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The word “nanoparticle” nominally elicits a vision of an isolated sphere; however, the vast bulk of
nanoparticulate material exists in an aggregated state. This can have significant implications for
applications such as combustion, catalysis, and optical excitation, where particles are exposed to high
temperature and rapid heating conditions. In such environments, particles become susceptible to
morphological changes which can reduce surface area, often to the detriment of functionality. Here,
we report on thermally-induced coalescence which can occur in aluminum nanoparticle aggregates
subjected to rapid heating (10°~10''K/s). Using dynamic transmission electron microscopy,
we observed morphological changes in nanoparticle aggregates occurring in as little as a few
nanoseconds after the onset of heating. The time-resolved probes reveal that the morphological
changes initiate within 15ns and are completed in less than 50 ns. The morphological changes were
found to have a threshold temperature of about 1300 + 50K, as determined by millisecond-scale
experiments with a calibrated heating stage. The temperature distribution of aggregates during laser
heating was modeled with various simulation approaches. The results indicate that, under rapid
heating conditions, coalescence occurs at an intermediate temperature between the melting points of
aluminum and the aluminum oxide shell, and proceeds rapidly once this threshold temperature is
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reached. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867116]

. INTRODUCTION

While there are many processing methods that form iso-
lated nanoparticles,'? aggregates are prevalent in many
applications as both intentional assemblies for beneficial
properties' and unavoidable artifacts of most commercially
viable synthesis techniques.”® Although stabilizing agents
can be used to mitigate aggregation, they typically decom-
pose or volatilize at elevated temperatures.”’ While particle
size is commonly reported as the average size of the primary
particles, the behavior, be it mechanical, optical, or chemi-
cal, of nanoparticulate material will likely be impacted by
the size and morphology of the aggregates. Furthermore, in
high temperature applications aggregated nanoparticles will
be thermodynamically driven to coalesce (or sinter)® to pro-
duce characteristically larger particles which, depending on
the material properties and transport time scale of this pro-
cess, could be rapid and precede the intended nanomaterial
dynamics. While coalescence may be desirable in certain
applications, such as bottom-up fabrication®'® or as a sens-
ing method,"" for many other applications, which demand a
large surface to volume ratio, the loss of surface area caused
by coalescence will decrease a material’s effectiveness.'”
Whether one is trying to exploit or prevent coalescence and
sintering, it is important to have a good understanding of the
mechanisms, including the threshold temperature, the time
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scale, and the effect of aggregate size and morphology asso-
ciated with this process.

While there has been extensive study of sintering mecha-
nisms at moderate temperatures and over long pe:riods,s’6’”_]3
these results are not necessarily scalable to much higher heating
rates where the time scale of thermal and mechanical relaxation
may become comparable, or even slower than, the characteristic
heat transfer time scale. This becomes a concern in applications
such as those involving optical excitation'*'> and exothermic
reactions,'®"” where materials are subjected to rapid heating
and will thermodynamically be driven to coalesce to minimize
the free energy through the reduction of surface area. In such
cases, the transient evolution is poorly understood due to the ex-
perimental difficulties associated with probing the very small
length and time scales inherent to these processes. As a result,
not much is known about the dominant mechanisms governing
aggregate coalescence in this regime, or their individual time
scales. Recent advances in in sifu diagnostic techniques, such as
dynamic transmission electron microscopy (DTEM),”*>* have
enabled the visualization and measurement of phase transitions
and nanostructural evolution on otherwise unachievable length
and time scales. Further, since DTEM utilizes laser heating,
very rapid (10'" K/s) thermal heating rates can be applied. Thus,
the technique is well suited to probe the processes associated
with nanoparticle coalescence and sintering under rapid heating.

For this study, aluminum nanoparticles (Al-NPs) serve
as a valuable and interesting test material, because of their
wide availability and common use in a variety of material
applications such as hydrolysis, sensing, nanocomposites,

© 2014 AIP Publishing LLC
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and solar cells.”*** One promising application for aluminum
is as a high energy density fuel in combustion, propellants,
or explosive formulations.'®?°! In these applications, alu-
minum particles undergo rapid heating, and it is critical to
understand the onset temperature and time scale of coales-
cence, as these parameters will directly impact the mecha-
nism of oxidation. For example, if the coalescence time scale
is significantly faster than the combustion time scale, then
aggregates will coalesce prior to combustion. This would
warrant the need for a different combustion model than if the
aggregate burned as an ensemble of individual nanoparticles.
When exposed to air, aluminum particles form a 2-5nm
amorphous oxide shell.'®'"?*=2 While such thin oxide
layers are common to most metal particles, and often insig-
nificant on large scales, they can dominate the behavior
when the particles are small and the shell is a substantial
fraction of the volume. Aluminum has a melting temperature
of 933K, while the aluminum oxide melts at 2327 K. Upon
melting, the aluminum will undergo a volumetric expansion
(~6 vol. %), while the oxide shell will remain solid. The re-
sultant mechanical and thermal stresses will govern the
material’s behavior—a point that has led to conflicting opin-
ions about the material dynamics occurring upon rapid heat-
ing.'”? In particular, it has been theorized that these stresses
can induce material rupture in a process termed melt disper-
sion, leading to the unloading of high-velocity molten alumi-
num droplets which can then be oxidized.'” The thermal
ramp (>10°K/s) provided by DTEM can allow for the direct
experimental examination of these theories.

Herein, we report on the in-situ heating of aluminum
nanoparticle aggregates at rates of 10°~10''K/s, and the
morphological changes that result. The use of DTEM allows
for both qualitative visualization of the nanostructural evolu-
tion of aggregates and direct measurement of the time scale
associated with this process. Modeling and more conven-
tional in situ TEM measurements are also included and pro-
vide a more straightforward measurement of the temperature
dependence. The results are used to draw conclusions about
the onset temperature, time scale, and possible mechanisms
driving the coalescence event in core-shell nanoparticle
aggregates. In particular, we show that the sudden rupturing
and dispersal necessary for the melt dispersion mechanism
does not occur even up to heating rates much higher than
those typical of combustion.

Il. EXPERIMENTAL DETAILS

Samples were prepared by adding 5 mg of Al-NPs (80 nm
primary particle size, Novacentrix) to a vial with 10ml of
EtOH. Previous thermogravimetric analysis measured the
active content of the Al to be 73 wt. %, with the other 27 wt. %
representing the oxide shell. The slurry was ultrasonicated for
several minutes and then pipetted onto a TEM grid. Two
types of grids were used, including Formvar-coated copper
grids as well as silicon nitride membrane grids (SPI supplies).

Experiments were performed using the DTEM at
Lawrence Livermore National Laboratory (LLNL), the
details of which have been previously reported.”*** The
DTEM is a TEM equipped with a pulsed laser which strikes
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the cathode and leads to the photoemission of ~10° elec-
trons, allowing an image to be captured with a ~15ns expo-
sure time (roughly equal to the pulse width of the cathode
laser). A second sample drive laser (1064 nm wavelength) is
used to induce rapid heating of the sample, and this is
synchronized with the electron pulse plus or minus an adjust-
able delay. Zero delay corresponds to the time when the
peak intensities of both pulses are coincident at the sample.
Due to the limited electron source brightness and stochastic
electron-electron scattering during transit down the TEM
column, the images taken with these 15ns electron pulses
are inevitably less resolved than an image taken with a con-
tinuous wave (CW) thermionic source used in conventional
TEM. While this is a necessary sacrifice for temporal resolu-
tion, the spatial resolution of the pulse images is sufficient to
observe the morphological transition of interest to this study.
However, as the DTEM is capable of operating in both
modes (pulsed and CW), images were also taken in CW
mode to provide detail on the finer structural changes of the
samples.

Further experiments were preformed with the Protochips
Inc. Aduro stage with silicon nitride coated e-chips, which
allowed for in situ heating at rates up to ~10°K/s. Modeling
of the aggregate temperatures was also performed using both
T-matrix*>** and finite element approaches. The details of
this can be found in the Supplemental Material.>

lll. RESULTS AND DISCUSION

The general effect of high heating rates on the morphol-
ogy of AI-NP aggregates can be seen with the CW images in
Figure 1, which show an aggregate heated in-situ with 12ns
laser pulses (~10''K/s). Fig. 1(a) shows the aggregate of
approximately 100 nanoparticles with average size of 80nm
prior to heating, and Fig. 1(b) shows that aggregate after a sin-
gle heating pulse. Each subsequent image (Figs. 1(c)—1(h))
shows the morphological evolution of the aggregate after
additional laser pulses. As can be seen from these images, the
heating led to significant morphological changes in the aggre-
gate which can be described as the coalescence of the discrete
nanoparticles into larger structures. This change in size corre-
sponds to a loss of surface area, which is estimated to be
~40% from Figs. 1(a) and 1(b) (see Supplemental Material on
the details of this estimation®). This process continues
through the rest of the series of pulses but with markedly
diminished amounts of change after each additional pulse.
Compared to that initial loss of 40%, the subsequent total loss
only reaches 65% up through Fig. 1(f), after which continued
heating resulted in the loss of mass by evaporation. As a point
of reference, complete sintering of the aggregate into a single
sphere would correspond to roughly a 78% loss in surface
area (i.e., with n;~100 and n,=1, as defined in the
Supplemental Material).

Time-resolved experiments were conducted by acquir-
ing three images of the aluminum nanoparticle aggregates;
before laser heating, during heating, and after cooling to vis-
ualize the final morphology. Complementary conventional
CW TEM images of the clusters were obtained before and
after laser heating to assist the interpretation of the pulsed
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mode images. We performed such experiments on multiple
sample regions, containing a total of ~50—100 such clusters
for each of the various experimental parameters to establish
a reasonable sample size. Figure 2 is a series of time-
resolved images and micrographs taken in CW mode
(Figs. 2(a) and 2(b)), showing the change in the nanostruc-
ture character of the aggregate before and after heating with
a single laser pulse. The laser fluences for these experiments
(1.52kJ/m?) were slightly higher than those used to produce
Fig. 1 (1.23kJ/m?), leading to a higher degree of coales-
cence. After one pulse, most of the aggregate’s nanostructure
character has been lost, reducing the surface area by approxi-
mately 68% (details are described in Supplemental
Material®®). Though having low signal to noise ratios, the
time resolved images of Figs. 2(c)-2(e) show the general
trend in coalescence behavior with rapid pulsed laser heating
and can be compared with conventional TEM images in
Figs. 2(a) and 2(b). Within the 12 ns period of the laser pulse
(i.e., 0 time delay in which the temporal peaks of the electron
and laser heating pulses coincide at the sample position), the
cluster undergoes significant coalescence and loses its nano-
scale features. The experiment shown in Fig. 2 was repeated
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FIG. 1. An aggregate of Al-NPs before
(a) and after (b—h) successive heating
with 12ns laser pulses with fluence
1.23 kJ/mZ. Images were taken with the
DTEM in CW mode with long pauses
between pulses for the taking of the
micrographs.

with various delays, ranging from —20ns to 150ns. As
expected, at times before —10ns, no coalescence was
observed, confirming the calibration of time zero. For delays
50ns and greater, no significant morphological differences
were observed between the intermediate and after images,
indicating that coalescence completes in less than 50 ns for a
single shot.

Complementary to the laser heating experiments, we also
conducted in-situ TEM studies of nanoparticle coalescence
using a high heating rate TEM stage based on small-mass
micromachined heaters (Aduro, Protochips Inc.), which resis-
tively heats a silicon nitride (SiNy) substrate at rates as high as
10°K/s.*® Samples were heated to various temperatures at
10° K/s, held at temperature for 1ms, and then quenched,
cooling at approximately the same rate. Interestingly, the
threshold temperature for coalescence was not the melting
point of either the aluminum core (933 K) or the oxide shell
(2327K) but an intermediate temperature of 1300 = 50K in
agreement with previous work.'® Figures 3(a) and 3(b) show
the before and after images of a sample heated to 1173 K.
Several particles show a large change in contrast after being
heated, consistent with melting and resolidification of the

Before

Simultaneous Imaging
and Heating

After

Traditional
Static TEM
Imaging
FIG. 2. An aggregate of Al-NPs before
(a,c), during (d), and after (b,e) a 121125
sample drive laser pulse of 1.52kJ/m".
(CW mode) Images a and b were taken with the
DTEM in CW mode and images (c—e)
were taken with time resolved pulse
. mode. The intermediate image (d) was
Dynamic taken with a Ons delay from the initia-
Pulse tion of the heating pulse
Imaging
(Pulsed
Mode)
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FIG. 3. An aggregate of AI-NPs before (a,c) and after (b,d) heating with the
hot stage to high temperatures and being held there for 1 ms. The aggregates
in (a,b) and (c,d) were heated to 1173K and 1323 K, respectively. The
images were taken with the DTEM in CW mode. Note that for images a and
b, while no coalescence has occurred, there are significant changes in con-
trast (most obvious in the group of 5 nanoparticles towards the bottom of the
images), which suggests that there was melting in the metal cores. This is in
contrast to images (c,d) where significant morphological change is obvious.

aluminum core, though there was no indication of significant
coalescence. Only upon heating to temperatures of 1323 K
(Figs. 3(c) and 3(d)) were notable morphological changes
observed, with multiple particles coming together to form
larger particles in a manner qualitatively similar to Fig. 1.

While having a threshold temperature at relatively low
heating rates provides a lower bound estimate for the coales-
cence temperatures involved with the laser heating experi-
ments, a deeper understanding of aggregate temperature is
desired. To this end, we employed several approaches to
model the laser absorption process. While the optical proper-
ties of aluminum are well known,?’ the near-field interaction
of the light with the fractal aggregate shapes and support films
can be complex and non-uniform™ making accurate tempera-
ture data difficult to calculate. This type of interaction leads to
local enhancement in absorption®> and can cause hotspots in
the aggregate which could act as initiation points for sintering.
The necessity of these hotspots is revealed by first considering
the aggregate as a group of non-interacting isolated spheres
and calculating their absorption through Mie theory. This
approach gives peak temperatures of only 550K, well below
both the melting point of Al and the observed 1300K thresh-
old for sintering.'® To understand the absorption of the aggre-
gate on the whole, we employed Mackowski’s Multiple
Scattering T-matrix Code™*** for generalized fractal aggre-
gates. Modeling details and theory can be found in the
Supplemental Material.*® This modeling showed the range of
absorption efficiencies that exist in an aggregate, with those
particles in the most densely packed areas absorbing far more
than the rest.

To correlate absorption hotspots with spatial variation in
temperature, one must account for heat transfer between
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particles and to the supporting film within the period that the
nanosecond pulse hits the sample, as well as for other factors
not considered in the T-matrix calculation, such as the oxide
shell. For this, we employed finite-element simulations in
COMSOL™, While corroborating the need for multiple par-
ticles and hotspots to reach the sintering threshold, these
simulations showed that peak temperature was highly de-
pendent on both the exact sizes and shapes of the gaps
between spheres (see Figure S3(b)) and the laser absorption
properties of the substrate. Further, we found that the oxide
layer does have an effect, albeit a relatively small one. More
detail on these results can be found in the Supplemental
Material. >

The models are in good agreement with the experimen-
tal results and help explain why, under the same heating
pulse, larger aggregates were far more likely to coalesce
than small (<10 particles) aggregates, such as in Figure 4.
This is likely because larger aggregates have more particle-
particle interfaces and are much more likely to feature
hotspots and will, relative to their masses, lose heat to the
substrate much more slowly. However, the model results
also indicate that the laser absorption and peak temperature
change can only be predicted to a fairly rough approxima-
tion, with values varying by a factor of ~2-3 or more
depending on the details of the size and shape of the AI-NP
aggregate, the precise geometry of the hot spots, and the con-
tact points between the aggregate and the substrate. While
these quantities can be determined experimentally to some
extent, for example by tomographic reconstruction, the nano-
meter precision required for characterization of the hot spot
geometries is exceedingly challenging. Indeed this wide vari-
ation in temperature response is supported by the experimen-
tal observation which shows superficially similar aggregates

FIG. 4. Aggregates of Al-NPs before (a,c), during (d), and after (b,e) a 12ns
sample drive laser pulse of 1.52kJ/m?. Images (a,b) were taken with the
DTEM in CW mode and (c,d) were taken with time resolved pulse mode.
The intermediate image, B, was taken with a 75 ns delay from the initiation
of the heating pulse. These images illustrate the disparate response of aggre-
gates to the same heating pulse, and how large aggregates are far more likely
to coalesce than the smaller ones. The arrows show ones that did not change
from the heating laser pulse.
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behaving differently when exposed to identical laser pulses
(see Fig. 4). However, we can still estimate upper bound
temperatures using the T-matrix calculation for a specific ag-
gregate with the assumptions that there are no spaces
between the metallic spheres (i.e., they meet at tangent
points, which maximizes the intensity of a hot spot assuming
all particles are spherical) and that heat loss to the substrate
is negligible on the 12 ns time scale of heating. By this met-
ric, the upper bounds for the temperatures achieved for the
aggregates in Figs. 1 and 2 are 1310K and 1690 K, respec-
tively. The details behind these calculations can be found in
the Supplemental Material.*

These results allow us to draw some conclusions about
the sintering behavior of Al-NPs. Foremost is that coales-
cence begins within ~10ns of the onset of rapid heating and
is essentially complete within ~50ns. The threshold temper-
ature for sintering at high heating rates is 1300 K, which is
between the melting points of the metal core and the metal
oxide shell. This result provides direct experimental evi-
dence that the volumetric expansion upon melting is not suf-
ficient to cause spallation of the aluminum oxide shell,
which is the main premise behind the melt dispersion mecha-
nism."” Also, the lack of any evidence for spallation and the
qualitatively similar results for both laser and resistive stage
heating, despite the several orders of magnitude difference in
the heating rates, further conflicts with the occurrence of
such a mechanism. Alternatively, sintering may result from
aluminum diffusing through or into the oxide shell along
with oxygen diffusing into the core.**** This could produce
a reduced oxide, thereby softening the oxide shell and lower-
ing its melting point and removing it as a barrier to coales-
cence. Such a process has been predicted to occur on the
nanosecond time scale in molecular dynamic simulations*’
but would require very fast diffusion rates (effective diffu-
sivity of ~107? m?/s for Al and O to pass through 2-3 nm
oxide shell faster than the ~10ns time scale of sintering).
Such high diffusivity may be achieved at higher tempera-
tures, and if the process is assisted by the electric field devel-
oped from the charge imbalance between the oxide shell and
core, i.e., a Cabrera-Mott mechanism.*® In the case of laser
heating, the physics is further complicated by the large oscil-
latory electric fields present in the hot spots, which can reach
10%-10” V/m (see Supplemental Material®®).

Another possibility is that the rapid coalescence
observed under high heating rates may result from the for-
mation of microfractures*' in the shell, through which the
molten Al core can flow and promote coalescence with the
surrounding material. As our results show that the shell is
not left behind as an empty container, such fracturing
would not just let the core escape but would also have to
promote the motion of the shell. This could occur through
faster reduction of the shell once in contact with Al from
both sides to create a lower melting, reduced oxide or if
fractured into small enough pieces the shell could be pulled
along with the flow of the molten core. The later possibility
may account for the irregular and rough shapes found in
Fig. 3(d) and the later images of Fig. 1. A fracturing mecha-
nism would operate under conditions of rapid heating in
which both the hoop stresses in oxide are large and the
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oxide layer is softened due to the elevated temperatures. On
length scales of only a few nanometers of aluminum oxide
shell, failure of the oxide should be much faster compared
to all other time scales. The threshold temperature would
thus represent the point of sufficient stress and softening to
allow this process to occur. Such a mechanism could
explain why, in comparing the results of Fig. 1 (laser heat-
ing, 10" K/s) and Figs. 3(c) and 3(d) (resistive stage heat-
ing, 10°K/s), the morphological changes are qualitatively
similar despite the five orders of magnitude difference in
heating rates and 2-3 orders of magnitude difference in
cooling times (ms vs. multiple us). If the coalescence were
governed by a gradual process, one would expect more
morphological changes in a material held at temperature for
much longer. As this is not the case, a rapid mechanism,
such as the one described, occurring at a defined threshold
temperature seems more likely.

In combustion applications, fast coalescence has the
potential to inhibit or enhance reactivity depending on the
nature of the reaction. If the aluminum is isolated from
other materials such that the oxidizer delivery rate is slow
relative to the coalescence, then particle growth will pre-
cede the bulk of the reaction. This is particularly relevant
for aluminum particles oxidizing in a gaseous environment.
Bazyn e al.** have measured burn times of aluminum on
the order of tens of microseconds, even in a pressurized ox-
ygen environment. Our results suggest that the particles
may coalesce well before they significantly combust. This
could explain the diminishing returns to burn times from
reducing the size of Al particles,**** as they can coalesce
into larger particles prior to combustion, and thus do not
retain the high surface-to-volume ratios needed for
increased combustion rates. However, if the fuel is not iso-
lated and is instead intimately mixed with nanoparticle oxi-
dizer, fast sintering can facilitate the reaction by rapidly
exposing a high surface area of molten fuel to the surround-
ing nanoparticle oxidizer matrix. Rather than coalescing
towards a sphere, the mobile fuel could wet the contacted
oxidizer, thereby increasing the amount of interfacial area
and thus the reactivity, on time scales of ~10ns. In the case
of nanocomposite thermites (i.e., Al + CuO) in which nano-
particles of a metal oxide are mixed with the aluminum
fuel, such a mechanism would support previous reports
that the reaction proceeds, in part, via a reactive sintering
mechanism.'®

IV. CONCLUSION

In-situ, high heating rate experiments on aluminum
nanoparticle aggregates revealed that the nanostructure of
the samples severely coarsened upon heating in a manner
consistent with simple coalescence driven by the reduction
of surface energy. When subjected to heating rates of
10"'K/s, aggregates were substantially coarsening within
~15ns from the start of heating, and all significant changes
were complete within 50 ns. Using a heating stage, we found
the threshold temperature for coarsening to be around
1300 K, with qualitatively similar morphological changes de-
spite a five order of magnitude difference in heating rate,
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indicating similar mechanisms taking place on the nanosec-
ond and sub-millisecond scales.

These results allowed us to qualitatively assess the rele-
vance of different mechanisms proposed for rapid combus-
tion of AI-NP aggregates. Specifically, a mechanism
resulting from the pressure induced spallation of the molten
core of aluminum nanoparticle seems very unlikely, given
that no such behavior was observed even at heating rates
much faster than those typical for rapid combustion. Rather,
the early-stage evolution appears to be a simple surface-
energy-driven coarsening process, facilitated perhaps by
fracturing or softening (via thermal and/or interdiffusion
mechanisms) of the oxide shells. This coarsening process is
sufficiently fast (~50ns to completion given sufficient heat-
ing rates) to alter the combustion kinetics and reduce reac-
tion rates by decreasing the surface area to volume ratio of
the nanoparticle aggregates. This may help to explain the
deviations from expected scaling of combustion rate with
particle size and lower than expected reaction rates at parti-
cle diameters below ~100nm. The observed phenomena and
insight gained by these studies may extend to other applica-
tions. For example, given the short pulses that are sometimes
used for optical excitation of nanoparticles, such as in hyper-
thermia and spectroscopy, the peak temperatures may be
considerably higher than expected due to absorption hot
spots in dense aggregates and the inability to conduct suffi-
cient heat into the surroundings during the short time scale.
This could lead to unexpected sintering and thus the loss of
nanoscale structure. In short, competition between fast coa-
lescence, which reduces the advantageous properties of
nanoparticle systems, and reactions must be considered in
the design and implementation of nanomaterials.
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