has not been investigated before, and thus, the formation of nanoscale crystals causing

magma fragmentation that explains the origin of explosive eruptions is not conclusive. Here, we

investigate the rheology of andesite magma with nanoscale crystals (magnetite). For this, a

glass fibre elongation experimental apparatus with a heating furnace was developed at

the synchrotron radiation X-ray system (SPring-8). During melt elongation, we observed the

formation of crystals using small-angle X-ray scattering and wide-angle X-ray diffraction.

Our experimental data demonstrate that magma viscosity increases with the formation of

nanoscale crystals, but the degree of the increase is much lower than that predicted from

analogue materials. Finally, we conclude that nanocrystal formation in intermediate composi-

tion magmas cannot explain rheological transition and other mechanisms such as nanocrystal

agglomeration (not observed in our experiments) and/or heterogeneous nucleation of gas

bubbles on nanocrystals are required to induce mafic to intermediate explosive volcanisms.
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Brittle magma fragmentation is a key process for explosive
volcanism. The fragmentation results in a flow-type tran-
sition in a volcanic conduit from bubbly magma flow to

gas-particle flow, leading to the explosive release of magma
fragments and volcanic gases to the surface1,2. Brittle magma
fragmentation occurs when the timescale of magma deformation
is shorter than that of structural relaxation3. Structural relaxation
depends on magma chemistry; silicic magmas have longer
relaxation timescales than relatively mafic and depolymerised
magmas. For silicic magmas, it has been confirmed that the
deformation rate of magma during its ascent to the surface is
sufficiently high to cause brittle magma fragmentation4–7. How-
ever, low-viscosity magmas such as basaltic and andesitic mag-
mas, which have short relaxation timescales, do not undergo
brittle fragmentation easily, although such magmas have also
been known to cause explosive eruption8,9.

This problem can be partially resolved by considering the effect
of crystals on magma rheology. Magma viscosity increases by
several orders of magnitude when the crystal volume fraction
reaches the critical value, which is ~30 vol% for anisotropic crystals,
such as plagioclase microlites10, and ~50 vol% for isotropic
crystals11. During magma ascent and decompression, crystals, in
particular plagioclase, form because of the change in the liquidus,
which is strongly affected by water content in magma12,13.
Therefore, brittle fragmentation can occur if the crystal contents
reach critical values through decompression-induced crystallisation
during magma ascent to the surface9. A recent experimental
study14 proposed that magma viscosity increases by one to two
orders of magnitude even at low crystal content, i.e., a few volume
percentages, when nanoscale crystals are formed, based on viscosity
measurements of mixtures of silicon oil and spherical SiO2 nano-
particles. If their results are applicable to nanocrystal-bearing
magmas, magma fragmentation may occur more easily than
initially thought, because nanoscale crystals are often observed in
natural intermediate to mafic magmas14–18. However, rheological
studies on fluids with nanoparticles (nanofluids) demonstrate the
complex effects of nanoparticles on viscosity19. For instance, par-
ticle size and surface area, pH of fluid, and the charge at the particle

surface influence the agglomeration of nanoparticles in a nanofluid
and markedly impact the nanofluid viscosity. Therefore, the effect
of nanocrystals on magma viscosity needs to be investigated for
actual magmas.

An experimental difficulty to determine the crystal-free melt
viscosity is a problem for investigating the effect of nanocrystals
on magma viscosity. Since nanocrystals can form during high-
temperature experiments20,21, they must be identified directly
during the experiments. A careful evaluation of the effect of
nanocrystals on magma viscosity based on viscosity measure-
ments combined with calorimetry, Raman spectroscopy, and
transmission electron microscopy confirmed that the presence of
nanocrystals in magma produces an increase in magma
viscosity21; however, no previous study has successfully measured
the viscosity of magma with a known amount of nanocrystals.

To clarify the effect of nanoscale crystals on magma rheology
quantitatively, we measure the viscosity of an andesitic magma
with a quantified volume fraction of nanoscale crystals for the
first time. For this, we combine an originally developed defor-
mation apparatus22 with a small-angle X-ray scattering (SAXS)
and wide-angle X-ray diffraction (WAXD) system and directly
measure the size and volume fraction of crystals during viscosity
measurements. The details of the experimental system are sum-
marised in Supplementary Information and Supplementary Fig. 1.

Results
Heat and quench experiments: calibration of crystal size and
volume fraction. We first performed heat and quench experi-
ments using the same furnace as in situ experiments to calibrate
the crystal size and volume fraction estimated by SAXS. The
samples used were andesite glass fibres prepared from a volcanic
bomb collected at the Sakurajima volcano (see the “Methods”
section). The chemical composition of the glass fibre is listed in
Supplementary Table 1 and Supplementary Data 1. In the pre-
pared glass fibres, no nanocrystals were observed, based on
transmission electron microscopy (TEM) at Kyoto University
(Fig. 1a) and WAXD (Supplementary Fig. 2) at BL47XU of
SPring-8 (Japan).

Fig. 1 ADF-STEM images and SAXS of quenched samples. a ADF-STEM images obtained for a glass fibre without any heating after preparation. No
crystals were observed. b–e ADF-STEM images were obtained for samples after dwell times of 0, 2, 6, and 15 min and rapid cooling. Scale bars represent
20 nm. f SAXS obtained for samples in (b–e).
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In this experiment, the samples were heated to 789 °C at a rate
of 23 °C per minute and then maintained at this temperature for
0, 2, 6, and 15 min. The recovered samples were measured by
SAXS at BL47XU of SPring-8 and TEM at Kyoto University
(Fig. 1). As demonstrated both in SAXS and TEM (annular dark-
field scanning TEM, ADF-STEM) images, nanoscale crystals
formed during heating and their size and volume fraction
increased with time (Fig. 2). In the samples with a heating dwell
time of 0 min, no clear crystals were observed, corresponding to
no SAXS signal (Fig. 1b, f). Here, we noted that the melt structure
continued to change during heating to the experimental
temperature, which may have formed a pre-crystal structure in
the melt, although no clear crystals were observed by the TEM,
SAXS, and WAXD analyses. To determine the size and volume
fraction of nanocrystals using SAXS in the following in situ
experiments, we first determined their size in quenched samples
with dwell times of 2, 6, and 15 min based on the ADF-STEM
images. The size could also be determined from SAXS, assuming
spherical crystals for the same samples. The size differences
obtained by the two different methods agree within the relative
errors of 30% (Supplementary Fig. 3). Subsequently, the crystal
volume fractions were estimated from the number and radius of
crystals in the ADF-STEM images by assuming a spherical crystal
and 100 nm of thickness for the TEM thin section, confirmed
under a focused ion beam scanning electron microscope (see
Supplementary Information). Finally, the volume fractions of
crystals obtained from SAXS were calibrated against those
estimated above (Supplementary Fig. 3). Based on this calibration,

we determined the size and volume fraction of nanoscale crystals
in situ during viscosity measurements using SAXS.

The nanocrystal phase was determined based on WAXD,
obtained using two-dimensional flat panels simultaneously with
SAXS measurement at SPring-8 (Supplementary Fig. 2a). From
the WAXD data, the nanocrystals were determined to be
magnetite. We could not determine the phase for each grain
under TEM, because the diffraction pattern was too weak. A
compositional map of a quenched sample under TEM indicates
that nanocrystals are iron oxides and that no clear spatial
variation of major elements in the melt was yielded by the
formation of nanocrystals (Fig. 3). However, additional observa-
tions with higher spatial resolution will be required to clarify the
chemical heterogeneity around the nanocrystals, as discussed in
the following section.

In situ rheological measurement of nanocrystal-bearing ande-
site magma. We performed fibre elongation experiments at tem-
peratures of 731, 750, 770, 789, 808, and 828 °C at BL47XU of
SPring-8 (see the “Methods” section, Supplementary Table 2 and
Supplementary Data 1). In these experiments, the samples were first
heated to the experimental temperature at rates of 20–23 °C per
minute and then held at that temperature for 0, 5, 10, 15, and
30min. After the dwell time of 0–30min, the samples were elon-
gated for 200 s at a rate of 100 μm s–1. For these experiments, the
sample length was 24–30mm, resulting in strain rates of
0.003–0.004 s–1. During the heating and elongation experiments,
SAXS measurements were repeated every 100ms (see Supplemen-
tary Information and Supplementary Fig. 4). All run information is
summarised in Supplementary Table 2 and Supplementary Data 1.

In our experiments, both viscous elongation and brittle failure
of the samples were observed (Fig. 4). When the samples were
viscously elongated, the load for sample deformation increased
and then decreased gradually, although the load rapidly decreased
in the case of brittle failure (see Supplementary Fig. 5). The brittle
failure was observed at relatively low temperatures and long
heating times (Fig. 4). For instance, only viscous elongation was
observed at 808 °C, although brittle failure occurred at 731 °C. At
789 °C, the sample was viscously elongated at the dwell time of
0 min, but brittle failure was observed when the sample was
elongated after heating for >15 min.

The size and volume fraction of nanoscale crystals determined
based on the SAXS measurement increased with an increase in
dwell time at experimental temperatures, as observed in the
quench experiments (Fig. 2, Supplementary Table 2 and
Supplementary Data 1). The increase rates in the size and
volume fraction of crystals are higher at higher experimental
temperatures. During the heating to experimental temperatures,
the crystallisation can start; at experimental temperatures
>808 °C, nanocrystals already formed when the temperature
reached the desired ones. At <789 °C, the nanocrystals were not
detected when the dwell time at experimental temperature was
0 min, based on the SAXS analyses (Supplementary Fig. 4). The
WAXD also observed that no crystals formed at <789 °C when
the dwell time was 0 min, while a small peak was observed at
808 °C (Supplementary Fig. 2b). These results indicate that at
<789 °C, nanocrystals did not form during the heating up to the
experimental temperature, and the viscosity obtained at the dwell
time of 0 min represents nanocrystal-free melt viscosity.

We calculated magma viscosity based on the observed load
during viscous elongation (see Supplementary Information).
When we compare nanocrystal-free melt viscosities measured in
this study with those calculated at the same condition, using the
previous model23 for the chemical composition of the glass fibre
listed in Supplementary Table 1 and Supplementary Data 1, our

Fig. 2 Time evolution of radius and volume fraction of crystals. In a, b, the
radius and volume fraction obtained at 770, 789, and 808 °C are shown,
respectively. The data expressed by open symbols are from TEM analyses
for quenched samples, while solid symbols are from SAXS analyses. The
error bars represent the standard deviation. The data are summarised in
Supplementary Table 2.
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data are systematically higher than the calculated values, but both
viscosities are consistent within 0.3 in log unit (Supplementary
Information, Supplementary Table 2 and Supplementary Data 1).
This small discrepancy can originate from the temperature
distribution in the furnace and the resultant localisation of the
deformation, although recovered samples did not show strong
localisation22. Additionally, the melt structure can continue to
change during heating to the experimental temperature, which
may have formed a pre-crystal structure in the melt and caused
an increase in melt viscosity, although no detectable nanocrystals
formed in the sample heated at <789 °C with the dwell time of
0 min. The model calculation also includes uncertainties; in
particular, the previous model23 does not consider the effect of
ferric-ferrous iron, which influences the viscosity24.

Figure 5a, b demonstrate the relationship between heating
duration and magma viscosity, and the volume fraction of crystals
and magma viscosity, respectively. The effect of nanocrystal
formation on magma viscosity is clarified in Fig. 5c, in which

magma viscosity was normalised by the viscosity of the
nanocrystal-free melt. Here, we used melt viscosity calculated
based on the previous model23 when the viscosity was not
measured because of the rapid formation of nanocrystals at a
relatively high temperature (808 °C), and the calculated melt
viscosity was modified by adding the viscosity in 0.3 log units,
based on the comparison between the measured and calculated
viscosities described above. The viscosity increases with time, and
it seems to approach a constant value (Fig. 5a). The viscosity is
almost the same when samples were heated for 15 and 30 min at
808 °C before the elongation (Supplementary Table 2 and
Supplementary Data 1). This is because nanocrystals grew with
time and the volume fraction of the nanocrystals approached a
constant value (Fig. 2). Furthermore, the magma viscosities
increased with the volume fraction of crystals (Fig. 5b, c). Under
constant melt viscosity, the effect of micro/macro-particles in a
fluid on bulk viscosity has been described by the
Krieger–Dougherty equation25, i.e., ηr= ð1� ϕ=ϕmÞ�Bϕm ; where
ϕ is the crystal content, ϕm is the maximum packing fraction, and
B is the Einstein coefficient. Here, we applied this model to our
experimental data; however, it should be noted that the
experimental data in Fig. 5c reflects the effect of changes in melt
composition in addition to the effect of the formation of solid
particles, as discussed in the following section.

Discussion
Effect of nanocrystal formation on magma viscosity. Our
experimental data indicate that nanocrystal formation in magmas
increases the magma bulk viscosity. At least two processes
influence this result: changes in melt composition induced by
crystallisation and the formation of solid particles. First, crystal-
lisation in magmas changes the composition of the melt; there-
fore, melt viscosity can change with crystallisation. In the case of
magnetite crystallisation, the change in the ferric–ferrous ratio
and increase in silica content in melt influence the viscosity26.
The ferric and ferrous irons are the network-former and network
modifier cations20; when the network-forming Fe3+ is relatively
extracted compared with the network-modifying Fe2+, melt
viscosity can decrease rather than increase20,24. It should be noted

Fig. 3 A STEM image and EDX composition map (Si, Fe, Al, Mg, and Ti) of a quenched sample (15 min heating). Scale bars represent 100 nm.

Fig. 4 Deformation type, i.e., viscous elongation and brittle failure, of
andesite melts under a strain rate of 0.003–0.004 s–1. Brittle failure is
observed at low temperatures and long heating duration. The data are
summarised in Supplementary Table 2.
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that the redox condition in the melt did not change during the
viscosity measurements via the oxidation of the outer sample,
because only a few micrometres of the sample are influenced by
the oxidation when the oxidation rate is limited by diffusion27,28.
On the other hand, the depletion of iron content results in a
relative increase in silica content, causing an increase in melt
viscosity. When we estimate the change in melt viscosity based on
the previous model23, the complete depletion of iron in the melt
results in a 20-fold increase in melt viscosity. By this increase in
melt viscosity, the increase in magma viscosity appears to be
explained well (Fig. 5c).

In contrast, the effect of suspended solid particles on viscosity
alone does not seem to explain the increase in magma viscosity
(Fig. 5c). The magma viscosities obtained in this study are higher
than those predicted from the previously investigated model
under constant matrix viscosity29, i.e., 1.2–5.1 times higher at
1.2–2.7 vol% crystal (Fig. 5c). It has been proposed that the

chemically differentiated layer around nanocrystals may increase
the effective volume of the solid particles and contribute to
increasing the viscosity21; however, we could not observe any
chemical heterogeneity around the nanocrystals, although addi-
tional observations using a higher spatial resolution are required
to confirm this effect (Fig. 3). Therefore, the increase in magma
viscosity with crystallisation seems to be mainly attributed to the
increase in melt viscosity caused by the changes in the melt
composition.

In nanofluids, it has been shown that nanoparticle agglomera-
tion strongly enhances viscosity14,30, although the agglomeration
of nanocrystals was not observed under elongation in this study.
In nature, magma flow in a volcanic conduit experiences shear
flow5,31,32 and hence may result in collision and agglomeration of
nanocrystals. Indeed, the agglomeration of nanocrystals was
found in low-viscosity basaltic magmas14, while they do not show
agglomeration in intermediate-composition magmas15. Addi-
tional experimental investigations under shear flow are needed to
confirm whether nanocrystals agglomerate in actual magmas and
whether this results in an increase in magma viscosity.

Brittle failure of nanocrystal-bearing magma. Our experiments
demonstrated that nanocrystal formation enhances the brittle
failure of magma. For instance, brittle failure was observed when
the samples were held for 10 and 15 min at 770 and 789 °C,
respectively, although the samples showed only viscous elonga-
tion under shorter dwell times at high temperatures. This
enhancement of brittle failure can be explained by considering the
increase in magma viscosity.

In Fig. 5b, the viscosity change with crystal content is
predicted at each experimental temperature based on the
Krieger–Dougherty equation25. Using this prediction and the
crystal contents, we can estimate the viscosities of magmas in
experimental runs with brittle failure at 770 and 789 °C. For the
runs, i.e., the heating for 10 and 15 min at 770 and 789 °C, the
crystal contents were estimated to be 1.8 and 2.5 vol%,
respectively (Fig. 2); thus, the magma viscosities obtained were
2.4 × 1010 and 1.8 × 1010 Pa s at 770 and 789 °C (Fig. 5b). In our
experiments, the strain rate was 0.003–0.004 s–1; hence, the
products of viscosity and strain rate are calculated to be 0.83 × 108

and 0.66 × 108 Pa at 770 and 789 °C, respectively. These values are
consistent with the criterion for the brittle failure of magma not
including nanocrystals (~108 Pa)4,7. This result indicates that
nanocrystal formation causes the increase in magma viscosity,

Fig. 5 Viscosities of andesitic melt with nanocrystals. a Viscosity as a
function of heating time before deformation. b Relationship between
viscosity and crystal content. The errors in the viscosities obtained from the
load, sample size, and elongation rate are much smaller than 0.1 in log
units. The viscosity increases with crystal content and the viscosity is
higher at lower temperatures. Dashed curves represent viscosities at each
temperature (770, 789, and 808 °C) predicted by the equation obtained in
(c). Open oranges and blue diamonds represent the predicted viscosities at
1.8 and 2.5 vol% crystals, respectively, which correspond to those just
before brittle failure after 10 and 15 min heating. c Relationship between
relative viscosities (i.e., magma viscosity normalised by crystal-free melt
viscosity) and crystal content. Crystal-free melt viscosity at 808 °C was
calculated using the previous model23 and modified based on a comparison
between our data and the model calculations (see text). Open symbols
represent values calculated using the original melt viscosity without any
modification. The solid curve is a fitting curve on experimental data,
expressed as ηr= (1–ϕ/0.029)–0.67, where ϕ is the volume fraction of
crystals. A dashed curve indicates viscosities predicted from the previous
model29 with an assumption of a crystal aspect ratio of 1.
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and the brittle failure of magma with nanocrystals is enhanced by
the increment of the relaxation time of the magma.

Nanocrystal formation controls explosive/non-explosive erup-
tion? Previous studies14,33 have proposed that nanocrystal for-
mation in magmas may cause explosive volcanism by enhancing
brittle failure of magma. Our experiments demonstrated that
nanocrystal formation enhances brittle failure of andesitic
magma, and its effect can be explained by the increase in magma
viscosity with nanocrystal formation. We also found that the
viscosity increase caused by nanocrystal formation in magma is
not as large as predicted with analogue materials14 if the
agglomeration of nanocrystals does not take place. Based on these
observations, we infer that brittle failure of intermediate com-
position magmas may not originate from the formation of
nanocrystals in actual volcanic eruptions. Here, we estimate the
conditions at which brittle failure of magmas with intermediate
composition occurs during volcanic eruption and assess whether
nanocrystal formation controls the bifurcation between explosive
and non-explosive eruptions.

First, the nanocrystal content is limited as long as only
magnetite nanocrystals are formed. For instance, the maximum
possible crystal contents in the andesite magma used in this study
are estimated to be 3–4 vol% based on the total iron content
(FeOt= 6.76 wt%) and the densities of magnetite and andesite
melt (5200 and 2600 kg m–3). Therefore, the increment of magma
viscosity caused by the formation of magnetite nanocrystals is
also not expected to be high, i.e., the maximum increase is within
one order of magnitude when our experiments are applied
(Fig. 5c). The formation of silicate minerals such as plagioclase
and pyroxene can increase the total crystal content and change
melt viscosity; however, no experimental studies have confirmed
their formation as nanoscale crystals, and additional studies are
necessary to clarify the formation of nanoscale silicate minerals.
Second, the melt viscosity needed for brittle failure is estimated to
be higher than 107 Pa s when the strain rate yielding in magma is
<1 s–1 because the viscosity increases by one order of magnitude
during nanocrystal formation. The critical viscosity is 106 Pa s if
we assume a strain rate of 10 s–1, corresponding to magma ascent
velocity of 10 m s–1 in a volcanic conduit with a radius of 1 m,
and this strain rate seems to be the maximum during magma flow
in the conduit with a realistic radius. The local strain rate yielded
by bubble expansion would not become larger than the values
estimated here, because the pressure in gas bubbles during the
growth is almost in equilibrium with melt pressure in low
viscosity magma34, and the strain rate that is proportional to the
difference in the pressure in gas bubbles and in the melt is
estimated to be low35. Finally, we estimate the condition at which
brittle failure of intermediate composition magma can occur. For
the andesite magma investigated in this study, the critical
viscosity of 106 Pa s can be achieved at less than 800 °C when
the water content is >1 wt% and at 950 °C under dry conditions,
based on the previous model23. In nature, most andesitic magmas
have temperatures ~1000 °C and contain a few weight per cent of
water36. This implies that the formation of only magnetite
nanocrystals does not likely lead to brittle failure in andesitic
magmas and cannot be the cause of explosive volcanism if the
magma temperature does not decrease under dry conditions.

Even if nanocrystal formation in intermediate composition
magma does not result in a significant increase in magma viscosity,
it may induce explosive eruptions through the rapid heterogeneous
formation of gas bubbles33,37–39. In particular, magnetite enhances
the heterogeneous nucleation of gas bubbles37,38. However, the
processes of nanocrystal formation during magma ascent remain
unclear. In natural and experimental materials including those of

this study, magnetite is a dominant phase as nanocrystal14,15.
Magnetite stability is strongly influenced by oxygen fugacity, and
hence, the redox evolution of magma during ascent may control the
formation of nanoscale magnetite, which is determined by volatile
degassing40,41. If so, the second burst of bubble formation42,43 that
is induced by heterogeneous nucleation on nanoscale magnetite
crystals after initial vesiculation and change in redox condition may
cause magma fragmentation and hence explosive volcanism.

Methods
Fibre elongation experiments were performed at BL47XU of SPring-8 (Japan)
following the originally developed method22. The details of the experimental setup
are shown in the Supplementary Information. We first prepared glass fibre with
andesitic composition from a volcanic bomb collected at Sakurajima volcano
(Japan) in 2003. The powdered rock sample was stored at the laboratory, but the
corresponding eruption and sample locality are unclear. The sample can be shared
upon request. Sample powder was melted in a Pt crucible at a temperature of
1500 °C for >18 h; then, fibrous glass was formed by pulling up a quartz glass
attached on the surface of the melt in the Pt crucible44. For the glass fibres with
lengths of 24–30 mm and diameters of 0.7–0.8 mm, two glass beads of ~2–3 mm in
diameter were attached at both ends to hook them on the pistons in the apparatus.
The chemical composition of the glass was measured by a scanning electron
microscope with a Schottky FE-type gun (JSM-7001F, JEOL Ltd.) and an energy-
dispersive X-ray spectrometer (INCA X-act, Oxford Inst.), using the beam scan
mode with a beam current of 1.4 nA and a total counting time of 60 s (Supple-
mentary Table 1 and Supplementary Data 1). It was confirmed that the glass fibres
contained no crystals, using TEM, SAXS, and WAXD (see the main text). At
BL47XU of SPring-8, the fibre was heated to temperatures of 731, 750, 770, 789,
808, and 828 °C using an originally developed furnace, which was mainly made
from a boron nitride (BN) cylinder and four cartridge heaters22. To prevent a
strong signal due to the interaction between the direct X-ray beam and the BN
cylinder, a small hole (3 mm in diameter) was set on the side of the BN cylinder.
The samples were first heated to the experimental temperature at a rate of 20–23 °C
per minute and then maintained at the experimental temperature for 0, 5, 10, 15,
and 30 min. During heating, the sample temperature was homogeneous, because
thermal diffusion occurs rapidly, i.e., the diffusion time, defined as t= L2/D, where
L and D are the sample radius (<0.4 mm) and thermal diffusivity (~0.5 mm2 s–1)45,
is estimated to be 0.32 s. Structural relaxation is also expected to be rapid, based on
its timescale, i.e., η/G, where η and G are the viscosity and shear modulus (10 GPa).
In our experiments, the melt viscosity is < ~1010 Pas; thus, the relaxation timescale
is ~1 s. After heating for 0, 5, 10, 15, and 30 min, the sample was elongated at a
constant rate of 100 μm s–1. During the experiments, the SAXS, WAXD, and transmit
images were obtained every 100ms. The SAXS and WAXD were measured at 1.8m
and 154mm from the sample using an original camera and flat panel, respectively.
The two-dimensional data obtained were integrated, and the size and volume fraction
of the crystals were investigated based on SAXS, while the crystal phase was deter-
mined based on WAXD. Sample viscosity was determined based on the load required
to deform the sample46 (see Supplementary Information for details).

Data availability
All the datasets obtained and discussed in this study are available at https://doi.org/10.
5281/zenodo.7212566. The data shown in Figs. 2, 4, 5 and Supplementary Fig. 3 are
summarised in Supplementary Table 2 and Supplementary Data 1.
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