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Abstract

Cold sintering is a promising route towards the manufacturing of dense ceramics at mild processing
conditions, but our poor understanding of the process has prevented the wider spread of this attractive
densification approach. Using nanovaterite powders with well-defined multiscale morphology, we
perform in-situ X-Ray tomography on compacts subjected to controlled mechanical load and quantify
the multiscale deformation processes responsible for the water-assisted cold sintering of this powder
with the help of instrumented indentation experiments at the micro- and nano-scale. Our results reveal
the crucial effect of water in promoting the macroscopic densification process and highlight the dominant
role of the nanoparticle network inside agglomerates in controlling the cold sintering of compacts at high
mechanical loads. By providing new insights into the deformation processes responsible for the
densification effect, this study can potentially guide the discovery of novel chemical compositions and
particle morphologies that can be more easily densified through room-temperature cold sintering with

water.
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1. Introduction

Cold sintering of powder compacts is a well-known geological process leading to rock formation in
nature [1, 2] and has recently been explored for the fabrication of advanced ceramics for electronic and
structural applications. [3-6] In geology, the densification of granular materials through pressure solution
creep is an important mechanism underlying the formation and transformations of sedimentary rocks.
[2, 7] Pressure solution creep is a cold sintering process that enables the transport of atoms from inter-
particle contacts to pore walls in a similar fashion to the conventional densification and sintering of
ceramics at high temperatures. As far as ceramics are concerned, cold sintering offers an attractive
sustainable pathway for the fabrication of stiff and strong functional materials in aqueous environment

at much lower temperature compared to standard sintering conditions. [3] Given its relevance to such



a broad spectrum of materials and research fields, cold sintering processes have been intensively

studied by the geology and materials science communities in recent years. [3, 5, 6, 8]

The densification of powder compacts through cold sintering has been demonstrated for a wide range
of chemical compositions and processing conditions. [9] While low-temperature dissolution and
reprecipitation processes have long been known to enable the pressure-assisted densification of
sedimentary rocks, [10] the possibility to cold sinter salts, phosphates, carbonates and oxide ceramics
featuring much lower solubility in water has only recently been evidenced by materials scientists. [3-11]
Early works exploring this attractive processing route focused on the cold sintering of hydroxyapatite
and lithium molybdate powders under temperatures and pressures in the range of 20-250 °C and 50-
130 MPa. [5, 11] Other studies revealed that similar pressures and temperatures can be used to densify
ZnO powder compacts through hydrothermal processes. [4, 8] More recent research has shown that
hydrothermal conditions can be extended to cold sinter an impressive range of chemical compositions,
including various simple and complex oxides, carbonates and salts. [6] Inspired by the densification of
carbonates in geological formations, we have demonstrated that the cold sintering of nanovaterite
powder is possible even at room temperature by compaction of the powder with water under pressures
in the range 10 — 800 MPa. [3] Despite these several successful demonstrations of cold sintered
materials, the microstructural deformation processes underlying the densification of such powders
remain poorly understood. In particular, the morphology of the initial powders is expected to play an
important role on the room-temperature sintering of nanovaterite with water, but its effect on the

deformation processes within the compact under pressure has not yet been systematically studied.

Three-dimensional X-Ray tomography is a powerful in-situ experimental technique to assess the
deformation processes within materials subjected to mechanical loading. [12] This has allowed for the
space and time-resolved quantification of the porosity of metal powder compacts used in powder
metallurgy, [13, 14] the mapping of strains and defects developed during the mechanical deformation
of metals, [15] and the analysis of matter transport mechanisms during high-temperature sintering of
glass and oxide-based composites. [16, 17] Synchrotron based tomography has also been used to
observe particle morphology changes during pressure solution creep of 100um sodium chloride
particles. [18] Besides in-situ tomography, instrumented micro- and nano-indentation has also been
extensively employed to quantify the mechanical response and deformation processes in consolidated
or pressed materials. [19] By measuring the creep response of specimens tested with different indenter
sizes, this technique provides a means to probe deformation processes at different length scales. [20]
The combined use of such imaging and mechanical characterization tools should therefore be a

powerful approach to study cold sintering phenomenon in powder compacts.

Here, we apply in-situ X-Ray tomography and instrumented mechanical indentation to investigate the
deformation processes at play during the room-temperature cold sintering of nanovaterite under
pressure with water. Because the investigated vaterite powder displays a multiscale morphology
comprising agglomerates of interconnected nanopatrticles, special attention is given to the quantification
of the deformation mechanisms operating at different length scales. To this end, the displacement of

vaterite agglomerates during uniaxial pressing is first observed through spatially- and time-resolved



imaging using a custom-made mechanical testing setup positioned in a synchrotron beamline. Digital
volume correlation is then applied on the reconstructed volumes to map local deformation of the
compacts during stress relaxation experiments. This is later complemented with micro- and nano-
indentation analysis to understand the role of the multiscale powder morphology on the cold sintering
process. On the basis of these experiments, we finally propose a model to describe the deformation

processes responsible for the water-assisted densification of nanovaterite powder under compression.

2. Experimental
2.1. Synthesis of nanovaterite particles

Nanovaterite particles were synthesized following a procedure published in the literature. [21] Briefly,
2 mol L'* aqueous solutions of sodium carbonate (Na2COs, Sigma-Aldrich, Germany) and of calcium
chloride (calcium chloride dihydrate, CaClz-2H20, Merck, Germany) were prepared with deionized (DI)
water. 16 ml of each solution were diluted with 80 ml of DI water, resulting in a solute concentration of
0.33 mol LL. The solutions were mixed well for a few minutes and the precipitated vaterite particles
were immediately separated from the water by centrifugation at 4500 rpm for 5 min. The particles were
then re-dispersed and washed twice with ethanol (94% denaturated with toluene, Alcosuisse) before
drying in an oven at 60 °C overnight and at 120 °C for another 24 h. One batch typically resulted in 3 g
of CaCOs particles.

2.2. Characterization of the nanovaterite particles

The crystallographic phase of the particles was characterized by X-Ray powder diffraction (XRD,
Panalytical X'Pert PRO MPD, Netherlands) using a Cu anode (generation voltage 40 kV, tube current
45 mA) and a monochromator. The time per step was set to 600 s and the step size to 0.0167° while
varying the 26 angle from 10° to 70°. The morphology of the particles was analyzed by scanning electron
microscopy (SEM, Zeiss, LEO 1530, Zeiss, Germany). Prior to acquiring the images, the particles were

coated with a 5 nm layer of Pt in order to make the samples electrically conductive.
2.3. Tomography set up

To build the custom-made pressing die and punch, a round single boron tube (outer diameter: 1.27 mm,
inner diameter: 0.50 mm, length: 50 mm) and a solid rod (diameter: 0.50 mm, length: 50 mm) made
from alumina (99.8%) were acquired from Ortech Inc. (Sacramento, Ca, USA). The tube was cut into
small pieces, each 6 mm long with a wire saw. For the lower part of the pressing die the inner solid rod
was carefully broken to reach 2 mm inside the tube. The upper part of the pressing tool was broken to
remain 2 mm outside the die in the absence of powder in the cavity. The lower part of the pressing tool
together with the outer tube was glued onto a metallic base plate using super glue (UHU, Superflex
Gel).

For the tomography experiments, the particles were mixed with water to reach a liquid-to-powder (L/P)
mass ratio of 0.25. After filling the cavity with either the prepared wet powder or dry powder, the pressing

tool was taped to better accommodate the nanovaterite particles. The pressing punch was inserted and



used to slightly compact the powder before placing the setup in a custom-made tensile/compression rig
positioned at the beam line. More details on the rig can be found in previous work by Maire et al [15] .
To ensure that the water would not evaporate from the wet sample during the measurement, a drop of

water was placed on top of the pressing tool before the series of scans started.

The rig was used to increase the force acting on the powder while a constant displacement rate was
applied. Once the desired forces of 20 N (100 MPa) or 100 N (500 MPa) were reached the tester was
stopped manually. Force and displacement data were recorded at a frequency of 2 Hz. Scans were
then acquired at constant displacement after 2, 5, 10, 30 and 30 min to track the movement of the

particles over time.

A PCO-Edge 5.5 Camera was used in a Optic Peter MB optical microscope at a magnification of 4
resulting in a lateral pixel size of 0.165 in the projections. The exposure time was 30 ms per projection
with no delay time. The following scanning settings were used: 601 projections, 20 darks and 40 flats
with no inter-flats. The sample was rotated by a total amount of 180°. The dimension in pixels of the
projections was 2560x2160 pixels. We used a paganin phase retrieval algorithm and adjusted the
rotation center. For the reconstruction, the Gridrec algorithm with the ramp filter was employed. The

reconstruction was stored slice by slice as .tif files coded on 8 bits.
2.4. Digital volume correlation

The slices were scaled down by a factor of 0.25 in all 3 dimensions by applying the ‘scale’ command
from Fiji [22] to obtain a stack of processable size. Averaging was used during downsizing. Images from
the different time steps were loaded into one hyper stack. A region of interest in the lower part of the
3D volume was selected to apply the Fiji plugin ‘correct 3D drift’ to correct for the drift between the
different time steps. We cropped a circle in Fiji to remove the reconstruction artifacts on the edge of the
3D volume. The outside was afterwards manually set to the value 0 (black). Black slices with no
information on the top and the bottom were removed and the different time steps were taken apart

again. The images were then ready to run with the digital volume correlation algorithm.

The .tif images were eventually loaded into MatLab and saved as .mat files. With these files, the fast
iterative digital volume correlation algorithm for large deformations (FIDVC) was run. [23] The calculated
results were then exported as .vtk files and visualized in Paraview. [24] To convert the output file from

pixels to displacement, we multiplied the data by 4 (downsizing) and by 0.1625 pm/pix (resolution).
2.5. Indentation

Samples for indentation experiments were cold sintered prior to the testing. To this end, 0.3 g of particles
were mixed with 0.075 ml of DI water, poured into a pressing tool (Modell 10, Gr. 2, diameter 11 mm,
P/O Weber, Germany) and pressed at 500 MPa for 1 hour using a mechanical testing machine (Instron
8562, Instron). The resulting pellets were 87 % dense. The pellets were fixed onto the stage for
indentation using a wax. The indentation was performed in a NanoTest Vantage from Micro Mechanics
(Wrexham, U.K.) using a Berkovich tip. For the microindents, the force was increased with a speed of
80 mN s until a holding force of 4800 mN was reached. The sample was then unloaded with the same

speed. For the nanoindents, we programmed the instrument to perform an array of 100 indents (10 by



10). In this case, the force was increased with a speed of 0.25 mN s until the holding force of 5 mN
was reached. The sample was unloaded with the same speed. Specimens measured under wet
conditions were soaked in water prior to the test. A wet sponge was attached next to these samples to

minimize water evaporation during the measurement.

3. Results and discussion
3.1. Multiscale spatial and temporal analysis of the cold sintering process

Vaterite compacts that undergo cold sintering exhibit a multiscale structure, consisting of an assembly
of interconnected nanoparticles inside individual agglomerates and the assembly of agglomerates into
a macroscopic sample of well-defined geometry (Fig. 1 top row). The deformation of the assembly of
nanoparticles and the assembly of agglomerates under the imposed uniaxial stress determines the
creep rate, the final relative density, and the possible build-up of density gradients within the compacts.
To shed light on the contribution of these multiscale deformation processes on the cold sintering of
vaterite compacts we employ in-situ X-Ray tomography during uniaxial pressing and instrumented
mechanical indentation on compacted samples at two different length scales (Fig. 1 bottom row). In-
situ X-Ray tomography was used to quantify the deformation of agglomerates throughout the
mechanically-loaded compact by measuring the evolution of local displacement in stress relaxation
experiments. Instrumented mechanical indentations were performed on compacted specimens to
measure the deformation of the assembly of nanoparticles and of the assembly of agglomerates at the
micro- and nano-scales, respectively, and their contributions to the overall creep rate of the macroscopic

vaterite sample.
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Figure 1. Schematics of the multiscale structure of the nanovaterite compacts and the
characterization tools used to study the cold sintering process. Top row: Hierarchical structure of
the vaterite compact, indicating (left) the macroscopic sample, (middle) the assembly of micron-sized
agglomerates of vaterite nanoparticles, and (right) the network of vaterite nanoparticles inside an
agglomerate. Bottom row: multiscale mechanical analysis of the vaterite compacts using (left)
macroscopic mechanical tests coupled with in-situ synchrotron X-Ray tomography, and (right)
instrumented indentation at the micro- and nanoscale.

Specimens for these experiments were prepared from nanovaterite powder obtained from the
precipitation of calcium chloride and sodium carbonate in water, as previously reported. [21] The
precipitation reaction results in spherical agglomerates in the size range 8-15 um, which are formed by
interconnected nanoparticles with size on the order of 50 nm (Fig. 2). X-Ray diffraction of the
precipitated powder confirms the formation of vaterite crystals. The presence of a calcite peak in the X-
Ray diffraction spectrum is associated with the formation of a few large calcite particles that are readily
visible by SEM imaging.[21]
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Figure 2: Nanovaterite powder used for the preparation of compacts. (a) Spherical vaterite
agglomerates obtained after the precipitation reaction. (b) Hierarchical structure of the vaterite
agglomerates, highlighting the presence of interconnected nanoparticles at smaller length scales. (c)
X-Ray powder diffraction of the precipitated nanopowder, which indicates the predominant formation of
vaterite crystals.

3.2. In situ X-Ray synchrotron tomography

The compaction behavior of the vaterite powder was investigated by performing in-situ X-Ray
tomography while the sample was subjected to uniaxial die pressing in a custom-made mechanical
tester (Fig. 3a,b). To enable the visualization of individual agglomerates, this experimental setup was
assembled in a synchrotron light source that provides a pixel size of 162.5 nm and temporal resolution
of 0.03 Hz (PSI, Villigen). The vaterite powder was pressed inside a custom-made alumina crucible of
0.50 mm inner diameter with walls that are sufficiently thin to minimize X-Ray attenuation but thick
enough to enable compression of the sample under a uniaxial stress of up to 500 MPa (Fig. 3c, d). By
rotating the cylindrical sample around its long axis during the measurement, three-dimensional
reconstructions of the microstructure were first obtained when the targeted pressure was reached. This
was followed by tomography measurements 2, 5, 10, 20 and 30 min after the initial scan under external
pressure (Fig. 3c). The spatial resolution achieved at the beamline was high enough to visualize the

shape of individual particles (Fig. 3d).

Compression experiments were carried out by applying uniaxial pressures of 100 or 500 MPa onto the
powder with water (wet) or under dry conditions. This initial pressure was reached by applying a
constant displacement rate in the first stage of the compression test. After this maximum pressure was
reached, the sample was allowed to relax under the initially imposed displacement (stage 2, Fig. 3c).
The results of the compression experiments show a significant effect of the presence of water on the
stress relaxation behavior of the vaterite compacts. A stress drop of 40% was observed in the presence
of water for samples subjected to an uniaxial pressure of 500 MPa. By contrast, the experiment with
dry powder showed a stress drop of only 10% for this initial pressure. A similar trend was found for the

specimens subjected to the initial stress of 100 MPa.
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Figure 3: In-situ synchrotron X-Ray tomography setup and three-dimensional reconstructed
images of a mechanically-tested compact. (a,b) Mechanical testing apparatus positioned in front of
an X-Ray beamline at the synchrotron facility. (¢) Mechanical compaction (stage 1, blue) and stress
relaxation (stage 2, red) curves recorded simultaneously with the in-situ X-Ray tomography
measurements. (d) Schematic representation of the uniaxial pressing tool under the load cell (left),
highlighting the location of the nanovaterite powder inside the custom-made alumina crucible (middle
left). The load cell was constructed to fit into the beamline and can rotate freely to acquire all necessary
images for the 3D reconstruction. Representative 3D reconstruction of the vaterite compact acquired at
the bottom of the pressing tool (middle right), indicating the coordinate system used to describe the
compaction process and a representative reconstruction of several nanovaterite agglomerates showing
the necks between them (right).

The observed stress relaxation is caused by the deformation of particles and agglomerates within the
mechanically-loaded vaterite compact. To quantify the deformation at the length scale of agglomerates,
we performed digital volume correlation analysis between tomographic images obtained at 0 min and
after 30 min at the end of the stress relaxation experiments (Fig. 4a). The displacement vectors obtained
by digital volume correlation provide valuable information about local variations in the relative motion of
agglomerates within the sample. To analyze such local variations we map the length of the
displacement vector along the Z direction using 2D vertical slices of the reconstructed tomograms (Fig.
4Db). Longitudinal displacements at selected radial positions at the center and edges of the reconstructed
tomograms are then plotted as a function of the sample height to quantitatively compare the deformation
of the compact under different testing conditions (Fig. 4c).

The resulting plots show that a clear negative displacement gradient develops along the height (z) of
the compacts tested in water, whereas dry samples display a less-defined displacement profile in the z

direction with even a positive gradient in the bottom half of the pressing tool. The negative displacement



gradient measured for the wet samples indicates the development of strong compressive strains inside
the compact along the pressing direction. For samples subjected to an external stress of 500 MPa, the
displacements are 10-fold higher than those measured for specimens tested in the dry state under the
same pressure. This shows that the presence of water clearly promotes the densification of the compact
through the longitudinal displacement of vaterite agglomerates. Such longitudinal displacement arises
most likely from deformation processes at the contact points between agglomerates, which change their
initial spherical morphology into more densely packed truncated shapes. In contrast to the wet
compacts, specimens tested in the dry state showed no detectable longitudinal displacement at 100
MPa and a relatively weak compressive longitudinal displacement at 500 MPa. The significant radial
(off-axis) displacement observed in these dry specimens (Fig. 4a) suggest that the agglomerates in
these compacts undergo lateral rearrangements that do not allow for an effective reduction of the
material’s internal stresses. Such behavior is typical of brittle powders subjected to uniaxial pressing.
[25]

To better quantify the longitudinal compressive strains developed during the cold sintering process with
water, we evaluate in more details the displacement gradients formed within the wet specimen pressed

at 500 MPa. Longitudinal strains €, are directly obtained from the slope of the line fitted to the z
displacement value, d,, when plotted against the height (z) of the sample: ¢, = %. Using this fitting

approach, strain data at selected radial positions at the center and edges of the compact were derived
from the reconstructed tomographs (Fig. 4c). The slopes of the fitted data show that the wet samples
subjected to 500 MPa reach longitudinal strain values as high as 2% and 3% at the edge and close to
the center of the compact, respectively. The lower strain at the edge of the compact may result from
the friction of the powder that is located closer to the walls of the alumina die. The observed difference
in compressive strain leads inevitably to a densification gradient between the center and the edge of
the compact. Taking the experimentally-measured relative density of 79% at the beginning of the stress
relaxation test, we estimate the relative densities at the center and at the edge of the compact to reach,

respectively, 81% and 82% at the end of the experiment.
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Figure 4: Displacement of agglomerates after stress relaxation of vaterite compacts subjected
to distinct mechanical loading conditions. (a) 3D representations of the total displacement vectors
indicating the motion of agglomerates inside vaterite compacts initially loaded with 100 or 500 MPa
under dry or wet conditions. The displacement vectors were measured by Digital Volume Correlation of
image-stacks acquired at the beginning (0 min) and end (30 min) of the stress relaxation experiments.
(b) Contour plots displaying the magnitude of agglomerate displacement along the z direction for
representative vertical slices of the 3D volumes shown in (a). The color code represents the magnitude
of the vector component. (c) z-displacement of agglomerates as a function of the sample height for
different mechanical testing conditions. The displacement data were obtained along the three different
radial positions shown in Fig. 4b. Lines were fitted to the displacement data to estimate the local strain
along the edges and center of the compact after stress relaxation.

In addition to the total strain at the end of the densification process, we also use our 3D reconstructed
tomographs to assess the evolution of the strain distribution inside the wet compact during stress
relaxation (Fig. 5). This provides valuable information about the propagation of the externally imposed
stress throughout the compact microstructure. For wet specimens pressed at 500 MPa, the restructured
tomographs indicate that most of the longitudinal displacement within the compact develops in the first
few couple of minutes of the 30-min long stress relaxation experiment (Fig. 5a,b). Indeed, the net
displacement measured after 2 minutes is about 3 times higher than that observed in the last 10 minutes

of the test. Such a high initial deformation releases some of the elastic energy stored in the pressed



compact, resulting in the strong stress relaxation detected by the mechanical load cell in the beginning
of the test.

Analysis of the cumulative displacement maps at the early stage of the relaxation experiment also
indicates that the developed strain is uniform along the entire height of the compact within the first
minutes of the test (Fig. 5c,d). The lack of strain gradients within the sample implies the existence of an
elastic network of percolating agglomerates, which quickly distributes the externally applied stress
through stress transfer at inter-agglomerate contacts (Fig. 3d). Despite the uniform strain distribution
along the height of the sample, we found that the expected lower strains at the edge of the compact are
already visible at a very early stage of the stress relaxation experiment. This is evident by comparing
the estimated strains at the edge and at the center of the specimen as a function of time. Such
comparison shows that the strain mismatch remains relatively constant throughout the densification
process (Fig. 5d,e). In addition to the increased friction of the powder located closer to the die walls,
the observed radial gradient and the asymmetry of the displacement data might also arise from the fact

that the pressing punches used in these experiments are not perfectly flat.
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Figure 5: Evolution of the agglomerate displacement during stress relaxation of vaterite
compacts initially pressed at 500 MPa with water. (a) Snapshots of the microstructure of the compact



obtained at different time points along the stress relaxation process. The images correspond to vertical
slices of 3D tomography reconstructions. The local displacement of agglomerates inside the compact
is qualitatively illustrated by tracking a pore positioned close to the top of the specimen (yellow arrow).
(b,c) 3D representations of the displacement vectors of agglomerates measured (b) between snapshots
or (c) accumulated over the entire stress relaxation experiment. The color code represents the
magnitude of the vector. (d) Contour plots displaying the magnitude of agglomerate displacement along
the z direction for representative vertical slices of the 3D volumes shown in (c). (e) z-displacement of
agglomerates as a function of the sample height measured at the edges and center of the compact at
selected time points along the test.

3.3. Instrumented micro and nano indentation

Whereas the high longitudinal strains developed within the wet compacts clearly illustrate the strong
effect of water on the densification process, elucidating the origin of the observed internal displacements
requires further systematic experiments. We address this question by measuring the deformation of the
compact at two different length scales using instrumented indentation tools. Indentation tests at the
nanoscale are carried out to quantify the deformation of the assembly of nanoparticles within a single
agglomerate, whereas measurements at the microscale are conducted to assess the deformation of
the assembly of agglomerates at a larger length scale. The experiments were performed under wet or
dry conditions by first loading the specimen at a constant force rate, followed by a creep test at a target
fixed force (Fig. 6a,d). The evaluated specimen was prepared by cold sintering the nanovaterite powder
with water at 500 MPa to obtain a 11mm diameter disc with a final relative density of 87%. Scanning
electron microscopy images of imprints generated upon indentation confirm that the selected micro or
nano-indenters could be appropriately positioned to probe either the assembly of agglomerates or the
assembly of nanoparticles, respectively (Fig. 6c¢,f). The micro-imprints were typically 100 um wide and
10 pm deep, whereas the nano-imprints exhibited width of 1 um and depth of 100 nm. These
dimensions are at least 10-fold larger than the average size of a single agglomerate (10 um) and an
individual nanoparticle (50 nm), which validates our experimental protocol as a means to probe the

deformation of assemblies of agglomerates and particles at two different length scales.

The creep data obtained from the indentation experiments confirm the crucial effect of water in
promoting the densification of the compact under constant mechanical stress (Fig. 6b,e). Samples
containing water displayed 4-fold and 2-fold higher displacements compared to the dry counterparts at
the end of the nano- and micro-indentation tests, respectively. Comparison of the creep behavior of wet
specimens probed at the nano- and microscales allows us to identify the deformation mechanism
controlling the densification of the vaterite compacts. Because of the difference in indented volume at
the two different length scales, we compare these two samples in terms of the rate at which the
specimen changes its creep compliance (L) over time. Following a previously reported analytical model,
[20] the creep compliance of the sample can be measured from indentation experiments using the

equation:
L(t) = 2:tan (0) | R2(D), (Eq. 1)
TPmax

where 6 is the half cone angle of the Berkovich indenter used in the experiments (65.3°), Pmax is the

maximum load, and h(t) is the actual indentation depth at a given time t. After calculating the time-



dependent compliance of the sample from the indentation depth data, the resulting creep compliance
curves were differentiated with respect to time to determine the creep compliance rate (dL(t)/dt) of

specimens at the micro- and nano-scales (Fig. 6g,h). [20]

Our analysis reveals that the creep compliance rate of the wet vaterite compact is approximately twice
larger than that of the dry specimen over the entire time window of the experiments. Importantly, we
found that the creep compliance rate of samples tested with a nano-indenter display similar or even
slightly higher levels compared to the rate measured with the micro-indenter. This indicates that the
creep response of the compact is predominantly controlled by the deformation of the assembly of
nanopatrticles inside an individual agglomerate. Indeed, if the relative displacement between the
agglomerates were to play a role in the creep process, this would be reflected in a higher creep

compliance rate of samples tested by micro-indentation.

(@) go00 |- ' ' ' (b) 500 [ (c) dry - micro indent
4000 - B Ezooo s
—~ L £ L
z -
£ 3000 - 1 51500 -
8 E 1
E 2000 I ) 1 g i
1000 - 1 & 500 -
4 ary a [
0 - ol
1 n 1 1 1 L
0 5000 10000 15000
Displacement (nm)
(d) 5_| T 'I" T T |_(e) 20 (
i /| — 1wl 1Y
ar /f. /| / B g 10 4
~ / i =
z /11l ‘ = 80
E 3r / / /f {1 E
Py / ( £ 60|
g2t /) /| / {1 8
£ 7 8 wf
A 1 8 of
r // /dry /wet L
0 . 0+
1 1 1 1 1 1 L

0 100 200 300 400 500 600 0 20 40 60 80 100 120
Displacement (nm) Time (s)

(g) 10° T T T (h) 10° T T T T T ™3
o 10°F . E = 10° E
T : D
T % b
© oo ) © 3
o . %o nano indents o .
= 10 3 E = 10" | N 3
= 3 . = 3 ]
g AT g R micro indents
= micro indents” - = A
T 10° E E T 10° | E

nano indents
10-0 1 | | 1 10-? 1 1 1 L L 1 1
0 100 200 300 0 50 100 150 200 250 300

Time (s) Time (s)



Figure 6: Multiscale creep of vaterite compacts measured by mechanical indentation at the nano-
and microscales. (a,d) Force-displacement curves obtained from (a) micro- and (d) nano-indentation
experiments performed on a vaterite sample that was previously cold sintered to reach 87% relative
density. (b,e) Displacement of the indenter as a function of time obtained from creep tests under
constant load at (b) the micro- and (e) the nano-scales. The curves in (e) indicate the average
displacement, whereas the shaded areas represent the standard deviation. (c,f) Scanning electron
microscopy images depicting the imprints generated on the surface of vaterite specimens after (c)
micro- and (f) nano-indentation experiments in dry conditions. (g,h) Evolution of the creep compliance
rate (dL(t)/dt) over time for vaterite compacts tested by micro- and nano-indentation in (g) wet or (h) dry
conditions.

Such experimental results suggest that the densification process of the vaterite compacts with water at
constant mechanical load ultimately results from the deformation of the assembly of nanoparticles at
the contact points between individual agglomerates. This intra-agglomerate deformation at the contact
points should lead to truncated geometries of higher packing density, thus increasing the relative density
of the entire compact. Because of the stress intensification effect at the contact points between
agglomerates, the hierarchical nature of the vaterite nanopowder is expected to favor the densification
of the compact by amplifying the external stresses at inter-agglomerate contacts while also providing a

network of nanoparticles that can be effectively densified inside the individual agglomerates.

Overall, our analysis suggests that the densification of the vaterite compacts is controlled by localized
deformation processes operating over three distinct length scales. At the scale of the pressing die,
frictional forces and imperfections of the punch seem to favor the deformation of powder in the center
of the compact. In turn, stress intensification at inter-agglomerate contacts promotes localized
deformation of specific sites at the length scale of individual agglomerates. Eventually, the assembly of
interconnected nanoparticles at the smallest length scale undergoes the actual deformation required

for the macroscopic densification of the compact.

5. Conclusions

The cold sintering of nanovaterite powder via uniaxial pressing with water involves deformation
processes that operate at multiple length scales. Tomography imaging performed at scales much larger
than individual agglomerates show that high uniaxial compressive strains develop within compacts
containing water. This enables strong densification along the loading direction for powders subjected
to stress relaxation under wet conditions. By contrast, dry pressing leads to predominantly lateral motion
of the agglomerates and therefore weak densification along the pressing direction. Because lower
compressive strains are achieved closer to the walls of the pressing die, a small difference in relative
density between the center and the edges of compact is observed. Snapshots taken during stress
relaxation experiments suggest that the vaterite agglomerates form a percolating network that quickly
transmits the applied external stresses throughout the powder compact. This indicates that densification
under constant mechanical load likely initiates at the contact points between the vaterite agglomerates.
The high stresses developed at such contact points irreversibly deforms the network of interconnected
nanoparticles inside individual agglomerates, which become truncated and more closely packed within

the compact. The irreversible deformation of the nanoparticle network within each agglomerate



ultimately controls the densification rate of the entire compact. This implies that possible agglomerate
rearrangement events occur predominantly in the initial loading stage of the pressing operation, leaving
further gains in densification to the deformation of the nanoparticles inside agglomerates. Our
experimental study provides important insights onto the effect of water and powder morphology on the
room-temperature cold sintering of nanovaterite and may help identify novel powders amenable to this

environmental-friendly manufacturing technology.
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