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ABSTRACT

Electric Field Assisted Sintering (EFAS, also referred to as spark plasma sintering) is a powerful technology for the consolidation of powder
materials. The high heating rate during the sintering process is critical for minimizing energy consumption, but it can also cause microstruc-
ture heterogeneities in sintered parts, such as spatially varied porosity. The examination of localized porosity usually requires the use of a
scanning electron microscope with a carefully prepared surface. In this paper, photothermal radiometry is used to measure local thermal
diffusivity and extract localized porosity of EFAS-sintered parts by using a percolation-threshold model. Applying this approach, we identi-
fied the radial position-dependent porosity variation in EFAS parts, which is likely formed due to the large temperature gradient during the
sintering process. This approach has a unique advantage because it can measure samples with minimal or no surface preparation, enabling
the possibility of in situ characterization in EFAS with proper system modification. Necessary modifications on the measurement approach
for EFAS deployment and in situ characterization are also discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160625
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I. INTRODUCTION

Electric Field Assisted Sintering (EFAS), also commonly
referred to as Spark Plasma Sintering (SPS), is an advanced man-
ufacturing technique for thermal processing of numerous material
systems with good energy efficiency. It primarily uses metal and
ceramic powders to rapidly consolidate them into dense parts or
to bond them to bulk solid materials.' > During EFAS, a voltage
bias is applied to the top and bottom rams between which the sam-
ple/tooling ensemble is located with uniaxial compression. Electrical
current flows through percolation pathways in the graphite tool-
ing with powders if the material is electrically conductive, or only
in the graphite tooling if the material is an insulator. This gen-
erates heat throughout the sample/tooling ensemble via internal

resistive heating, allowing significantly more efficient heat transfer
compared to similar technologies, i.e., hot pressing, hot isostatic
pressing, or free sintering. Calculated from the reduced time to reach
the desired temperature, energy savings from EFAS can be as high
as 80%-90%.

It is challenging to sinter the part and reach the desired den-
sity. An in situ characterization tool to measure the density of the
porous sample and monitor the density variation with a proper
spatial resolution has long been due for the EFAS process. The
single parameter available to infer sample consolidation in EFAS
is the movement of the rams as the powder compact densifies.
The ram movement can be correlated with the sample bulk den-
sity with the assumption that the sample is primarily shrinking
in the direction of ram movement. Although valid in cylindrical,
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disk shaped samples, this assumption does not work on samples
that are net shaped and no longer radially symmetric. Tracking
sample densification during manufacturing will need an in situ
experimental approach for real time feedback, which remains a tech-
nical gap. Moreover, an unexpected local microstructure variation
is reported in EFAS sintered parts, which is caused by the high
heating rate (typically hundreds of degrees per minute) induced
temperature gradients during sintering.® The microstructure het-
erogeneities, such as the variations in density/porosity and grain
size, may degrade the mechanical, thermal, optical, and electrical
properties of the products.”* Meanwhile, under carefully designed
sintering conditions, EFAS can be used to manufacture function-
ally graded materials with the desired microstructure variation.’
Currently, researchers can only rely on a trial-and-error approach
to correlate EFAS sintering conditions with the microstructure of
the final products, which combines the finite element modeling
with time intensive, post-mortem analyses using a scanning electron
microscope (SEM).”"?

In this paper, we present our recent work on measuring
local thermal diffusivity of EFAS sintered materials using pho-
tothermal radiometry (PTR), and we convert locally measured
thermal properties to localized porosity using a mathematically
simple percolation-threshold relation. Thermal transport is known
to closely correlate with the microstructure. Typically, researchers
focus on investigating how microstructure features, such as natu-
ral grain boundaries, "' irradiation induced damage,"”"'” bonding
interface,'® and larger-scale defect clusters and pores,'” influence
thermal conductivity.'”® The microstructure information is applied
to predict and explain the thermal transport properties of advanced
materials and their variations in different environments. Recently,
successes have also been obtained from the reverse approach, i.e.,
exploring microstructure features by measuring thermal transport
properties.'””’ For example, by measuring thermal transport prop-
erties combined with the lattice expansion from x-ray diffraction,
Khafizov and co-workers quantified the point defect concentration
in an ion-irradiated ceramic, which would otherwise be difficult by
using advanced electron microscopes.”!

In PTR measurements, an intensity-modulated laser is used
to locally heat the sample and excite thermal waves, of which the
propagation is probed by collecting blackbody radiation at different
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locations.”” ** Thermal diffusivity can be extracted by comparing
the thermal wave propagation with a continuous heat diffusion
model.””** The PTR holds great promise for in situ microstructure
characterization of EFAS sintered materials. As an optical approach,
instrument deployment and remote measurements can be accom-
plished by using optical fibers. Different from other laser-based
approaches, the PTR signal amplitude increases with emissivity,
and thus, the measurement can be conducted on industrial grade
surfaces that are not specially prepared. In addition, the black-
body radiation intensity, and thus the PTR signal level, increases
nonlinearly with temperature, ideal for measurements in a high tem-
perature environment, such as during sintering. Finally, the spatial
resolution of PTR is tunable in the mesoscale range of 0.1-1 mm so
that the experimental field of view can give accurate statistics with
typical pore distributions found in EFAS parts.

We applied our methodology on identifying the porosity vari-
ation in EFAS parts, which was reported to be induced by the large
temperature gradient during sintering.® As the direction of such a
temperature gradient depends on whether the sintered material is
electrically conductive or not,”” three materials were selected and
sintered to different bulk densities for this study, with tungsten (W)
serving as a model electrical conductor, alumina (Al,O3) as a model
nonmetallic insulator, and boron carbide (B4C) as a model semicon-
ductor. The dependences of localized porosity on radial position are
observed in all three sets of materials, especially on the ones with
the lower bulk density. Random localized porosity variations were
also revealed and located. With the ultimate purpose of develop-
ing the in situ, real-time monitoring capability of localized porosity
variation for EFAS, necessary improvements in the measurement
methodology are discussed.

Il. METHODOLOGY

In PTR measurements, a laser beam (Blue Sky FTEC638-
DHNO1-01, with a wavelength of 638 nm and a peak power of
500 mW) with a periodically modulated intensity is focused on the
sample surface to locally heat the sample. The resulting tempera-
ture field is probed by collecting blackbody radiation at different
locations relative to heating using a pair of parabolic mirrors and
a liquid-nitrogen cooled detector (Infrared Systems Development

Detector

Sample

90° Oﬂv\x:s.

Parabolic Mirror 90° Off Axis

Parabolic Mirror

Focusing Lens.

™ pump Laser

Scan Stage -

Lock-in amplifier |- PC

FIG. 1. A conceptual diagram of the PTR system.
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MCT-13-0-0.25). As the analytical solution of the temperature field
is a complex function and its amplitude is periodic in both spatial
and temporal domains, this approach is called thermal wave mea-
surement.”® The thermal wave signal is analyzed using a lock-in
amplifier (Stanford Research System SR830), and the phase infor-
mation is used in a fitting process to extract thermal properties of
interest.”> The conceptual diagram of the PTR system is shown in
Fig. 1, and the details of the measurement and system can be found
in a previous publication.”*

The samples in this study were sintered by using a direct cur-
rent sintering (DCS-5) system from Thermal Technology, LLC.
The system can apply 5 tons of uniaxial force and 2000 amps
of DC electrical current. The temperature is accurately controlled
by proportional-integral-derivative (PID) with an optical pyrom-
eter measurement input. All samples have a similar cylindrical
geometry with a diameter of ~12 mm and thicknesses in the
range of 2-5 mm. In each set, five samples with different bulk
densities, ranging from highly porous to nearly 100% theoretical
density, were sintered using empirically designed sintering proce-
dures. The final bulk density values were measured in water via
Archimedes’ principle.”® The samples were coarsely polished for
PTR measurements to remove the graphite foil used during EFAS
processing from pellet surfaces. After PTR measurements, the sam-
ples were finely polished using SiC papers and vibratory polishing
for SEM characterization. The details of sample sintering condi-
tions, density information, and surface preparation are given in the
supplement material.

lll. RESULTS

We first confirmed the qualitative correlation between local
thermal diffusivity and local density. To avoid confusion, we define

ARTICLE pubs.aip.org/aip/adv

“local density” as the density of the porous material at a specified
area and “porosity” as the percentage of the pores in the material.
Therefore, the mathematical correlation between local density, the-
oretical 100% density, and “localized porosity” exists as local density
= theoretical 100% density x (1 — localized porosity). Three sets
of local thermal diffusivity measurements were performed in the
laser modulation frequency range of 1-200 Hz along different radial
directions from the edge to the center on each sample. In order to
distribute the measurement locations to cover more surface area,
the direction of the first set of measurements was selected randomly,
and the following sets were conducted in the direction rotated 90°
counterclockwise from the previous one (sketch given as a part of
Fig. 2). When measurements were conducted close to the edge (i.e.,
1-1.5 mm, which is 2-3 times of the thermal diffusion length of the
measurement), the semi-infinite boundary condition of the thermal
wave solution would be violated, leading to an underestimation of
the thermal diffusivity.”” Therefore, the measurements were only
conducted between r = 0 mm (center) and r = 4 mm, where r is
the radial location. The separation between points is 1 mm. This
limitation can be removed in future applications by using a more
sophisticated data analysis. SEM characterization was conducted at
the same locations of PTR measurements, and the local density was
quantified from processing the SEM images using the open-source
image processing software Image]. The details of the image process-
ing can be found in the supplement material. Using 50%, 60%, and
100% dense Al,O3 samples as examples, we plot the normalized local
densities (which equal the local density divided by theoretical 100%
density, or 1 — localized porosity) and normalized local thermal dif-
fusivities (both normalized using the values at r = 0 mm) with respect
to rin Fig. 2. A qualitative correlation between local thermal diffu-
sivity and local density can be observed, as a higher density typically
leads to a higher thermal diffusivity. Some outliers can be identified,
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FIG. 2. Local density vs local thermal diffusivity with respect to radial locations (in three different directions, shown in different colors) on Al,03 samples with densities of 50%,

60%, and 100%.
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such as two data spots at r = 4 mm on 50% dense Al,O3 sample
(highlighted in dash circles). The possible causes of the deviations
are the uncertainties of image processing and PTR measurements
(a few percent for both) and the resolution difference between PTR
measurements (~0.5 mm) and SEM (~0.1 mm). In particular, as a
thermal wave propagates in three dimensions, PTR measurements
are sensitive to subsurface pores, which may not be seen in the
two-dimensional SEM images.

Thermal conductivity-porosity correlations in porous mate-
rials have been investigated with several mathematical models
suggested.”’ " We compared the models to identify the proper one
to use in our work. As PTR measures thermal diffusivity, thermal
conductivity (k) used in the models was converted to thermal diffu-
sivity (D) using D = k/poc, where py is the theoretical 100% density
and c is the specific heat. We also used the bulk properties to test the
models to avoid the issues in local measurements, such as the reso-
lution difference and underneath pores, as stated above. The bulk
value of D was averaged from all measured local D in each sam-
ple, and the bulk porosity (¢) is converted from bulk density (p)
measured using Archimedes’ method and po as ¢ = 1 — p/po. For
the convenient comparison among materials with different D, we
further normalized D using the literature values of pore-free mate-
rials, as Dy = D/Dyg, where Dy is the normalized thermal diffusivity
and Dy is the thermal diffusivity of the pore-free material. Dy can
be found in the literature, or from the fully dense samples. D, with
respect to ¢ for all samples is shown in Fig. 3, with the lower (Dip)
and upper (Dusg) theoretical bounds suggested by Nikolopoulos and
Ondracek™ as

Dip = (1—¢)3, (1)
Dy = % (2)

After comparing all existing analytical models in the literature,” "’
a mathematically simple “percolation-threshold relation”* that only
counts ¢ of the sample is found to work sufficiently well with

T T T
§ Tungsten (W)
§ Alumina (AL,0,)
0.8 Boron Carbide (B,C)
- = = -Lower Bound
g --------- Upper Bound
N 0.6 ——Percolation .
© \
£
6
£04 B
(=] L
0.2~ 8
0 S

FIG. 3. Percolation model that quantitatively correlates normalized thermal diffusiv-
ity (D) with porosity (¢). The error bars give the standard error of bulk D, averaged
from multiple sets of local D measurements.
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comparable sensitivity and accuracy to, if no better than, the more
complicated models that take parameters such as pore size and
distribution into consideration.””” This is in agreement with the
conclusion of Pabst and Gregorové in their review work.”> The
percolation equation is given as

D,=(1—(£)(1—$C), 3)

where ¢ is the percolation threshold number. A value of ¢ = 2/3
is used to represent spherical pores that are dominating in the sam-
ples in this study. This equation can be converted to solve for ¢ with
measured D and pore-free Dy as follows:

Dy (4Dy—4Dygc+8Dgc+Dy2 )

2Dg + Dogpc - 2\/ T
¢= 2Dy

4

Equation (4) can be used to estimate both bulk and local ¢ (and cal-
culate density) of EFAS sintered materials from PTR measurements.
Equations (3) and (4) further suggest a nonlinear dependence of
D o< ¢°. It can be translated to two perspectives. From the uncer-
tainty perspective, this approach ensures a low uncertainty in the
porosity estimation. As PTR measurement has a low uncertainty of
3%-5%,”" the uncertainty of ¢ determined using this approach is
calculated as 2%-3%. From the sensitivity perspective, it is expected
that this approach is a more accurate estimation on ¢ than pro-
cessing SEM images. Figure 2 shows that PTR results on the 60%
and 100% dense Al,O3 samples have significantly larger variations
between points than the ones from the image processing method.
The largest difference on the 100% dense sample is up to 7% in
PTR measurements (direction 1, represented in red) and is less than
0.3% in the image processing method (direction 3, represented in
green). It is worth noting that this deviation is partly contributed
by the resolution limitation of the image processing method. The
statistical analysis across all images suggests that the number of
small pores (diameter < 2 ym) is orders of magnitude higher than
that of medium (diameter = 2-14 ym) and large pores (diameter
> 14 pm). Pores with smaller diameters may be overlooked by
the image processing software, leading to the underestimation of
localized ¢.

IV. DISCUSSION

Using Eq. (4), we examined the local density variation in EFAS
parts induced by a temperature gradient. The density variation in
the radial direction is shown in Fig. 4. The local density values along
three different directions are averaged and normalized using the
ones at r = 0 mm, with error bars representing the standard devi-
ations. The results are divided into low-density group (<75%, upper
panel in Fig. 4) and high-density group (>75%, lower panel in Fig. 4)
for better presentation purposes. The results in Fig. 4 demonstrate
the local density gradients in the radial direction in EFAS samples.
As Necina and Pabst et al. suggested,® the trend of local density gra-
dients (i.e., decreasing or increasing with r) is correlated with the
temperature gradient during sintering, which ultimately correlates
with the material electrical conductivity. For conductors such as W,
the current goes through the sample powder during sintering and
the temperature at the center is higher than at the edge, causing the
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FIG. 4. Normalized local density at different radial locations. The general trend is that local density is higher at the center for conductors (represented by W) but at the edge

for insulators (represented by Al,O3) and semiconductors (represented by B4C).

local density higher at the center than at the edge as well. In con-
trast, in insulators, such as Al, O3, and semiconductors, such as B4C,
the current goes around the powder (through the graphite tooling)
during sintering, which leads to a higher temperature at the edge.
Consequently, the density-r trend is reversed. Furthermore, as low-
density samples have poorer thermal diffusivity, the heat dissipation
is also slower, making the density variation more significant, and
such a trend is more noticeable in the low-density group (upper
panel in Fig. 4). All these findings evidence that the density variation
was generated due to the temperature difference during the EFAS
process.

Outliers (i.e., density with an unclear or opposite trend) were
also found in some high-density set, such as 88.6% dense W, 75%
Al O3, and 87.3% B4C. The SEM images suggest that these out-
liers are due to “random” variations in the localized porosity. The
dashed-circled data spots obtained on 95.5% dense W are used as an
example. More pores can be seen in the SEM image at r = 1 mm,
compared to the one at r = 2 mm (Fig. 5). These “random” localized
porosity variations may be caused by other factors than the temper-
ature difference, such as the lack of sufficient mixing of the powder
or the imperfection of the tooling surface.

By using fibers to guide light and collect data, it is feasible to
modify laser-based optical systems to deploy in closed space and
conduct in situ characterization. Before making such a develop-
ment on the PTR system to characterize localized porosity in real
time during EFAS process, there are still questions to answer, and
here, we list a few with possible solutions to our best knowledge.
The first challenge is to reduce the excessive time required for data

FIG. 5. SEM image comparison of the 95.5% dense W sample at two different
locations. The local density at r = 1 mm is visibly lower than that at r = 2 mm,
correctly captured by thermal property measurements.

collection. Current ex situ PTR measurements collect thermal wave
phases at tens of locations with multiple modulation frequencies.
Depending on the desired measurement accuracy, a set of data will
take 5-90 min to collect, too long to serve as the real-time feedback.
The possible solution is to perform PTR measurements in the time
or frequency domain and only collect data at one location, or using
fiber bundle with lock-in thermography. It can reduce the experi-
ment time to a few minutes or shorter, with the trade-off of accuracy.
Another challenge is that the analytical relation between thermal
diffusivity and porosity is expected to change with temperature.*
Using Eq. (4) suggested by our work to estimate density/porosity
may introduce errors when applied at sintering temperatures. The
solution is to repeat similar investigation as the one in this paper at
different temperatures and set up a complete database. Moreover,
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thermal transport may be influenced by other factors than porosity,
such as phase transition. A better fundamental understanding on the
sintered materials will be needed to separate the impacts on thermal
transport from different factors.”””’

V. CONCLUSION

In summary, in this study, we applied PTR to measure local
thermal diffusivity across the surface of EFAS sintered materials and
correlated it to localized porosity through an analytical percolation
model. Using this approach, we confirmed the temperature gradi-
ent induced density variation in EFAS sintered materials. It can also
be used to examine unexpected localized porosity, such as the ones
from the lack of sufficient powder mixing or tooling imperfections.
This work demonstrates the potential of using modified PTR sys-
tems for in situ, real-time density characterization of EFAS samples
during the sintering process.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of sample sin-
tering conditions to accomplish different bulk density, preparation
steps for SEM imaging, and the image processing.
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