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Abstract

In-depth investigation of the sintering phenomena in ceramic powders remains challenging, with
the typical size of the individual particles being around 1 um or less, i.e., at the resolution limit of
X-ray micro-tomography (uCT). This has been dealt with, thanks to the state-of-the-art hard X-
ray nano-analysis beamline at the upgraded European Synchrotron Radiation Facility (ESRF).
Complete 3D images were obtained for representative ceramic powder systems with a voxel size
as low as 25 nm, so as to depict particles and pores with adequate details and follow the entire
sintering process. Subsequent quantitative image analyses were used to explore microstructural
changes, including the evolution of relevant sintering parameters with respect to the grains and the
pores. Notably, a study adopted in this research on the advancement of pore curvatures can be

linked to tracking the stages of sintering.
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Sintering; Ceramic powders; Synchrotron X-ray nano-tomography; Quantitative image analysis;
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1. Introduction

Sintering is undoubtedly the most prominent step in powder processing of ceramics [1], involving
the transformation of a powder or a powder compact into a bulk material of controlled density
under thermal energy. The complete process is classically divided into three sequential and

overlapping stages, characterized by the formation of so-called necks in between the individual
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particles in the initial stage, considerable densification resulting from the shrinkage of the
interconnected pore channels in the intermediate stage, and eventually the creation of isolated
closed pores in the final stage, with concomitant grain growth [2] [3].

The experimental studies in the context of powder sintering and the subsequent characterization
for a quantitative investigation were largely carried out by classical observation techniques such
as optical or scanning electron microscopy (SEM). The micrographs of the traditional SEMs were
vital in illustrating various sintering related phenomena, but, from a two-dimensional (2D)
perspective with relatively small fields of view. This restricted the assessments of complex
sintering parameters, which require rather a three-dimensional (3D) outlook [4]. For instance, 2D
images provide insufficient understanding of the complex network of pore morphologies in a
microstructure. The 3D interconnected pore channels could appear isolated in 2D sections, giving
insufficient or wrong impression on the connectivity and the closure of the pores [5] [6]. This
highlights the significance of 3D imaging offered by non-conventional characterization

techniques, like X-ray tomography.

In fact, 3D imaging has been proven to be of great value in improving the understanding and
modeling of sintering of metallic and glass powders. Various notable works of Lame et al. [7],
Nothe et al. [8], Olmos et al. [9], and Kieback et al. [10] have employed X-ray micro-tomography
(LCT) apparatus to compute and follow-up relevant sintering parameters. These works, for
instance, have employed a resolution of around 1.5 pum pixel size to detect critical sintering related
features in the metallic particles of approximately 50 pum in size. This ratio of the order of 1/20 to
1/40 between the resolution and particle size has been found to be a good trade-off amongst the
high resolution required to precisely quantify necks and curvatures and the low resolution required
to capture particle agglomeration and rearrangement. The insights offered by the characterization
of various such tomography outcomes were also found to better validate the sintering theories, as

the ones proposed by Delannay et al. [11].

For ceramic powders, the same results cannot be realized as a considerably higher resolution is
required to enable particle scale imaging. Indeed, as a result of their small size (around or below 1
um) and complex architecture, ceramic particles most often form agglomerates. Consequently,
prominent X-ray uCT studies over the last two decades on ceramic samples by Bernard et al. [12],

Lu et al. [13], Xu et al. [14] etc. to visualize and quantify microstructural evolutions during



sintering have been restricted to the agglomerate level. However, more recently, with the
advancement in the X-ray nano-tomography (nano-CT) domain at the synchrotron facilities,
microstructural evolutions during sintering at the nano-scale are being investigated, as in Okuma
et al. [15], paving the way for comprehensive ceramic studies. Particularly remarkable has been
the observation of sintering phenomena of glass beads at a sintering temperature of 670°C [16].
Nevertheless, it is worth noting that the analyses of commonly used ceramic powders are more
delicate because of the higher temperatures required (around or more than 1500°C). To the best of
our knowledge, none of the various types of tomography, be it post-mortem, ex-situ or in-situ —
choosing the terminology proposed by Salvo et al. [17] — has been attempted at a resolution good
enough for particle length-scale observation of ceramic powder sintering at higher temperatures
so far.

In this work, we explore the nano-tomography technique presented by the ID16B nano-analysis
beamline at the European synchrotron (ESRF). The beamline offers a phase-contrast based
holotomography set-up [18], which allows 3D imaging at the nano-scale (~25 nm voxel size), with
fast scan times and with fields of view that are large enough to constitute representative volume
elements [19]. With this high resolution, we were able to investigate two sets of pre-sintered
micron-sized alumina powders in a post-mortem context. 3D images obtained at this resolution
were used to investigate densified versions of the alumina powder compacts as well, thus allowing
the analysis of intermediate and final stages of sintering. The subsequent quantitative evaluations
were utilized to follow the evolution of the morphologies of the grains and the pores and a few
associated parameters at different sintering time intervals. The information obtained was further
scrutinized by comparing them with classical analytical sintering theories. Furthermore, given that
the curvature changes are the foremost phenomena in the sintering process, high resolution 3D
renderings were used to plot and analyze curvature maps from a porosity reference framework.

These maps are shown to serve as an indicator to track the evolution of sintering stages.
2. Materials and Methods
2.1 Powder and sample preparation

Two sets of alumina powders, AA-07 and AA-1.3, procured from Sumitomo Chemical Co., Ltd.
with mean particle sizes of around 0.7 um and 1.3 pum, respectively, were chosen. These sizes fit

the investigation criteria of the synchrotron experiments in terms of the expected resolution (~25



nm). Preliminary SEM evaluations show that these so-called advanced alumina powders, produced
by an aluminium alkoxide hydrolysis process [20] [21], have an almost isotropic, polyhedral shape
and are fairly non-agglomerated (Figure 1).
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Figure 1. SEM observation of alumina powders with particle sizes of around (a) 0.7 um and
(b) 1.3 um respectively.

To assess the sintering advancement of the chosen powders, cylindrical compacts (~8 mm in
diameter) obtained by uniaxial pressing of the powders in a die with a stress of ~200MPa, were
subjected to sintering experiments in a dilatometry set-up in air. Small quantities of polyvinyl
alcohol were used as a binder for better compaction. Thermal cycles were imposed on to the
powder compacts at a rate of 5°C/min with a sintering plateau at 1500°C. A 1-hour isothermal
hold at 500°C was carried out to remove the binder prior to sintering. The powder compacts were
then sintered individually for different time periods up to 120 hours at 1500°C, and the shrinkage
and densification attained were recorded. Bulk densities of the sintered compacts and therewith
their relative densities were determined using the conventional ‘Archimedes’ principle, with
ethanol as the weighting medium. The compacts were further broken into tiny fragments (about
100 um in diameter and 1-2 mm in height) for a subsequent investigation using the nano-CT.

2.2 Phase-contrast X-ray nano-holotomography

In order to visualize the sintered alumina fragments at the particle scale, X-ray nano-CT
experiments were carried out at the ID16B nano-analysis beamline of the ESRF. The beamline is
equipped with a set of Kirkpatrick-Baez (KB) mirror systems. These mirrors focus the incoming
parallel X-ray beam onto a small beam size of 50*50 nm?, which acts as a secondary source [19].
The subsequent conic beam advancement results in a geometrical magnification. An energy of

29.2 KeV was used for the experimentations.



With the holotomography system, propagation based phase-contrast imaging was performed by
placing and moving the sample (at distance D1) in the conic beam space at 4 different distances
relative to the focal plane. For each of the 4 sample-to-focus distances, 3203 projections were
recorded over a 360° rotation using a scintillator screen (LSO 17m) and a cMOS detector system
(pco.edge 5.5) at a fixed distance D1 + D2 from the focal spot (Figure 2 (a)) [18] [22] [23].
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Figure 2. Principle of nano-CT at ID16B beamline of ESRF: (a) sketch of the experimental
set-up, (b) radiographs recorded from the 4-distance image set and (c) phase map obtained
by phase retrieval, which are then used in (d) a tomographic reconstruction.

The recorded images at D11 =29 mm, D12 = 30 mm, D13 = 34 mm and D14 = 44 mm were aligned
and magnified according to the first distance image (Figure 2 (b)), resulting in a pixel size of 25
nm and a field of view of 64*64*54 um?®. The exposure time for each projection was optimized to
50 ms, leading to an acquisition time of ~4 min for 1-distance imaging. The phase shifts undergone
by the sample were captured from this 4-distance image set by means of iterative phase retrieval
algorithms to obtain the so-called phase maps (Figure 2 (c)). The filtered 2D phase maps were then
fed into the in-house built ESRF PyHST2 software package [24] to reconstruct and render the 3D
distribution of the sample (Figure 2 (d)).

2.3 Image treatment and analyses

Regions of interest (ROIs) of 1000*1000*1000 voxels were extracted from the reconstructed 3D

image stacks. Ring artefacts present were removed with a MATLAB algorithm based on image



filtering [25]. A trial-and-error approach was used to find the appropriate parameters. The ROIs
were then pre-processed with filters such as fast Fourier transform filter (cut-off frequency of 5%)
to remove high-frequency noise, non-local means filter (strength of 0.5) to reduce left-over noise
while keeping the edges sharp etc., in image processing software ImageJ and GeoDict [26] [27].
This was followed by the application of automatic thresholding methodologies (OTSU’s method)
in order to further integrate the segmented 3D renderings in a quantitative analysis set-up.
However, segmentation of individual features, say, the separation of individual sintered grains,
was challenging, especially for image stacks above 75-80% density. Parameters requiring only
effective pre-processing and global thresholding operations for their evaluation were hence

chosen.
Grain volume fraction measurement

Volume fractions of the grains were first determined from the ROIs with the ImageJ software [26],

to compare with the relative density estimation from the Archimedes approach.
Grain size and pore size estimation

Next, granulometric analysis in the Geodict image processing platform was employed to estimate
the size of the evolving grains [27]. The algorithm in the GrainFind module of GeoDict first
converts the thresholded 3D image stacks into distance maps by Euclidean distance transform
(EDT) and then evaluates the diameter of the grains by fitting pre-defined spheres into the grain
space. A detailed description of the algorithm and its implementation can be found in [28].
Similarly, pore size distributions of the 3D image stacks were carried out by granulometric

characterization in the pore space using the PoroDict module of GeoDict [27] [29].
Pore connectivity and pore throat characterization

In order to assess the connectivity in the pore network and their transition into closed porosity,
parameters such as pore volume, percentages of open porosity, and percentages of closed porosity
were measured using the Analysis_3D plugin in ImageJ [26] [30]. Furthermore, a porosimetric
investigation was carried out in the PoroDict module of GeoDict [27] [29]. In contrast to
granulometry, here, pre-defined spheres that are fitted into the pore structure are made to pass
through from the side of the intrusion to the other side such that it encompasses the entire pore



channel. With this, the size of the small pore channels or throats connecting the large pore channels

are determined, while needless to say, closed pores do not contribute to the pore throat analyses.
Interface curvature analysis

To track the evolution of pore-solid interface curvature, simplified henceforth as pore curvature,
the tools, ‘Shape index’ and ‘Curvedness’ proposed by Koenderink et al. [31] for graphical
representation of 3D shapes were adopted. In contrast to the classical curvature measures like the
Gaussian and the mean curvatures, these shape indicators capture the nuances in the variations of
local shapes [32]. The significance of these parameters has been emphasized notably by Shahani
et al. [33]. They are independent of each other, with the shape index estimating the local shape
profile and the curvedness measuring the amount of curvature of the shape. The significance of
these indicators will be further explained in section 3.3. With ki1 and k2 as the principal curvatures,

the shape index S and curvedness C are defined as follows:

S—Z t (k1+k2) 1
= T[arc an kl —kz
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The shape index in Equation 1 can have values in the range from -1 to +1, differentiating
convexities from concavities. The curvedness instead, in Equation 2, is a positive value, with 0
indicating a planar surface, quantifying the amount of deviation from a flat plane. Taking these
indicators into consideration, pore surfaces of the 3D image stacks were first generated in Avizo
software package [34]. Principal curvature values were then computed from the generated
surfaces. Using these values, the shape indicators were subsequently calculated in a Python
environment, to be further applied to plot curvature maps, i.e., 2D density histogram plots in the
(S,C) plane.

3. Results
3.1 Global assessment

Detailed microstructural changes undergone by the sintered materials were revealed, thanks to the

high resolution and the large field of view resulting from the multiple distance phase retrieval.



Figure 3. One of the cross-section slices of the 3D reconstructed alumina samples of 1.3 um
(a), sintered at 1500°C and observed post-mortem after (b) 1 hour, (c) 10 hours, (d) 30 hours
and (e) 120 hours respectively. The relative density values ‘p’ are mentioned on top-left. Scale
bar is 5 um. Alumina grains are in gray, while the black phase is porosity.

At a global level, many sintering phenomena such as inter-particle neck growth, densification,
grain growth, pore rounding, etc. that are stated in the traditional sintering theories at different
stages of sintering [1] [2] [35] are clearly observed in the two alumina samples. Figure 3 (a) shows
one of the cross-section slices taken from the middle of the image stack (1000*1000*1000 voxels)
of the 3D reconstructed alumina of 1.3 um average particle size (henceforth referred to as ‘Al
1.3um”), sintered at 1500°C with an original relative density of around 60%. Over time (Figure 3
(b) (c) (d)), we see developments in this original ‘green’ sample, such as the growth of inter-
particle necks, particle center-to-center shrinkage and a considerable densification, with the
Archimedes relative density ‘p’ reaching 74%, 81%, 91% and 96% after 1 hour, 10 hours, 30 hours

and 120 hours respectively. The sintered samples thus appear to span the intermediate (~70 to

~90% of density) and the final stage of sintering (above ~90% density).
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Figure 4. One of the cross-section slices of the 3D reconstructed alumina samples of 0.7 um
(a), sintered at 1500°C and observed post-mortem after (b) 30 min, (c) 1 hour and (d) 10
hours respectively. The relative density values ‘p’ are mentioned on top-left. Scale bar is 5
pm.

Figure 4 shows the sintering progression at 1500°C of the relatively smaller alumina powder with

0.7 um average size (‘Al 0.7um’). Global evaluations suggest that the sintering advances much



faster in this case, with grains increasing in size, decreasing in number and the interconnected
pores turning isolated towards the end, as in Figure 4 (d). The relative densities were measured to
be 89%, 92% and 94% after just 30 min, 1 hour and 10 hours respectively, indicating the final

stages of sintering.
3.2 Quantitative insights

Classical parameters with regard to the evolution of the grains and the pores corresponding to all
the three stages, which are extensively used in the sintering literature, were measured from the 3D

data, together with the introduction of some novel parameters.
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Figure 5. Correlation between the density of the sintered compact measured by the
Archimedes approach and the grain volume fraction obtained by image analysis of the
tomographic data for (a) Al 0.7um and (b) Al 1.3um, respectively.

At each time period, volume fractions of grains extracted from the 3D images, when plotted against
the experimentally measured relative density values (Figure 5), show an excellent fit for most of
the points for both the alumina samples. This in turn proves the effectiveness of the resolution
attained, the representativeness of the ROIs and the subsequent image processing. The fit
especially suggests that the samples possess a uniform green density. The agreement between the
values at different time periods also provokes interchangeable usage of the terms ‘grain volume

fraction” and ‘relative density’ further in this work.
Grain size progression

Advancements in tomography techniques have led to expressing the grain growth phenomenon
occurring during sintering in terms of 3D grain size distribution, replacing the earlier quantitative

assessments through 2D micrographs and other stereological methods [36] [37]. Here, the grain

9



size deduction is carried out by granulometry measurements, as described in the previous section
2.3. Figure 6 (a) and (b) show a fairly narrow original grain size distribution, with a geometrical
deviation of 1.17 and 1.2 for Al 0.7um and Al 1.3um respectively. De-agglomerated micron and
submicron sized powders with uniform narrow size distributions are proven to improve the
sinterability [38] [39] and thereby the densification of the ceramic products to more than 90%,
which is very well the case in Figure 6 (a) (b) as well. Further, the curves for both the samples
follow the established fact that the growth of the grains is limited in the early stages of sintering

and speeds up as sintering progresses, especially after attaining over, say, 80% of the relative
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Figure 6. Evolution of grain size distribution for the two alumina samples, (a) Al 0.7um and
(b) Al 1.3um, respectively; (c) comparison of average grain size versus density; and (d)
average grain size over original grain size versus density for both these samples, along with
the corresponding curve fit according to German’s equation [42] and the proposed fit.
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Also, to be noted is that these distributions do not show a distinct bimodal shape, thus indicating
a pattern of normal grain growth for both the samples [3]. Average grain sizes were calculated
from each of these distributions and their conformity with the scaling law proposed by Herring
[40] was examined. In accordance with the analysis by Rahaman [3], this law correlates the
sintering time period required to reach a given particle size, for two powders with similar shapes
but different sizes (with say, radii a1 and az, where a2 = Aaz1), sintered under the same experimental
conditions. The required sintering times t, and t,, in this case, the time t, required by Al 1.3um
to produce a geometrically similar change as exhibited by Al 0.7um in time t,, are then interrelated
as t, = A%ty. Here, with 4 = ~2, « takes a value of around 3.5, which falls in the acceptable range
of values found in the sintering literature. As per Rahaman [3], the exponent is 4 for surface
diffusion and grain boundary mechanisms and 3 for lattice diffusion.

Another way of evaluating the grain growth involves plotting the evolution of the average grain
size as a function of the relative density attained [41]. In fact, average grain size is considered to
be the only basic microstructural descriptor necessary to evaluate the microstructural evolution in
many analytical estimations. From the distributions in Figure 6 (a) (b), the average grain size points
are thus extracted and plotted in Figure 6 (c). Also, the average grain size points for the two
samples are divided by their original grain size and plotted against the density values as in Figure

6 (d). These points are then compared with the equation proposed by German in [42] [43] for grain
G0
yi=f

grain volume fraction. Trying different values of 6, particularly a value of 0.63 for both our

size, G =

, Where Go is the initial grain size, 0 is a constant with a value of 0.6, and f is the

samples, shows a satisfactory match, with goodness-of-fit, R = ~0.8. This value of 0 falls in the
range of 0.41 and 0.72, as compiled in the recently conducted studies by Paredes et al. [44] for
various samples of alumina, with different sizes, sintered at different temperatures. However, an
empirical fit below (Equation 3), in line with German’s equation, appears to show a better
agreement. The proposed expression has an R? = ~0.96, with two constants, a = ~0.5 and b = ~0.4

respectively.
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Pore size measurements

During sintering, in addition to densification and the corresponding grain size evolution, changes
in the pore space occur concurrently. This is evidenced by the decrease in total porosity over the
sintering stages. In fact, the pore features play a key role in the physical and mechanical properties
of the final sintered product. Quantification of sintering would then be best realized not only by
density determinations but also by a thorough understanding of the morphological evolution of
porosity in terms of pore size distribution and other associated parameters [45]. These are realized
by way of granulometric analysis here, while, over the years, methods like nitrogen adsorption and

mercury intrusion with commercial porosimeters were made use of [36] [46].
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Figure 7. Evolution of pore size distribution for the two alumina samples, (a) Al 0.7um and
(b) Al 1.3um, respectively; (c) comparison of average pore size versus density; and (d)
average pore size over average grain size versus density for both these samples, along with
the corresponding curve fit according to German’s equations and the proposed fit.
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Unlike in the grain size distributions in Figure 6 (a) (b), the pore size distribution curves rather
appear to be restricted between more or less the same range of values (Figure 7 (a) (b)).
Interestingly, a slight shift to the right is observed in the final curves for both the samples. The
average pore size values from each of the distributions were then calculated and plotted against
the relative density (Figure 7 (c)). A slight decrease in the values initially followed by an increase
was observed in the case of Al 1.3um, whereas for Al 0.7um, there was limited variation except
for the increase in the values towards the end, above 90% density, consistent with the shift
observed in Figure 7 (a) (b). This increase in the average pore size at the end of sintering, as
opposed to a drop as in classical theory, could be attributed to coincident grain growth, which leads
to pore coalescence. The initiation of this phenomenon seems to be reflected in the sets of images
in Figure 4, especially in Figure 4 (d). Further, this variation could be understood by a
normalization as in Figure 7 (d), which gathers all the points for both the samples on one master

curve.
Taking analytical models into consideration, porosity advancement in the intermediate stage and

the final stage of sintering proposed by German [42] follows, p = G (2)1/2 andp =G (2)1/3
respectively, with a link between pore size p, pore volume fraction € and grain size G. These
analytical relations, particularly the one for intermediate stage, do not yield a good fit when
compared to the values obtained in Figure 7 (c). For instance, initial pore size in Figure 7 (c) for
Al 1.3um reads 0.61 um, whereas the porosity relation rather gives 0.3 um instead. In order to
assess this misfit, a packing of spheres with a similar grain size distribution was considered in a
discrete element method (DEM) framework, as in Paredes et al. [44]. The packing was rendered
in 3D and fed into the granulometry algorithm in GeoDict. This exercise yielded an initial average
pore size value of ~0.5 um, closer to the initial experimental value of 0.61 um. A probable reason
for the misfit could be the assumption related to geometry made in classical theories of the
intermediate sintering stage. German [42] assumed grains to have the shape of a regular
tetrakaidekahedron with open pore channels residing along the grain edges, as have Coble et al.
[47] [48], Beere [49], Johnson [50] and Yan et al. [39]. Eudier [51] and Svoboda et al. [52]
criticized and disapproved these models in their respective works as these assumptions were not

substantiated by enough experimental justifications. Also, in addition to simple theoretical models

13



having a limitation in characterizing the complicated porosity behavior, unlike porosity, the

definition of pore size is not so straightforward, much less its way of measurement [53].

However, a modification to the analytical expression above was found to give a rather good fit.

1/2
p=6 (g5 .

Interestingly enough, it holds true for all the stages of sintering for both the samples (Figure 7 (d)).
Pore connectivity and closure

As sintering proceeds, towards the end of the intermediate stage, open porosity gets progressively
converted into closed porosity [3]. According to the observations by Coleman et al. [54], there
exists a critical minimum grain volume fraction when the networks of interlinked, open porosity
collapse to form closed, isolated pores. To track this transition, open and closed porosity values

were plotted against the relative density in Figure 8 (a) for both the alumina samples.
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Figure 8. Evolution of (a) open and closed porosities and (b) connectivity index values versus
density for the two alumina samples, Al 0.7um and Al 1.3um, respectively.

The open porosity values decrease throughout for both, meaning the pore channels transform
continuously into newer pore networks of lower connectivity. The closed porosity values, on the
other hand, remain largely unchanged at O until about 85% density for Al 0.7um and about 90%
for Al 1.3um, after which the values rise up. The plot thus gives an idea of the transition, while
making it clear that the pores get fully closed at ~94-95% density for both the samples, which is

the value most often reported in the literature. The fact that there is no aberration in the trajectory
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of the values is also another indication of the homogeneity in the microstructure and the absence

of large agglomeration [43].

Another indicator for pore closure, called connectivity index (CI) is proposed here. It is essentially
the ratio of the largest pore volume over the total pore volume. The concept of CI, presented in
Babin et al. [55], was further shown by Burr et al. [56] to be better suited for X-ray tomography
analysis than the conventional closed porosity ratio to predict the close-off density. The advantages
and drawbacks of both these methods are properly discussed in [32] and [55]. Accurate
determination of pore closure requires high-resolution images, which is incompatible with large
fields of view. Consequently, pores that are large with respect to the sample size could appear
artificially as open porosity (intersecting the boundary of volume of interest). Closed porosity ratio
is thus a biased measure with a smooth variation at pore closure. The connectivity index,
meanwhile, is far less sensitive to the sample size and presents an abrupt variation at the closure.
The latter is chosen here to and as shown in Figure 8 (b), the connectivity index is equal to 1 when
the porosity is totally open, while it is 0 when all the pores are closed. In particular, a clear drop in
the index is observed at a density between 80% and 85% for Al 0.7um and slightly below 90% for
Al 1.3um, indicating a switch from open porosity to closed porosity. Additionally, consistent with

Figure 8 (a), the pores appear to be totally closed at ~95% density.

Pore throat characterization
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Figure 9. (a) Comparison of average pore throat size and (b) average pore throat size over
average grain size versus density for the two alumina samples, Al 0.7um and Al 1.3um,
respectively.
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As an additional analysis on the connectivity of the pores, a porosimetric investigation, outlined
in section 2.3, was performed to determine pore throats. The two samples exhibit similar patterns,
when the average pore throat size is plotted against density (Figure 9 (a)).

The values show a decrease throughout except a sudden increase in the end. This indicates that, at
around that density, when the pores tend to close-off, most of the smaller pore throats get closed
in the process, while the larger ones remain and would get closed eventually afterwards. Taking
the changing grain size into consideration, as in Figure 7 (d), the points show the scaling effect
and follow a master curve for both the samples in Figure 9 (b). However, above a relative density
of 92%, the normalized pore throat size shows an increase while the normalized pore size does

not.
3.3 Curvature maps

As illustrated in Figure 10 (a), particles in the initial stage of sintering have tiny necks in between
them, with the pores mainly exhibiting a curvature opposite to the curvature of the particles. The
process of sintering leads to an intensification in the neck growth phenomenon. This eventually
tends to create isolated spherical pores in the final stage with an opposite curvature as against their
initial curvature, as in Figure 10 (b). We expect to visualize and capture this ‘concave-to-convex’
transformation in the pore curvature in the course of sintering [57]. In this regard, the shape
indicators, ‘Shape index” and ‘Curvedness’, defined in Equations 1 and 2, are adopted. These shape
indictors have been extensively used in the medical community [58]. Some adaptations were found
in metallurgical applications as well [59]. More recently, Burr et al. [32] used these indicators to

explore snow metamorphism.

The shape index map in Figure 10 (c), adapted from Shahani et al. [33] and Burr et al. [32], shows
local shapes represented in a color scale and categorized into nine different shapes. The shape
indices thus distinguish the shapes in the neighboring surface of a point. Cup-like concave shapes
would have a shape index of -1, saddle-like cylindrical shapes equal to 0 and cap-like convex

shapes +1.

Following the generation of pore surfaces in Avizo software and the calculation of shape
indicators, these were then represented as curvature maps in the form of 2D histograms. For the
3D renderings of the image stacks of Al 1.3um in Figure 3, the curvature maps show an evolution,

as in Figure 11. These histograms are scaled with a normalized probability density P(S,C) ranging
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from 0 in blue to 1 in red. In other words, regions in the map with P(S,C) =1 represent the local

surfaces with the highest occurrences of the corresponding shape index and curvedness values.

Cup-like pores

“Cup” “Rut” “Saddle” “Ridge” “Cap”

(represented in shape

Grain
index map at -1)
A X
“Trough” “Saddle Rut” “Saddle Ridge"” “Dome
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Grain index map at +1)
=]
1 3/8 -1/ 1 3 7/8 1
Shape Index (S)
(b) (©

Figure 10. Representation of pore evolution during the sintering process from (a) the initial
cup-like pores to (b) the final cap-like pores. (c) Shape index map showing local shapes,
adapted from Shahani et al. [33] and Burr et al. [32].

With reference to the shape index map in Figure 10 (c), the original pore network of Al 1.3um
exhibits a variety of shapes in Figure 11 (a), spanning from trough to saddle-like shapes.
Eventually, with increase in time, after 30 hours of sintering in Figure 11 (d), the maximum density
point P shifts to the right towards dome-like shapes, indicating that the pores are now on the verge

of pinching off from the connected pore channels to become isolated.

@) oot

Clnam™]
° °

Figure 11. Pore curvature maps for 3D reconstructed alumina Al 1.3um (in Figure 3) at (a)
the initial stage and after sintering at 1500°C and observing post-mortem at (b) 1 hour, (c)
10 hours and (d) 30 hours respectively, along with snapshots of cropped sections of the 3D
rendering of the pore network.
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Interestingly, somewhere between relative densities of 74% and 81%, there is a clear shift in the

maximum density points (Figure 11 (b) (c)).

Adjacent to each of these maps, snapshots of 3D rendering of the pore network corresponding to
that particular stage are shown for better visual comprehension. These renderings display only the
pore phase, with the ceramic particles appearing as void. The circular contours in the snapshots
could be related to the necks between particles. Evolution of the pore curvature is clearly observed
with the beginning of the development of isolated closed pores towards the end, as reflected on

the shape index map.

With respect to the 3D renderings of the image stacks of Al 0.7um in Figure 4, since the relative
density reaches 89% after just 30 min and further increases progressively to 94% at the end, the
curvature maps in Figure 12 have already undergone the transition observed in Figure 11 (b) (c)
for Al 1.3um. The shapes move further to the right at every stage, towards +1 of the shape index,

signifying the spheroidization of pores, leading to their closure.

The values of curvedness, though, do not evolve much throughout the sintering sequence for both
the samples. One could have expected a substantial increase in its values when the sintering was
nearing its end, as a result of closed pore shrinkage. However, as proved by Figure 7, the pores do
not show significant growth at longer times. Curvedness measurement is thus consistent with this
previous result. The isolated pore in the final stage of sintering in Figure 10 (b) are hence assumed
to have similar dimensional characteristics as the initial pore in Figure 10 (a), otherwise often

illustrated to be much smaller in sintering literature, in the absence of grain growth.

Cl{nam™)

(@) (b) (© (d)

Figure 12. Pore curvature maps for 3D reconstructed Al 0.7um (in Figure 4) at (a) the initial
stage and after sintering at 1500°C and observing post-mortem at (b) 30 min, (c) 1 hour and
(d) 10 hours respectively.
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This study therefore permits to make a proposition of classifying the stages of sintering in terms
of the evolution in pore curvature. While the classical classification of a sintering process involves
three sequential stages depending on parameters such as the relative density attained and other
associated microstructural evolution, pore curvature advancement clearly reveals two distinct
stages. The first stage is characterized by mostly cup-like pores with values of shape indices below
0 and relative densities below, say, around 80%. The second stage pertains to the latter half of the
shape index map with the pore curvatures moving towards cap-like pores, after crossing 80% of
the density. A transition step occurs in between these two stages, though not precisely observed in

the curvature maps.

Moreover, sintering works mainly use conventional curvature parameters such as mean or
Gaussian curvature (see for example Wakai et al. [60]). Various authors in different fields have
emphasized the interest in the parameters we chose, notably Shahani et al. [33], for describing
coarsening in solid-liquid systems. In the field of sintering, our parameters are particularly useful
in the occurrence of grain growth, as the shape index is insensitive to the grain size. It thus allows

for a more relevant comparison of the state of the material at various sintering times.
4. Conclusion

3D investigation of micron-sized ceramic powder systems at the particle length-scale are now
feasible, thanks to the ultra-high-resolution capabilities (~25 nm voxel size) offered by upgraded
synchrotron facilities. Two sets of alumina powders with particle sizes of 0.7um and 1.3um were
sintered and observed post-mortem using the nano-CT technique at the ID16B beamline of the
European synchrotron, ESRF.

Complete 3D images were obtained for these sets of powders after sintering at a given temperature
for various time periods. A comprehensive quantitative analysis was performed on the evolution
of grains and pores with increasing sinter density. Several classical trends and some unusual,
interesting aspects occurring during the grain and pore growth kinetics were taken note of.
Progression of grain growth was captured and validated with existing sintering theories.
Accompanying pore growth was analyzed in terms of the changes in pore size and pore throat size.
An equation to describe the pore size evolution valid for all the stages of sintering has been
proposed. A connectivity index indicator was employed to trace and predict the density range at

which the pore channels tend to close off.
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Additionally, the data acquired from the 3D images was used to plot and analyze the so-called
curvature maps. By virtue of this, a novel way of classifying the stages of sintering in relation to
the advancement in pore curvature has been presented. The maps give information on the
development of pore shapes throughout sintering, proving to be an indicator to track and assess

the effect of sintering mechanisms on microstructural changes.

All of the information acquired may serve as datasets for the calibration of numerical models and
for testing their veracity.

However, subtler but important effects at the local level go unnoticed in global analyses. Therefore,
further thorough research including many more sintering parameters is needed in order to take into
account the collective behavior occurring in a sintering process and to validate the obtained results.
A real-time in-situ tracking of the sintering progression at a similar resolution scale could bring
about a substantial improvement in this regard, by exploring relevant details and associated
parameters at the particle length-scale. An in-situ analysis would also enable tracking of initial
(and perhaps intermediate) stages of sintering by segmenting individual features. These aspects
are being dealt with in our ongoing research.
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