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Abstract

The intrinsic role of electrical current on the electric field assisted sintering (EFAS)
process of stainless steel 316L nanoparticles has been revealed by both ex situ and in
situ experiments. A novel device on the Si chip that has been designed and fabricated
to fit into the sample holder of a transmission electron microscope for these
experiments. The evolution of nanoparticle morphology and microstructures during
the EFAS process has been studied using scanning electron microscopy (SEM) and

transmission electron microscopy (TEM), which has been combined with the



simultaneous measurement of the electric voltage and current changes. A preliminary
four-stage mechanism for the EFAS process of stainless steel 316L nanoparticles has

been proposed based on these experimental investigations.
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1. Introduction

Sintering is a critical process for the advanced manufacturing of alloys and ceramics
below the melting temperature [1]. Sintering of crystalline materials occurs by vapor
transport, surface diffusion, lattice diffusion, grain boundary diffusion, and plastic
flow [2, 3]. Among these mechanisms, grain boundary diffusion is an important
densification mechanism, which transports matter from grain boundaries into the
pores between powders, in which the driving force is the reduction of overall free
energy by the decrease of specific surface and interface areas [4]. The traditional
sintering methods include pressureless sintering and pressure-assisted techniques such
as hot uniaxial [5] or isostatic processing [6]. Over the last 30 years, field-assisted
sintering techniques have been developed that use electrical or electromagnetic fields
to enhance the sintering rate [7]. Electric field assisted sintering (EFAS) is a novel
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sintering technique that has drawn strong interests from the manufacturing industries
[8—10]. EFAS is the foundation process for a commercial technique, spark plasma
sintering (SPS) [11] or pulse electric current sintering (PECS) [12], in which both a
pulsed electrical current and a uniaxial pressure are applied for rapid sintering of

metal [13] or ceramic powders [14—16].

In the EFAS process, an electrical current is passed through metal or ceramic
powders. The powders are heated by Joule heating from the electrical current passing
through them, which is more efficient than the conventional sintering processes in
which the sample surface is heated by radiation from an enclosing furnace. The main
features of the EFAS are the direct heating of material powders by an electric current
and a high heating rate (up to 1000 °C/min) [17, 18]. The PECS process is capable of
rapidly producing fully dense materials at lower temperatures for shorter times than
the conventional pressureless sintering and hot pressing processes [19]. With those
advantages, EFAS and PECS can produce dense material components with small
grain size [20] and improved mechanical property [21], corrosion resistance [22], or

optical transparency [23].

Despite the wide applications and advantages, the fundamental mechanisms involved
during the EFAS process remain relatively unclear [24]. The intrinsic role of electrical
current on the EFAS process is beyond the Joule heating from an electric current
passing through the powders. Several possible mechanisms have been suggested,

including plasma generation [25], electromigration [26], temperature gradient-driven



atom flux [27], electric field-induced Frenkel pair formation [18], and dielectric
breakdown of the surface oxide film [28]. The early studies proposed that the
electrical current can generate spark discharge and plasma through the ionization of
gas between the powder particles, which can promote the elimination of absorbed
gases and oxide layers on the surface of particles and activate the sintering process
[29, 30]. However, this plasma generation theory has been questioned for lack of
unambiguous experimental evidence [31]. For example, the experiments indicated

that there is no plasma, sparking, or arcing present during the EFAS process [31].

A variety of recent research has been conducted on studying the effect of electric
current on the sintering of metal particles. The insulating surface oxide films present
on the surface of metal powders can affect the kinetics of neck formation and growth
during the initial stage of sintering. The study of Chaim [32] suggested that the
enhanced surface conductivity with rising temperature promotes electric field
intensification at the inter-particle contact areas, which can lead to electric field
induced dielectric breakdown of surface oxide films. Bonifacio et al., [33] provide
experimental evidence for the dielectric breakdown of NiO film on Ni nanoparticles
by in situ TEM observations with the application of electrical current to the particles.
Stepwise current increments were found to be associated with the dielectric
breakdown of NiO films at inter-powder contact areas. Groza et al., [34] reported that
the dielectric breakdown of the oxide film around the contact region of tungsten

particles could result in a “cleaned” surface on tungsten particles.



In conductive materials such as metals, the intrinsic role of electrical current on mass
transport has also been demonstrated. The enhanced mass transport may be attributed
to one of several intrinsic effects, such as electromigration [35], an increase in point
defect concentration [36], and/or enhanced defect mobility [37]. The electromigration
theory suggests that the increase in the flux of the diffusion of atoms is a result of the
momentum transfer from the “electron wind” effect [38]. Bertolino et al., [39, 40]
studied the electromigration effects on the Au-Al multilayer systems, which showed
that the electric current increases the rate of product layer formation and decrease the
incubation time for the nucleation of a new phase. The findings of Bertolino et al.,
[39] suggested that the effect of the electrical current in the EFAS process was
attributed to electromigration by observing the fracture surface of the necks formed in

Cu particles under high electrical currents.

In this research, the intrinsic role of electrical current during the EFAS process of
stainless steel nanoparticles was investigated by both ex situ and in situ EFAS
experiments. The studies of the fundamental mechanisms were made possible by
using a novel device on the Si chip that was specifically designed and fabricated to fit
into the TEM sample holder. The combination of the microstructural observations by
electron microscopy and electrical measurements revealed the controlling
mechanisms during different stages of the EFAS process of stainless steel

nanoparticles.



2. Experimental

Stainless steel 316L (SS316L) nanoparticles with a nominal composition of 65wt%
Fe, 17wt% Cr, 14wt% Ni, 2wt% Mo, 1.5 wt% Mn, and 0.01 wt% C were purchased
from US Research Nanomaterials. They are spherical nanoparticles with an average
diameter of 80 nm. Two transmission electron microscopies were used in this study.
The FEI Tecnai Osiris S/TEM operated at 200 kV was used for bright field (BF)
transmission electron microscopy (TEM) imaging and energy-dispersive spectrometry
(EDS). The JEOL 2010 LaBs TEM was used for in situ EFAS experiments. 0.5 grams
of as-received SS316L nanoparticles were dispersed in 10 mL ethanol by an ultrasonic
bath for 15 minutes at room temperature. Then the suspension of nanoparticles was

ready for drop-casting on a silicon (Si) chip.

A unique device on the Si chip has been designed and fabricated to conduct the EFAS
experiments, including ex situ and in situ EFAS experiments. The schematic diagram
of this unique device is shown in Figure 1. The Si chip with a window was used as the
substrate (Figure 1a). Silicon nitride (Si3N4) film with a thickness of 50 nm was
deposited on Si wafer by chemical vapor deposition (CVD) method. The observation
windows were prepared by etching Si using 33 weight. % KOH solution, leaving
Si3N4 membranes in the windows [41]. The Si3sN4s membrane was 50 nm thick and
transparent to the electron beam. Platinum (Pt) electrodes were electron-beam

evaporated on top of the Si chip and Si3N4 film for electrical connection (Figure 1c¢).
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Figure 1. Schematic diagram of a unique device on the Si chip for in situ transmission
electron microscopy (TEM) sintering experiments. (a) exploded view of the three
layers of the device; (b) schematic of the device; (c) a chain of stainless steel 3161

(SS316L) nanoparticles on the Si3N4 film and connected to Pt electrodes.

This device was specifically designed to fit into a single tilt TEM sample holder
(Gatan Model 672, Gatan Inc.). Figure 2a shows the photo of the Si chip on the TEM
sample holder. Two screws were used to hold the Si chip and connect with the TEM
holder. Figures 2b shows the SEM image of Pt electrodes and Si3N4 observation
windows on the Si chip. SS316L nanoparticles were dispersed between the small gaps

between Pt electrodes (Figure 2c¢).
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Figure 2. (a) Photo of the Si chip in a TEM holder (Gatan Model 672). (b) Scanning
electron microscopy (SEM) image of the distribution of Pt electrodes and SizNy
observation window on the Si chip. (c) SEM image of the enlarged view of the gap
between Pt electrodes. (d) SEM image of SS316L nanoparticles connected to the Pt

electrodes by electron beam deposited Pt lines.

The SS316L nanoparticles in ethanol solution were drop-casted on the SizNy film
region (Figure 1b) and dried in an ambient environment. The electron beam
deposition of Pt was used to connect a group of stainless steel particles with Pt
electrodes, which was conducted at the FIB/SEM system (Helios 660, FEI Company).
Figure 2d shows the SEM image of SS316L nanoparticles, which were connected to

the Pt electrodes by electron beam deposited Pt lines.



The EFAS experiments of SS316L nanoparticles were conducted by applying an
electrical current through the silicon chip in the TEM sample holder. An electrical
source meter (Keithley 2400, Tektronix, Inc.) was used to generate, control and
accurately measure the electrical voltage and current signals during the sintering
experiments. The electrical resistance was calculated based on Ohm’s law. Both ex
situ and in situ EFAS experiments were carried out by using the silicon chip device to
study the mechanisms during the electric field assisted sintering process. The ex situ
EFAS experiments were carried out outside a TEM system. Scanning electron
microscopy (SEM, Helios 660, FEI Company) was used to observe the morphology of
SS316L nanoparticles during the interruption of the ex situ sintering experiments. The
chemical composition was analyzed by EDS. The focused ion beam (FIB) process
was also conducted in the Helios 660. The in-situ EFAS experiments were carried out
in the transmission electron microscope (2010 LaBes, JEOL) operated at 200 kV.
Bright-field transmission electron microscopy (TEM) images were acquired to
characterize the microstructural changes of nanoparticles. The dynamic sintering
process of SS316L nanoparticles was recorded as videos using a charge-coupled

device (CCD) camera with a recording rate of 50 frame-per-second (fps).

3. Results and discussion

Figure 3 shows the TEM characterizations of the as-received SS316L nanoparticles.

In the HRTEM image of a SS316L nanoparticle (Figure 3b), the measured d-spacing
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of (1 11)plane, d111) = 2.084, is consistent with the lattice parameter of SS316L.
An ultra-thin layer of oxide film was present on the surface of SS316L nanoparticles,
which was revealed by the high-resolution TEM images (e.g., Figure 3b). The
average thickness of the oxide film, measured from 15 SS316L nanoparticles, was
3.9+£0.5 nm. According to EDS analysis, the chemical composition of the oxide film is
20-25% O, 20-40% Fe, 5-25% Cr, 28-34% Ni, 2-5% Mn, and 0-1% Mo in atomic
percent. This ultra-thin oxide film may be formed by oxidation at room temperature
when the stainless steel particle was exposed to air [42]. Figure 3¢ shows a high-angle
annular dark-field (HAADF) image of the SS316L nanoparticle, in which the oxide
film has a darker contrast due to its lower average atomic number. Figures 3d to 3g
are the corresponding EDS mapping results of O, Fe, Cr, and Ni elements,
respectively. The O element enrichment indicates the oxide film, while the enrichment

of Fe, Cr, and Ni elements indicate the SS316L nanoparticle.

The electrical resistivity of SS316L is 7.2x107 Qm [43], while the electrical
resistivity of the oxide layer is 1.0 to 6.9x10* Qm [44]. Thus, the oxide film has a
much higher electric resistance than the SS316L particle, and can thus become a
strong barrier for electrical conduction between SS316L particles during the EFAS
process. The electrical resistance of the contact point between the Pt electrode and
SS316L nanoparticles was estimated to be less than 100 €, which is much lower than

the total electric resistance (~10° Q) and thus can be ignored.
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Figure 3. (a) TEM image of an SS316L nanoparticle. D= diameter. (b) High-
resolution TEM image showing an ultra-thin oxide film (4-5 nm thick) on the surface
of SS316L nanoparticle. (¢) HAADF image of a SS316L nanoparticle with (d)-(g) the

corresponding EDS mapping of O, Fe, Cr, and Ni elements, respectively.

3.1 Ex situ EFAS experiments

During the ex situ EFAS experiments, the change of voltage and current during the
sintering process was recorded in real time, while the morphology change of SS316L
nanoparticles was observed ex situ by SEM during the interruption of the EFAS

experiments.

The sintering process of SS316L nanoparticles was controlled by the voltage input.
The voltage was raised stepwise from 0, 1.5V, 3V, to 4.5V. During the sintering

process, the voltage stayed at 1.5V for 400s, at 3V for 260s, and at 4V for 130s. The
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measured electric current increased with the voltage and then showed slightly
fluctuations at 1.5V and 3V and more significant fluctuations when the voltage was
raised to 4.5V (Figure 4a). The fluctuation of the measured electrical current
suggested the local change of the electrical resistance of SS316L nanoparticles. A
similar phenomenon of electrical current variation was observed during the EFAS of
Ni nanoparticles [33]. SEM images of SS316L nanoparticles before and after the
initial sintering at 4.5V are presented in Figure 4b and Figure 4c¢, respectively. The
overall morphology of SS316L nanoparticles remained the same. However, local
microstructural changes are observed to occur at the interface of nanoparticles. For
example, the tangential interface between some nanoparticles became a closer and
adjacent boundary after sintering at 4.5V (e.g., Locations 1 and 2), and the gap

between some particles became smaller and connected (e.g., Location 3 and 4).
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Figure 4. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 4.5V. SEM images of the SS316L particles

(b) before and (c) after the initial sintering at 4.5V.

At the early stage of the EFAS process, the fluctuation of the measured electrical
current may be related to the electric current cleaning of oxide film on the surface of
SS316L nanoparticles. The SS316L particles were covered by an ultra-thin layer of
oxide film (Figure 3) with a higher electrical resistance than SS316L. Chaim [32]
suggested that the local electrical field intensification at the contact region of the
particles can contribute to the electric current cleaning and dielectric breakdown of
the oxide film. The applied electric field was assumed to cause the polarization of the
oxide layer and migration of oxygen anions away from the contact region of the
particles, resulting in disruption of the oxide film on metal particles [45], although
further experiments are necessary to verify this effect. When the oxide film was
disrupted until completely removed, the direct connection of SS316L nanoparticles
without oxide films can lower the local electrical resistance, leading to a slight rise of
electrical current. Meanwhile, the formation of a good connection between these
nanoparticles can cause a slight shrinkage of the gap between them, which can also
result in a worse contact of these particles with other particles leading to another
slight reduction of electric current. These local effects can cause the fluctuation of the

measured electrical current in the electric current vs. time curve (Figure 4a). The
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microstructural changes of SS316L nanoparticles after the initial sintering at 4.5V
indicate that both the direct connection of SS316L nanoparticles and the slight
shrinkage of the gap between nanoparticles (Figure 4c) occurred during the
fluctuation of the measured electrical current. Thus, the microstructural observations
provide the experimental evidence to support the above mechanisms, which suggest
the electron current fluctuation corresponds to the removal of surface oxide film and

connection between SS316L particles at the early stage of the EFAS process.

The second sintering experiment was performed on the same group of particles at
higher electrical voltages. The electrical voltage was raised stepwise at 2.5V for each
step. The measured electric current slowly increased with the voltage and showed
fluctuations (Figure Sa). When the electrical voltage was at 20V, a sudden “leap” of
electrical current occurred when the electrical current increased abruptly from 20 to
over 60 pA in 1.5 seconds. There is a sudden drop in electrical current after the ‘leap’
due to the loss of connection after the consolidation, but the electrical current did not

drop to zero (see the inset image in Figure 5a).

SEM images of SS316L nanoparticles before and after the second sintering at 20V are
presented in Figure Sb and Figure Sc, respectively. The as-casted SS316L
nanoparticles formed a chain between two Pt electrodes (Figure 5b). After the second
sintering at 20V, SS316L nanoparticles were completely consolidated into four larger
particles (Figure 5c) that were adhered to Pt electrodes. The complete consolidation

was so abrupt and intense that it broke the supporting Si3N4 film. Another possibility
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is that the local areas in the Si3Ny thin film might have gathered a large amount of
heat in a very short time, making it to break down. However, this cannot be verified
because there is no sensor in this device to measure the local temperature of the SizNg
film. EDS mapping of Fe, Cr, and Ni elements (Figure 5d) confirm that the four large
particles (“1” to “4”) in Figure Sc are the sintered SS 316L. The borders of Pt
electrodes before and after sintering are marked by yellow dashed lines (Figure 5b
and 5c). No obvious change occurred in the Pt electrodes after sintering. However,
EDS analysis suggested that there was a thin Pt coating (marked by the green dashed
line in Figure 5c) deposited on the SizN4 film that connects the two Pt electrodes after
sintering. The thin conductive layer of Pt coating on the SizN4 film may contribute to

the nonzero final electric current after sintering.
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Figure 5. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 20V. Insert: the enlarged view of the
sudden changes of electrical current near 20 V. SEM image of SS316L nanoparticles
(b) before and (c) and after the second sintering at 20V. The group of SS316L
nanoparticles was connected to Pt electrodes. (d) EDS mapping of the distribution of

the Fe, Cr, and Ni elements after the second sintering at 20V.

3.2 In situ EFAS experiments

To better understand the correlation between the electrical behavior and
microstructural changes of SS316L nanoparticles during the EFAS process, in situ
TEM experiments were conducted to allow real-time observation of the
microstructural evolution of SS316L nanoparticles as well as electrical property

changes simultaneously.

The voltage on the SS316L nanoparticles was raised linearly from 0 to 8 volts at a
constant rate of 0.2 V/s. Figure 6a and 6b show bright-field TEM images of SS316L
nanoparticles before sintering (t;=0 s, at 0 V) and at t5=36.99 s (corresponding to 7.4
V). An enlarged view of the local microstructural features in Figures 6a and 6b is
presented and compared in Figure 6a; and 6b; (i=1, 2, 3), respectively. The comparison
of Figure 6a; and 6b; indicated a small nanoparticle (arrowed) might have been
“dissolved” by a larger nanoparticle. The comparison of Figure 6a; and 6b,, as well as

that of Figure 6a3 and 6bs, suggested the development of necks (arrowed) between the
16



adjacent nanoparticles. All these microstructural observations showed that the
sintering of nanoparticles was in progress, involving the coalescence of nanoparticles
through neck formation, as well as the Ostwald ripening (small nanoparticles
dissolved and re-deposited onto larger nanoparticles). The neck formation can allow
more electric current to pass through two neighboring nanoparticles, resulting in a
lower local electrical resistance. The electric current measurement showed that from
t1=0 s to t2=36.99 s, the electric current was slowly increased with the electric current
(Figure 6d), while the electrical resistance was significantly decreased from about
140 kQ to 70 kQ (Figure 6e). Such consistency indicates the microstructural changes
observed in Figure 6b; (i=1, 2, 3) may be driven by the mass transport enhanced by
electrical currents [39, 40]. It is important to note that the measured electric current
experienced two stages: a slow rate of current increase from 0 to 17s (corresponding
to 3.4V), while a higher rate from 17 to 36.99s. Such electric current behavior implied
that the neck growth between adjacent nanoparticles became faster when the voltage

is higher than 3.4 V.
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Figure 6. Bright-field TEM images of SS316L nanoparticles of (a) before sintering;
(b) at t1=36.99 seconds (corresponding to 7.4 V); and (c) at t,2=37.07 seconds. The
features of microstructural changes are compared between (ai) and (b;), i=1, 2, 3. (d)
The measured electrical current as a function of time with the linear increase of the
applied electrical voltage at a constant rate of 0.2 V/s. (e) Evolution of electrical

resistance as a function of time.

From t,=36.99 s to t3=37.07 s, a fast consolidation suddenly occurred in this chain of
SS316L nanoparticles (Figure 6¢). It is noticed that the shadow of nanoparticles was
still present in Figure 6¢ due to the image persistence effect. The recording rate of the
video was limited by the CCD camera to be 50 fps, equivalent to 0.02 seconds per

frame. The consolidation process of nanoparticles was not captured by the video,
18



suggesting that it occurred within a very short period of less than 0.02 seconds.
Meanwhile, the electrical current measurement showed that from t2=36.99 s to
t3=37.07 s, an abrupt leap of the electric current occurred at 7.4 V (Figure 6d). The
electrical resistance was also abruptly reduced from about 75.3 kQ to 37.3 kQ (Figure
6¢). The peak of electrical current was followed by a sudden drop (open circuit) after
sintering (Figure 6¢). Similar to Figure 5, the nonzero final electric current may be

also explained by the thin conductive Pt coating on the Si3Njy thin film.

To study the evolution of oxide layer of particles during the EFAS process, another
group of SS316L nanoparticles was in situ sintering in the TEM. Figure 7a and 7b
show the formation of necks between the adjacent particles after sintering. The
sintering process was interrupted after necks were formed, so that the composition of
necks could be analyzed to verify the removal of oxide layers in SS316L

nanoparticles during the EFAS process.

These particles were transferred to another TEM (FEI Tecnai Osiris S/TEM) that is
installed with an EDS detector by the focused ion beam lift-out technique [46]. Figure
7¢ below shows the cross-section view of the particles after sintering. Two particles,
P1 and P2, formed a neck. The particles were surrounded by an oxide layer before
sintering. Figure 7d is an enlarged view of the neck of the two particles, which clearly
shows that the neck is free of oxide layers. To verify the removal of oxide layer in the
neck region, EDS line scan was performed along the white dotted line in Figure 7c.

Figure 7e shows the EDS line scan profiles of O, Fe, Cr and Ni element distribution.
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The oxygen peak at ~10 nm corresponds to the oxide layer of P1. In contrast to the
oxygen peak in the oxide layer of P1, there was no oxygen peak at the neck of two
particles. Thus, the combination of TEM images and oxygen element distribution
proved that the removal of oxide layer occurred in the neck region between two
particles during sintering during the EFAS process.
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(b) After sintering
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Figure 7. (a, b) TEM images showing the formation of necks between SS316L
particles after EFAS. (c) Cross-section view of two particles (P1 and P2) after

sintering; (d) an enlarged view of the interface between the two particles; (e) EDS line
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scan profiles of O, Fe, Cr and Ni elements distribution along the white dotted line in

c).
3.3 Preliminary mechanisms of EFAC process of 316L. nanoparticles

The following preliminary mechanisms can be proposed to be the most likely
mechanisms for the EFAC process of 316L nanoparticles based on the current
microscopy observations and electrical measurements in both ex situ and in situ EFAC
experiments as well as the literatures. These experiments suggest that the EFAC
process of 316L nanoparticles may experience four stages that are schematically
illustrated in Figure 8, involving the initial electric current cleaning of the oxide film,
subsequent neck formation, neck growth, and the final fast consolidation.

(a) Electric field applied (b) Neck formation between adjacent particles

Current flow /

SS8316
particle

SS316
particle

Oxitie film

Heating
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Figure 8. Schematic illustration of the four stages of the EFAC process of SS 316L

nanoparticles: (a) cleaning of oxide film on the surface of nanoparticles by electric
21



currents; (b) neck formation between the adjacent SS 316L nanoparticles; (c) neck

growth between SS 316L nanoparticles; and (d) fast consolidation.

1%t stage (Figure 8a): cleaning of oxide film on the surface of nanoparticles by
electric currents. SS316L nanoparticles were covered by a thin (several nanometers)
layer of oxide film, which was a barrier to electrical conduction. When an electrical
voltage was applied, a small leakage current can occur in the thin oxide film due to
the tunneling effect of the defect structures in the oxide film [47]. With the aid of
electric current, the diffusion of oxygen was enhanced by the generation of oxygen
vacancies as well as the migration of oxygen anions [48]. Oxygen diffused away from
the contact region of two particles, resulting in the disruption and gradual removal of
the oxide film on metal particles [45, 49]. With the increase of the applied voltage, the
electric field intensification at the inter-particle contact areas can also lead to the
dielectric breakdown of the oxide film [32]. These physical processes may contribute
to the electrical current cleaning of the oxide film on the surface of SS 316L
nanoparticles at the contact region of two particles (Figure 7c-7e).

2"d stage (Figure 8b): neck formation between the adjacent SS 316L nanoparticles.
When the thin oxide film on the surface was removed, a direct metallic connection
forms between the adjacent SS316L nanoparticles. Joule heating at the connection
point of particles can also promote the formation of metallic necks between adjacent

particles [48]. The neck formation between the adjacent SS 316L nanoparticles was
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observed in both ex situ (Figure 4c) and in situ (Figures 6b and 7b) EFAS
experiments. Once a neck was formed, a favorable path of the electrical current was
created, which can cause a decrease in the local electrical resistance and, thus, a jump

of electrical current (Figure 4a and 6d).

3rd stage: neck growth between SS 316L nanoparticles. The growth of the neck may
be driven by the mass transport enhanced by electrical currents. The enhanced mass
transport may be attributed to one of several intrinsic effects, such as electromigration
[39, 50], an increase in point defect concentration [51], and/or enhanced defect
mobility [37]. In the electromigration, the increase in the flux of the diffusion of
atoms is a result of the momentum transfer from the “electron wind” effect [7, 52].
According to the electromigration theory, an electric current passing through the
sample can cause an added driving force to the chemical potential for mass transport,

such that the flux can be expressed by [25]:

D;C; dInc; %
Ji = —F[RT—OX +Fz E] (1)

where J; 1s the flux of the ith species, D; is the diffusivity of the species, C; is the
concentration of the species, R is the gas constant, 7 is the temperature, F' is Faraday’s
constant, z* is the effective change on the diffusing species, and E is the electric field.
[24] studied the effect of electrical current using the sintering of copper spheres to
copper plates as the model, which showed the increase in the diameter of the neck

with an increase in the current.
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4th stage: fast consolidation. In the final stage of the sintering process, the fast
consolidation of SS 316L nanoparticles was observed in both ex situ (Figure 5c) and
in situ (Figure 6¢) EFAS experiments. The fast consolidation was always
accompanied by an abrupt “leap” of the electric current or reduction of the electrical
resistance. Combining the simultaneous microstructural observations and electrical
measurements, the fast consolidation may be explained by the following mechanisms.
In the final stage of the EFAS process, the large necks between the SS316L
nanoparticles may have created a “short circuit” route for the electrical flow, leading
to a rapid increase of electrical current. The high electrical current can significantly
accelerate the mass transport between the nanoparticles and can also induce
significant Joule heating resulting in the local melting of the small nanoparticles [48,
53]. These physical processes may contribute to the fast consolidation of SS316L

nanoparticles.

In the four-stage process, the first three stages appeared to occupy most of the time of
the EFAS process of SS 316L nanoparticles, while the final consolidation was
completed in a very short period of time (less than 0.02 seconds). The proposed EFAS
mechanisms for stainless steel nanoparticles may aid the understanding of the EFAS
mechanisms of other metallic materials as well as the mechanisms in the advanced

manufacturing process such as SPS or PECS.

4. Conclusions
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The intrinsic role of electrical current on the EFAS process of stainless steel 316L
nanoparticles was revealed by both ex situ and in situ experiments. A novel device on
the Si chip was designed and fabricated to fit into the TEM sample holder to carry out
these experiments, which allows for the observation of the microstructural evolution
of nanoparticles combined with the simultaneous measurement of electrical voltage
and current and changes. These experiments suggested that the EFAC process of 3161
nanoparticles may experience four stages, involving the initial electric current
cleaning of the oxide film, subsequent neck formation, neck growth, and the final fast
consolidation. SS 316L nanoparticles were covered by a thin (several nanometers)
layer of oxide film, which was removed by electrical current cleaning. Consequently,
a metallic neck formed between the adjacent SS316L nanoparticles, creating a
favorable path of the electrical current. The growth of the neck may be driven by the
mass transport enhanced by electrical currents, which finally led to the fast
consolidation of SS316L nanoparticles. The first three stages occupied most of the
time of the EFAS process, while the final consolidation was completed in a very short

period.
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Figure captions:

Figure 1. Schematic diagram of a unique device on the Si chip for in sifu transmission
electron microscopy (TEM) sintering experiments. (a) exploded view of the three
layers of the device; (b) schematic of the device; (c) a chain of stainless steel 316L

(SS316L) nanoparticles on the Si3N4 film and connected to Pt electrodes.

Figure 2. (a) Photo of the Si chip in a TEM holder (Gatan Model 672). (b) Scanning
electron microscopy (SEM) image of the distribution of Pt electrodes and SizNy

observation window on the Si chip. (c) SEM image of the enlarged view of the gap
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between Pt electrodes. (d) SEM image of SS316L nanoparticles connected to the Pt

electrodes by electron beam deposited Pt lines.

Figure 3. (a) TEM image of an SS316L nanoparticle. D= diameter. (b) High-
resolution TEM image showing an ultra-thin oxide film (4-5 nm thick) on the surface
of SS316L nanoparticle. (c) HAADF image of an interface between a SS316L
nanoparticle with (d)-(g) the corresponding EDS mapping of O, Fe, Cr, and Ni

elements, respectively.

Figure 4. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 4.5V. SEM images of the SS316L particles

(b) before and (c) after the initial sintering at 4.5V.

Figure 5. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 20V. Insert: the enlarged view of the
sudden changes of electrical current near 20 V. SEM image of SS316L nanoparticles
(b) before and (c) and after the second sintering at 20V. The group of SS316L
nanoparticles was connected to Pt electrodes. (d) EDS mapping of the distribution of

the Fe, Cr, and Ni elements after the second sintering at 20V.

Figure 6. Bright-field TEM images of SS316L nanoparticles of (a) before sintering;
(b) at t1=36.99 seconds (corresponding to 7.4 V); and (c) at to=37.07 seconds. The
features of microstructural changes are compared between (a;) and (b;), i=1, 2, 3. (d)

The measured electrical current as a function of time with the linear increase of the
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applied electrical voltage at a constant rate of 0.2 V/s. (e) Evolution of electrical

resistance as a function of time.

Figure 7. (a, b) TEM images showing the formation of necks between SS316L
particles after EFAS. (c¢) Cross-section view of two particles (P1 and P2) after
sintering; (d) an enlarged view of the interface between the two particles; (¢) EDS line

scan profiles of O, Fe, Cr and Ni elements distribution along the white dotted line in

c).

Figure 8. Schematic illustration of the four stages of the EFAC process of SS 316L
nanoparticles: (a) cleaning of oxide film on the surface of nanoparticles by electric
currents; (b) neck formation between the adjacent SS 316L nanoparticles; (c) neck

growth between SS 316L nanoparticles; and (d) fast consolidation.

33



(a) SN ob _ Ptelectrode
15N, observation \

window

(b) |
Si.N, film
yode 31V
pt elect _4———-—Pt lines l
Parl:icles;?:*’a‘,0 /
Pt electrode

Figure 1. Schematic diagram of a unique device on the Si chip for in sifu transmission
electron microscopy (TEM) sintering experiments. (a) exploded view of the three
layers of the device; (b) schematic of the device; (c) a chain of stainless steel 3161

(SS316L) nanoparticles on the Si3N4 film and connected to Pt electrodes.
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Figure 2. (a) Photo of the Si chip in a TEM holder (Gatan Model 672). (b) Scanning
electron microscopy (SEM) image of the distribution of Pt electrodes and SizNy
observation window on the Si chip. (c) SEM image of the enlarged view of the gap
between Pt electrodes. (d) SEM image of SS316L nanoparticles connected to the Pt

electrodes by electron beam deposited Pt lines.
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Figure 3. (a) TEM image of an SS316L nanoparticle. D= diameter. (b) High-
resolution TEM image showing an ultra-thin oxide film (4-5 nm thick) on the surface
of SS316L nanoparticle. (¢c) HAADF image of an interface between a SS316L
nanoparticle with (d)-(g) the corresponding EDS mapping of O, Fe, Cr, and Ni

elements, respectively.
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Figure 4. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 4.5V. SEM images of the SS316L particles

(b) before and (c) after the initial sintering at 4.5V.
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Figure 5. (a) The measured electrical current as a function of time with the stepwise
increase of the applied electrical voltage to 20V. Insert: the enlarged view of the
sudden changes of electrical current near 20 V. SEM image of SS316L nanoparticles
(b) before and (c) and after the second sintering at 20V. The group of SS316L
nanoparticles was connected to Pt electrodes. (d) EDS mapping of the distribution of

the Fe, Cr, and Ni elements after the second sintering at 20V.
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Figure 6. Bright-field TEM images of SS316L nanoparticles of (a) before sintering;
(b) at t1=36.99 seconds (corresponding to 7.4 V); and (c) at t,2=37.07 seconds. The
features of microstructural changes are compared between (ai) and (b;), i=1, 2, 3. (d)
The measured electrical current as a function of time with the linear increase of the
applied electrical voltage at a constant rate of 0.2 V/s. (e) Evolution of electrical

resistance as a function of time.
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Figure 7. (a, b) TEM images showing the formation of necks between SS316L
particles after EFAS. (c) Cross-section view of two particles (P1 and P2) after
sintering; (d) an enlarged view of the interface between the two particles; (e) EDS line

scan profiles of O, Fe, Cr and Ni elements distribution along the white dotted line in

c).
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Figure 8. Schematic illustration of the four stages of the EFAC process of SS 316L

nanoparticles: (a) cleaning of oxide film on the surface of nanoparticles by electric

currents; (b) neck formation between the adjacent SS 316L nanoparticles; (c) neck

growth between SS 316L nanoparticles; and (d) fast consolidation.
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