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Spark plasma sintering (SPS) has clear advantages of fast densification and lower grain
growth compared with other powder consolidation techniques such as hot pressing (HP). Many
researchers studied intrinsic electric current effects during the SPS process, yet the results of these

studies are still controversial due to the complexity of the SPS technology.

In this study, we investigate various consolidation methods with and without electric

current assistance to achieve the deconvolution of the electric current effects from the temperature
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effects. The spatial distribution of the electric current passing through the powder during SPS is
modeled using the finite element method. The porosity-interparticle neck area geometrical
relationship is utilized to estimate the electric current density inside the powder volume subjected
to SPS. For the first time, by taking into account the explicit influence of the electric current effect
on the SPS densification mechanisms, the governing equations describing hot pressing are
modified to enable an SPS-specific constitutive analysis. The densification mechanisms of various
ceramic (ZrN) and metallic (W and Mo) powders are determined by the inverse regression of the
new SPS constitutive equations and by utilizing the experimental results on powder consolidation

with and without the participation of the electric current effect.

We show that the electron backscatter diffraction (EBSD) technique can be a useful tool to
demonstrate the densification mechanism of the powders during the sintering. The grain size and
grain growth factors are incorporated into the sintering constitutive equation too to elucidate the

grain growth effect on the material behavior governing parameters.

Additionally, the known but controversial intrinsic electric current effects such as surface
cleaning and retardation of the grain growth are analyzed for the consolidation of the Mo

nanopowders using SPS.

Finally, an energy efficient and fast consolidation technique utilizing the highly
concentrated electric current flow through a conductive powder by manipulating the electric

current trajectory is developed.
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CHAPTER 1 Introduction

1.1. Influence of Field Effects on SPS of Conductive Materials: Survey of the Studies
Carried out in the Past

During the last 20 years, there were many efforts of scientists and engineers to use the

electric current for the fast and energy efficient consolidation of materials [1].

The electric current assisted sintering (ECAS) method could be subdivided into two main
groups depending on the electric current path trajectory during sintering [2]: 1. electric discharge
sintering (EDS) and 2. resistance sintering (RS). First, EDS is used generally for the electric
conductive materials since the capacitor bank generates the high voltage electric pulsed discharge
applied to the powder inside of the insulating die [3, 4]. Various machine setups have been
developed to conduct EDS, with different process names such as high voltage electric discharge
consolidation (HVEDC), high-energy high-rate (HEHR) consolidation, pulse plasma sintering
(PPS) and capacitor discharge sintering (CDS): yet the general principle of the process is the same.
The sintering mechanism of EDS was studied and proposed as follows: high voltage helps to
destruct the surface contaminating layer of the metal powder, leading to the interparticle neck
formation. The conductive interparticle necks dissipate heat energy by Joule heating through the
powder volume, inducing sintering [5, 6]. Grigoryev and Olevsky showed the simulation of the
thermal process happening between the interparticle contacts of the powder under HVEDC,
enabling the optimization of the electric current parameter values used in the experiments [7]. A

detailed review of the EDS process can be found elsewhere [4].

Otherwise, RS flow low voltage (1~10 V) and high electric current through the conducting

die to indirectly heat the powders. Among RS techniques, spark plasma sintering (SPS) has been



widely studied and used for densification of powders ranging from polymers to ultra-high

temperature materials [8].
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Figure 1.1 (a) Schematic representation of spark plasma sintering process, (b) spark plasma
sintering machine before an experiment.

SPS is a low-voltage field-assisted sintering method which utilizes a pulsed direct electric
current for the consolidation of powders under elevated temperatures and pressures [9, 10]. SPS is
also known as a field-assisted sintering technique (FAST) [11] and pulsed electric current sintering
(PECS) [12]. Figure 1.1(a) shows a schematic diagram of the tooling setup assembly. Figure 1.1(b)
shows a photograph of the setup, located in the SPS chamber, before an experimental procedure
was run. A powder specimen placed in an electrically conductive die is subjected to an external
pressure applied by electrically conductive punches, and the specimen’s temperature is controlled
by Joule heating generated in the die-punch tooling and in the powder material itself if the electrical

conductivity of the material is high enough.



In comparison with conventional powder consolidation methods like hot pressing (HP), the
SPS can lower the sintering temperature and reduce sintering times, thus favoring the reduction of

the grain size of compacted pellets and saving the energy spent.

In general, it is known that the difference between the SPS and HP results can be ascribed

to the two groups of physical phenomena: (a) of thermal and (b) of electric current-related [13].

(a) phenomena of thermal nature:

(1) high heating rates;

(2) temperature local non-uniformity and thermal diffusion;

(b) electric current-related phenomena:

(1) surface cleaning;

(2) electromigration;

(3) electroplasticity;

(4) change of the material’s densification mechanism

In this study, we concentrate on the electric current effects influencing the consolidation of
electronically or ionically conductive powders. The influence of thermal effects on SPS has been

analyzed elsewhere [14, 15].

One of the chronologically first, among the electric current-related phenomena, the surface
cleaning effect was considered. This mechanism generally occurs at the initial stages of SPS.

Munir [16] reported that the existence of surface oxide films in the metal particles may cause the



delay of the densification. In SPS, the electric current may lead to the breakdown of insulating
layers at the surface of powder particles during the initial stage of sintering. Induced plasma can
remove the diffusion barrier such as surface impurities and oxide layers, resulting in fast
densification during SPS [17-19]. Using in situ transmission electron microscopy(TEM),
Bonifacio et al. [20-22] studied the dielectric breakdown of a NiO layer on Ni nano particle during
field-assisted sintering. After breaking these oxide layers, the electric current conducting path was
present and consequently the inter-particle necks have been formed. Also, the threshold electric
current density was required to break the oxide layer. Marder et al. [23] showed that insulating
ceramic material can have faster densification kinetics with the existence of the plasma during SPS
compaction of LiF with pressure below the yield stress. The SEM analysis confirmed the local
melting and material jets between the LiF microcrystals presumably due to the sparks and plasma
formed. Otherwise, Hulbert et al.[24] was unable to find the indication of plasma formation or
glow discharge during SPS using an in situ atomic emission spectroscopy. They introduced the
quartz window near the powder in the SPS setup. The plasma was not observed from the powder
visually. Also, the authors could not observe the high-frequency radiation of the plasma using

ultrafast in situ voltage measurements.

Later, the diffusion of atoms powered by the momentum transfer between ions and
conducting electrons, referred to as electromigration, has been suggested as one of the reasons for
the accelerated mass transport under SPS conditions. Vacancy formation and diffusion by
electromigration effect were first proved by using the positron annihilation spectroscopy (PAS)
[25]. PAS uses the properties of positively charged positrons which have a tendency to locate in
the open lattice space defects such as vacancy, void, and dislocation, where the atom nuclei are

not present. Also, the defect location can be revealed by the gamma rays when the positrons and



electrons annihilate each other. Kumar et al. [25] first showed the dynamic formation of point
defects in Al-Cu system when an electric current was applied. Vacancy concentration increase due
to the passage of an electric current is much larger than that from the pure thermal vacancy
generation. Garay et al. also showed the enhanced vacancies mobility in the Ni-Ti intermetallic
material by demonstrating the 24% decrease in the activation energy of the mobility when the

electric current is applied during annealing [26].

In the SPS process, electromigration effect was studied by observing the growth rate of the
reaction layer between two metals with and without an electric current. It was shown that the
pulsed DC current accelerated the inter-particle neck growth between Cu or W spheres and plates
[27, 28]. In addition, Chen et al. [29], indicated that the direction of the current or pulse pattern
had no effect on the reactivity between the layers of Si and Mo. Anselmi-Tamburini et al. [30],
showed that the electric current affected the growth rate of the product phase between layers of Si
and Mo under long holding times (up to 75min) which are not normally used for SPS experiments.
Olevsky and Froyen [31] developed a constitutive model for SPS taking into account
electromigration effect, and compared its predictions with the experimental data on the sintering
behavior of aluminum powders, showing that electromigration can be one of the important factors
to enhance the current assisted diffusion. However, Trzaska et al. [32], showed no dependence of
the new phase growth rate on the electric current density in the Ag-Zn system during the SPS

process.

Electroplasticity was generally studied by measuring the required stress to deform the fully
dense metal specimens with and without electric current at low or high temperatures. Increasing
the electric current reduces the flow stress of the metal: — this phenomenon was termed “electro

plastic effect” (EPE). For the first time, in 1959, Machlin et al. [33] showed that electric current



affects the flow stress, ductility and yield stress of NaCl. Troitskii et al. indicated that pulsed
currents can reduce the flow stress of tin, zinc, lead, indium alloys, and explained these results by
the interaction between electrons and dislocation motion. Conrad et al. [34, 35], studied the electric
current effect on the flow stress of metals and ceramics, and indicated that plastic properties and
phase composition can be changed by them. Salandro et al. [36], showed that the direct Joule
heating can transfer energy directly to dislocations more efficiently than by oven heating, and local
Joule heating at dislocation cores is the main reason for the reduction of flow stress of metals

during a passage of an electric current.

During deformation, most of the dislocations are located in the neck area between the
grains. Also, the neck region can have high electric current density due to the small electric contact
area [37]. Siopis et al. [38] studied the microstructure effect on the EPE, and showed that fine grain
materials which have more necks or grain boundaries have the enhanced EPE. Also, Siopis et al.
[39] showed that cold worked materials have higher EPE due to the increased dislocation density.
Jabbar et al. [40], showed that TiAl alloys densified by SPS have severely deformed the neck area
and recrystallized grains near the neck. Grosdidier et al. [41], showed that the overheating at the
neck area favored the recrystallization and grain growth, which rendered large grains near grain

boundaries of the nanograin FeAl consolidated by SPS.

It was shown also that the densification mechanisms of the processed powders may be
altered by an electric current. Conventionally, it is known that powder materials have certain
densification mechanisms depending on the powder particle size, temperature and pressure applied
[42]. By and large, three main methodologies have been used in the past to elucidate the

densification mechanisms during SPS.



First, the MSC approach had been originally proposed for free sintering by Su and Johnson
[43, 44] and was adapted for SPS by Guillon [45]. Within this approach, the whole densification
curve is analyzed including the temperature ramping stage, and the apparent activation energy for
sintering is estimated. However, the major concepts of MSC, assuming that a single densification
mechanism governs the whole sintering process as well as that there exists the grain size direct

dependence on the relative density, are not well correlated with actual sintering behavior.

Second, Bernard-Granger and Guizard (B-G) [46, 47] approach assumed that SPS is
controlled by the high-temperature creep of a porous material. The activation energy and creep
exponent used for the determination of the creep mechanism, can be found using a number of SPS
experiments conducted under fixed pressure and different temperatures (for creep exponent) and
fixed temperature and different pressures (for activation energy) conditions. However, this
approach is based on the uncertain evaluation of the effective stress and shear modulus, which

renders the main parameters of the densification mechanism [48, 49].

Third, Olevsky’s approach uses the constitutive equation for high-temperature creep of a
non-linear viscous porous material to find the densification mechanism of materials subjected to
SPS [50]. Combining this constitutive equation with the power-law creep equation for a non-
porous material enables the estimations of the activation energy and of the strain rate sensitivity
(which is the inverse of the creep exponent). This constitutive equation for sintering is applicable
to describe a broad range of powder consolidation techniques such as the pressure-assisted
approaches (SPS and HP) and pressureless sintering. Olevsky and Froyen [31] adapted the
constitutive equation for sintering for the description of SPS by modifying it to take into account

the electromigration effect.



Few attempts have been undertaken to find the effect of electric current on the densification
mechanism of various materials using MSC and B-G approach, yet yielding conflicting results.
Langer et al. [51-53], compared the densification behavior of ionic conductor, semiconductor, and
insulator with the same pressure and temperature experimental conditions of the SPS and HP, and
showed no difference in the densification mechanism using master sintering curve (MSC)
approach [44]. In contrast, Maryse et al. [54], utilizing the MSC and Bernard-Granger methods
[46], indicated that the electric current changes the densification mechanism of alumina possibly

by affecting the grain boundaries of powder particles.

With Olevsky’s approach, a few attempts have been undertaken for the investigation of the
role of the electric current in the SPS process. Multi-step pressure dilatometry method was used to
compare the densification mechanism of copper powders with and without electric current
assistance using alumina components inside of the SPS tooling setup [55]. It was shown that the
relative density of the densified copper pellets in the current assisted mode was higher than that of
the current-insulated mode, yet the densification mechanism was the same for both cases. A
limitation of this approach was that, instead of using the temperature of the powder, the
temperature of the graphite die was used for controlling the SPS regime and for analyzing the
experimental data, thereby leading to the inaccurate deduction of the densification mechanism of
the copper powder. More sophisticated deconvolution of the temperature from the electric current
was implemented by the sinter-forging setup in SPS [56]. The sample temperature was directly
measured by a thermocouple introduced through a hole in the graphite die. In situ axial punch
displacement was recorded by SPS, and the lateral deformation of the powder specimen was
recorded by a video camera taking the images of the radially inserted push-rod’s movement during

SPS. It was revealed that the electric current-assisted case leads to a higher degree of densification



compared to the current-insulated case. However, the electric current effects on the densification

mechanism of copper were not quantitatively assessed.

1.2. Energy Efficient and Fast Consolidation Methods using Electric Current: Survey
of the Studies Carried out in the Past

Among fast densification methods using the electric current, there has been growing
interest in flash sintering from the first report by Cologna et al. in 2010 [57]. This original method
allows the ultra-rapid sintering of the specimen in few seconds. While conventional oven heats the
pre-compacted sample, the constant voltage is applied to the sample at the same time. When
furnace reaches the critical onset temperature, the specimen’s temperature exhibits runaway profile
and the sample densifies quickly. After discovery, the flash sintering of a wide range of materials

was studied (ZrOz [58, 59], SnO2 [60] , ZnO [61], Y203 [62], Al.O3 [63], TiO2 [64] and SiC [65]).

The electrical conductivity dependence on the temperature is the crucial parameter in the
flash sintering [66]. Materials can show a positive temperature coefficient or negative temperature
coefficient (PTC or NTC) of electrical resistivity. Most of ceramics display a NTC of electrical
resistivity. The electric conductivity of ionic conductors (YSZ) and insulators (BaTiO3z, a wide-
band gap insulator) increases rapidly with increasing the temperature, while the electric
conductivity of semiconductors (SiC and B4C) increases at a slower rate. At the same time, the
electric conductivity of metals (Ni, Cu, and W) decreases with increasing temperature and exhibits

a PTC dependence of electrical resistivity.

The exact mechanisms of flash sintering are currently a controversial topic of research [67-
70]. This is mostly due to the difficulty of measuring the sample volume temperature during
thermal runaway. On the other hand, numerical estimations of the sample temperature are

challenging because the sample temperature is the net result of the sample Joule heating and heat



dissipation, which depend on the electric conductivity and relative density of the sample. At the
same time, some attempts of modeling have been undertaken to find the mechanism of the rapid

densification during flash sintering [71, 72].

Raj et al. [67, 73] suggested that the nucleation of Frenkel pairs under electric field
resulting in the formation of vacancies is the main reason for fast densification during flash
sintering. Also, Naik proposed the defect nucleation model based on the difference of incubation
time before flash onset temperature with the applied field amount, so that possible electron gas can
be induced from a large amount of Frenkel defects by high electric fields during flash sintering,
which explains the extra electronic conductivity of the sample and contributes to further Joule

heating above the estimations from only ionic conduction mechanism [74].

On the other hand, Todd et al. suggested that flash sintering is simply an ordinary
consequence of the NTC of electric resistivity inducing Joule heating at a constant voltage; they
derived a model clearly showing the relation between Joule heating and thermal runaway [75].
Similarly, Zhang et al., developed the model to predict the thermal runaway conditions that are
coincidental with the observed onset flash temperatures in the ZnO powder densification by flash
sintering, and concluded that the flash starts as a thermal runaway without the need of introducing

an avalanche of the vacancy formation [76].

Although flash sintering showed promising results for fast densification sintering, there are
some limitations on the industrial applications. First, net shape sample fabrication was not
achieved. Flash sintering normally uses the dog bone shape specimens to maximize the density of
electric power. Second, flash sintering requires long preparation steps before flash event happen

which offsets the advantage of fast densification. In the beginning, it needs the pre-compaction of

10



the powder to make a dog bone shape specimen. After making the dog bone shape sample, the

sample is to be heated by the conventional furnace which takes a long time [77].

On the other hand, the manipulation of the electric current path inside the graphite die setup
in SPS was shown to be the energy efficient way to densify net shape components. An SPS-based
approach involving intense heating of initially (from room temperature levels) conductive
materials at the maximum power capacity of an SPS device, applied to consolidate an initially
electrically conductive ZrB specimen or to partially consolidate SiC specimen inside a
permanently conductive layer of graphite felt was explored by Grasso et al [77-79]. Flash Hot
Pressing or Ultra-Fast Spark-Plasma Sintering (FSPS) has been invented by Olevsky et al [80] for

an ultra-fast 1 sec densification of SiC using a copper sacrificial SPS tooling component.

However, net shape sample cannot be obtained by FSPS due to the removal of the graphite
die making this approaches closer to fast sinter-forging techniques. Therefore, various approaches
were investigated to make net shape samples with full density by fast densification methods using

SPS machine.

Niu et al. used a thin die for the preheating of boron carbide (B4C) powder in SPS setup.
When electric resistance of the B4sC powder is smaller than that of the thin graphite wall, current
starts to flow into the powder, resulting in the density of 99.2% within 1 min sintering time [81].
However, the low-pressure process limitation due to the thin wall die setup restricts the application

of this method to other refractory materials.

Roman-Manso et al. used the electrically insulating boron nitride (BN) coating on the inner
wall of the graphite die to force the electric current to flow through the inner graphite paper

contacting the sample and graphite punches to carry out the liquid sintering of beta-SiC mixed
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with 2 wt% of Al,O3 and 5 wt% of Y20z in SPS. Forced localized heating induced by BN coating
reduced the power consumption, and accelerated the SiC densification [82]. However, coarser
microstructure was obtained compared with the grain size of the normally SPSed sample due to

the slow heating rate (50 °C/min).

Zapata-Solvas et al. showed that the manipulation of the path of the electrical current flow
can be obtained by the insertion of the alumina film instead of BN between the graphite die and
the graphite punches in the SPS setup, enabling the achievement by SPS of the results similar to
those obtainable by EDS (for the compaction of ZrB2, MoSi, and ZrB»/20 vol% MoSi,) and RS
processes (for alumina). They state that this setup allows the sintering of any refractory ceramic
material in less than 60 sec starting from room temperature with heating rates higher than
2000 °C/min and an energy saving up to 100 times more efficient than that of the SPS [83].
However, the full density was not achieved for all the tested samples possibly due to the low

pressure (15MPa) and porous edge formation in the specimens.
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CHAPTER 2 Research Objectives

2.1. Research Incentives

The above-mentioned analysis of the previous studies indicates that SPS is a rapid method
for the production of dense ceramic materials. However, the SPS mechanisms of rapid
densification have not been clearly identified, especially in terms of the effect of electric current,
and mainly due to a number of obstacles, including: (i) the complexity of the deconvolution of the
Joule heating and possible non-thermal field phenomena, (ii) the difficulty of the accurate
experimental measurements of the specimen’s temperature and electric current parameters during
SPS. At the same time, addressing the obstacles (i) and (ii) can provide a better understanding of
SPS-specific factors distinguishing SPS from conventional powder consolidation techniques. To

achieve this goal, a consistent research program should be focused on the following problems:

(1): Deconvolution of the electric current effect from the temperature effect is required. For
electrically conductive powders, the source of the densification in SPS are the pressure, heat and
electric current, while in HP those are pressure and heat by the external heating elements. Heating
in HP is transferred by radiation and conduction, which induce certain spatial temperature
distributions during the HP operation. However, the heat generation in SPS stems from the Joule
heating of the graphite SPS tooling set and of the powder too. If the powder is electrically
conductive, a significant fraction of the electric current can pass through it, so that the temperature
of the powder becomes higher than that of the die. Usually, during SPS, the control temperature
is measured at a selected point in the die wall, therefore special techniques are required to
determine the real temperature of the powder for electrically conductive materials subjected to

SPS.
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(if): Quantification of the electric current density in conductive powders during SPS
process is required. The electric current value recorded during SPS process is not the same as the
value of the electric current directly flowing into the powder. The portion of the electric current
flowing into the powder is mainly dependent on the electrical and thermal contact resistance,
temperature, and the electric resistivity of each material in the die set. During SPS, the necks

between particles evolve, so that the electric current density changes respectively.

For addressing the problem (i), various deconvolution techniques can be utilized enabling
the comparison of the densification mechanisms with and without electric current under the same
sintering conditions. For addressing the problem (ii), FEM simulations of the SPS specimen-
tooling setup can be implemented for the assessment of the fraction of the electric current flowing
directly into powders. Here the inter-particle neck area evolution should be taken into account for

the correct estimation of the local electric current density evolution.

Based on the solution of the problems (i) and (ii), one can find whether the presence of
electric current can change the densification mechanism of the powder. In the present study, we
use the Olevsky’s approach utilizing the constitutive equation for high-temperature creep of a non-
linear viscous porous material to find the densification mechanism of powder materials subjected

to SPS.

We employ three strategies to analyze the electric current effects on the densification

mechanism during the current-assisted powder consolidation.

First, the conventional constitutive equation describing the behavior of powders compacted
by HP [84], is used to study the densification behavior of a conductive powder during SPS. If, as

a result of the regression of the experimental data, based on the above-mentioned constitutive
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equation, the value of the power-law creep exponent (corresponding to the non-linearity of the
material constitutive behavior) is found to be the same for the sintering with or without electric
current (carried out under the same pressure and temperature conditions), then the densification
mechanism is not changed by the presence of the electric current. Otherwise, if the value of the
power-law creep exponent is found to be different for the pressure and temperature-identical
sintering with or without electric current, then the densification mechanism is changed due to the

presence of the electric current.

Second, following the results of the electroplasticity theory and experiments from Conrad
[85-87] we assume that other power-law creep parameters like frequency factor or deformability

of material can be changed due to the presence of the electric current.

Third, the presence of other dissipative mechanisms introducing extra terms in the SPS
constitutive equation in addition to the traditional power-law creep expression due to the influence
of electric current is assumed. The extra terms can be possible influences of additional dissipative
mechanisms, such as electromigration, oxide reduction, defect generation, grain growth and grain
orientation, etc. To support the theoretical assessment of the contributions of these phenomena into
the intensity of mass transfer during SPS, additional experimental procedures have to be carried
out including microscopic analysis of the structure and phase composition of the materials

subjected to SPS.

Previously, MSC, B-G, and Olevsky’s methods analyzed the densification mechanisms by
studying the porosity evolution curves. In particular, grain boundary sliding (GBS) is associated

with grain rotation, resulting in the suppression of the grain orientation. In this connection, EBSD
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technique can give the experimental proof of the densification mechanism of tungsten powders

during the sintering by assessing the degree of the grain orientation.

From the conducted literature survey, it can be concluded that SPS possibly can remove
surface oxide layers or slower the grain growth. The influence of these electric current effects has

been analyzed in the present study for the SPS of surface-oxidized Mo nanopowders.

One advantage of the SPS process is the fast heating rate which enabling the prevention of
the grain growth. Using this advantage, for nuclear application, Mo metal mirror with submicron

grain size can be fabricated by the Mo nanopowders compaction by SPS.

Flash sintering showed that increasing the electric voltage applied to an ionic conductive
powder compact initiated the thermal runaway, and achieved the densification in less than 10 sec.
However, Todd and Zhang showed that flash sintering is simply a usual consequence of the
negative temperature coefficient of electric resistivity. The results of our studies indicate that high
electric current can change the densification mechanism, inducing the fast densification. Based on
these facts, we developed a novel NFSPS (net-shape flash spark plasma sintering) process enabling
the high electric current flow into a powder within the short time period. The high density of the
electric current turns out to be beneficial in terms of decreasing the energy spent and fast

densification.

2.2. Major Research Objectives

In the previous chapters, we provided an overview of the past studies and possible concepts
to explore on how electric current can affect sintering behavior. We have explained that electric
current can increase the efficiency of sintering in terms of process energy and time. In this

connection, two major research objectives of the present work can be formulated:

16



a.

2.3.

Investigation of the electric current effects on the densification behavior of the powders
consolidated by spark plasma sintering. This objective is aimed at the development of the
new SPS-specific constitutive equations describing electric current-assisted powder
densification.

Utilization of electric current for sintering of refractory materials. This objective is aimed to
show the advantages of SPS and to develop novel SPS-based approaches for the
consolidation of metal or ceramic components using the advantages of the electric current

assisted mass transfer.

Major Research Tasks

In order to achieve the two formulated research objectives, the following three main tasks

have to be carried out:

Theoretical determination of electric current effects. This task includes all the efforts to
find the electric current effects on the densification mechanisms of the tested powders. First,
the constitutive equation of HP has to be modified to take into account the influence of the
electric current during the SPS. At the same time, the evolution of the electric current
density during SPS should be taken into consideration. Secondly, the regression methods
to find the thermal, mechanical or electric current affected parameters in the constitutive
equation of HP and SPS have to be designed. Finally, the quantification of electric current
flow during the SPS process has to be estimated by FEM simulations taking into
consideration the inter-particle neck area evolution during the powder specimen’s overall
density increase.

Experimental determination of electric current effects. The sophisticated experimental

setup is designed to deconvolute the intrinsic electric current effects from the temperature
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effects. Using the theoretical background provided by the outcomes of the research task
a), the consolidation experiments of ZrN powder with deconvolution of electric current
effects from the temperature effects, are to be carried out to achieve the research objective
a). ZrN is a ceramic material with metal-like properties. First, the fine ZrN powders should
be consolidated using different electric current densities under the same temperature
conditions during SPS. Second, the densification kinetics of the micron size ZrN powder
using HP (without electric current) or SPS (with electric current) are to be compared. Third,
previous two experiments should indicate whether high electric current density enhances
the densification kinetics of ZrN powders. Therefore, the micron-sized ZrN powders have
to be consolidated with using SPS (lower voltage) or HVEDC (higher voltage), and the
densification behavior and microstructures between SPS and HVEDC are to be
comparatively analyzed. By fitting the constitutive equations to the respective
experimental porosity evolutions of ZrN powder, the power-law creep parameters can be
evaluated. The tasks a) and b) address the research objective a).

c. Consolidation of nano or micron sized powders using electric current effect. The research
tasks a) and b) should reveal what changes of the densification behavior are imposed by
electric current, and, in particular, by high electric current density. W powders which have
higher electric conductivity than ZrN have to be densified by SPS checking whether
densification mechanism is affected by comparing the consolidation results from the HP. In
addition, other intrinsic electric current effects such as surface cleaning or retarded grain
growth should be considered to optimize the fabrication of nano grain sized Mo mirror using

SPS. Finally, the novel net shape flash SPS (NFSPS) process intensifying the electric flow

18



by manipulation of the electric current trajectory in the SPS die, is to be explored to

consolidate metal or ceramic powders. Tasks b) and c¢) address research objective b).

Above-mentioned research objectives and task were completed during my Ph.D. study and

shown in the flowchart (Figure 2.1).

Influence of electric current on efficiency of
field assisted consolidation of powder materials

Objectives: 1 v 1
a: Electric current effects on b: Utilization of electric current for
densification behavior in SPS sintering of refractory materials
[y ¢ T [y
Tasks: | J, |
: . L b: Experimental c: Consolidation of nano or
a: Theoretical determination T . . . .
. determination of electric micro sized powders using
of electric current effects .
current effects electric current
—>| Constitutive eqn for SPS I —>| SPS vs HP | —>| W micropowders I

Determination of

™1 constitutive parameters —>| 3 modes SPS | _>I Mo nanopowders |

—>{ FEMmodelingforSPs | L5 spsvsHVEDC | N Ne:)-lzga:rll:):;‘li‘:\l?:risn;;ark

Figure 2.1 Flowchart of formulated research objectives and tasks.
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CHAPTER 3 Effect of Electric Current on Densification during SPS of

Conductive Materials

3.1. Theoretical Analysis

3.1.1. Constitutive equation of the continuum theory of sintering used for the description of
HP

The stress for high-temperature deformation of crystalline materials can be described as a

function of strain rate ( £ ) and absolute temperature (T) as expressed by the Dorn equation [88]:

e L)

where &£ is the steady-state creep rate (1/s), k is the Boltzmann's constant (J/K), D is the

diffusion coefficient (cm?/s), G is the shear modulus (MPa), T is the absolute temperature (K), b
is the Burgers vector (m), o is the applied stress (MPa), Acr is the material creep constant (unitless),
d is the grain size (m), p is the grain size exponent, and n is the stress exponent (n is equal to 1/m,

where m is the strain rate sensitivity).

The dependence of the diffusion coefficient D on temperature T can be expressed through:

D =D, exp (%) (3.2)

where Dy is the diffusion constant (cm?/s), Q is the creep activation energy (KJ/mol), and R is the
gas constant.
For a porous material [50], Dorn equation can be converted to the power-law relationship

in terms of the strain rate as follows:

_ G AT e L (yompy
a(vv)—G{ . exp(RT)} )W (3:3)
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Here, Ao (Pa-s/K) is given by:

_k
'%rbDO

where (W) is the effective stress, and W is the effective equivalent strain rate of the porous

A

(3.4)

material [50, 55].
Based on the continuum theory of sintering [50] the constitutive equation describing hot

pressing of a nonlinear viscous porous material in a rigid die is expressed as:

_oW)

O-Z
wW

: 1 ..
[pe, + (v —5 P)¢E] (3.5)
where 0, is the applied axial stress (MPa), ¢ is the normalized shear modulus,  is the

normalized bulk modulus, &, is the axial strain rate component (1/s), and ¢ is the volumetric strain
rate (1/s).
The above-mentioned constitutive parameters are defined as follows [50]:

2(1-6)°

V=3 8 39
¢ =(1-0) (3.7)

The parameter is expressed as follows.
e=¢,+2¢ (3.8)

Where &, is the radial strain rate component.

The evolution of porosity can be defined by the continuity equation:
g=—— (3.9

Where ¢ is the densification rate (1/s).
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Therefore, by substituting (3.3), (3.6) - (3.9) into (3.5) and taking into account that &, =0

(uniaxial die compaction boundary condition), the constitutive equation describing hot pressing of

a nonlinear viscous porous material in a rigid die can be written as [50, 55]:
: G (b)Y -Q.|302 ™o,
O=—| —| = | exp(—) |(Z=)2m (1— Q) 2m (=)

{%Tm p(RT)}(Z) a-0= (%) @.10)

3.1.2. Constitutive equation of SPS

The constitutive equation for hot pressing (3.10) can be modified to include the electric

current effect term based on the recent results of the electroplasticity theory [36, 89, 90].

A) Metal deformation in electroplasticity theory
Assuming that the plastic deformation of the material is thermally activated, the strain rate

7 can be expressed as follows [69, 89]:

.. -AG —AG
Y =7 eXp(F) = p,bvys eXp(F) (3.11)

where pm is the mobile dislocation density, b is the magnitude of the Burgers vector (m), V4 is the

frequency of the vibration of the dislocation segment involved in the thermal activation (1/s), s is
the average distance of the dislocation travel (m), AG is the activation energy (KJ/mol) T is the
absolute temperature (K), and k is Boltzmann constant (J/K).

Conrad [89] studied the electric field effect on the flow stress of metals (Ni, Ti, Al, Cu, and
Zn) at low temperatures and showed that there is the interaction between the drift electrons and
dislocations. He showed that the most significant effect of the electrons is on the pre-exponential

factor 7o in (3.11), which was shown to be proportional to the square of the electric current density
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(J). This means that the electric current can affect pm, V,, As, Or AS . However, it was not

determined yet which factor is the most affected by the electric current.

B) Ceramics deformation in electroplasticity theory

Ceramic materials manifest their brittle nature at low temperatures. However, they can
have ductile properties at high temperatures [86]. Plastic deformation of ceramic materials is
described by (3.1). Conrad and Yang studied the electric field effect on the flow stress of oxide
ceramics (MgO and Al20z3) at high temperatures. Like in the case of metals, the application of the
electric field during tensile deformation of oxides reduces their flow stress and the increase of the
elongation. They tested the rate controlling constants Acr, n, and p in (3.1) with and without an
electric field, and found that the electric current did not change the major deformation mechanism
of the material [85-87]. Instead, they assumed that the electric current affected the values of Do or
Q. Also, Conrad and Yang explained that the reduction of the flow stress by an electric current is
due to the decrease in the electrochemical potential of the rate-limiting vacancies in the space
charge cloud near grain boundaries [89].

Also, we assume that the reduction of the particle material yield stress by an electric current
is a major mechanism of the rapid densification of conductive powders compacted via an electric
current-assisted consolidation method. The reduction of the yield stress can be achieved mainly by
the two effects induced by the electric current: (i) local Joule heating, (ii) electron wind effect.

(i) Local Joule heating effect

When the electric current flows through a powder during deformation, the local “hot spots”
caused by the greater electron scattering at defects such as dislocations, voids, impurities and grain
boundaries, largely enhance the lattice vibration energy in the defect vicinity. As a result,

dislocations can move more easily along the slip plane bypassing lattice obstacles with smaller
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resistance. Therefore, the stress required to move dislocations is reduced. This heating occurs at
the atomic level within the lattice contributing to the total heating of the sample, and expanding
the lattice locally [36, 91]. Hence, the local Joule heating increases parameters vq and pmin (3.1).
This effect can lead to faster defect motion under SPS compared with HP conditions. While HP
needs external energy input that has to heat the entire material to allow for the dislocations to
diffuse to a sink such as grain boundaries, SPS provides a greater amount of energy in a faster
mode and directly to the dislocations. Also, recently, using the modified Williamson-Hall method
[92, 93], the XRD method indirectly showed that an increasing electric current density decreased
the dislocation density of a tungsten pellet compacted by SPS, which indicated the dislocation
mobility enhanced by the electric current influence [94].

(i) Electron wind effect

The direct momentum transfer from flowing electrons through the electric conductor can
help the mobility of dislocations in the lattice structure [35, 95]. However, some researchers
showed that the electron wind effect is not sufficient to affect the dislocation activities [96, 97]. In
particular, Salandro et al. [36], showed that the added energy to a dislocation core by the electron
wind effect is much less than that by the local Joule heating effect.

Therefore, one can assume that the main source of the reduction of the flow stress by the
electric current is from the indirect local vibration energy from electron scattering, not from the
direct momentum transfer to the dislocation.

In (3.10), we define the function in the square bracket as Atp (1/s) which indicates the
thermal deformability of the powders during the sintering.

_G (bY _ —Q
Ap = AOT( dj exp(==) (3.12)
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With (3.12), (3.10) can be simply written as follows:

39 m+1 m-3
%¥D( )2 (1-6) 2" ( Z)m (3. 13)
Total equivalent effective strain rate (W) should be the sum of the strain rate from thermal

and electric current assisted effect during the SPS process.
W :WThermaI +WEIectriccurrentassisted (314)

Using (3.3), (3.14) is converted with the introduction of Aecap (1/s) which indicates the

electric current assisted deformability of the powders as follows:
G l
W =(Ap + AECAD)(EZ)m (3.15)

By substituting (3.15), (3.6) - (3.9) into (3.5) and taking into account that £, = 0 (uniaxial
die compaction boundary condition), the constitutive equation for SPS can be written as

(Ao + Ao ]G -0 (2 (316)

Also, (3.16) is validated based on the electroplasticity theory which indicates that the
electric current affects the pre-exponential factor for metals, and D, or Q for ceramic materials [69,

85, 86, 89].

To find Aecap, the following analysis is used. Local Joule heating can provide the vibration
energy to the dislocation movement [36]. Also, the high temperature of the locally overheated
region may be sufficient to activate additional intrinsic defects [98]. These generated defects can
enhance the mobility of dislocations by interacting with elastic and electronic fields of the
dislocations [26, 69, 99], but more interestingly, can be also the source of the local Joule heating,

making the local temperature to increase again, and thereby starting the cascade effects. However,
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due to the relatively low electric current density under regular SPS conditions and being coupled
with vacancy annihilation by dislocation movement, these cascade effects are limited compared to
flash sintering [64, 67].

Therefore, we assume that the energies of the local Joule heating are the original source for
the electric current effects. The actual temperature of the sample was calibrated previously in the
experiments, but the additional Joule heating effects like the defect generation should be
accumulated with sintering time during SPS due to the cascade characteristics. The localized
energy provided to the dislocation core due to the Joule heating effect (per dislocation core volume)
is given by [36]:

E, =J°A,At (3.17)
where J is electric current density, A4 is electrical resistivity of the dislocation core and 4t is the
time duration when the electric current is applied. Parameter 14 was determined to be around 6~8

times the electric resistance of the defect-free lattice (A) [100]. Also, the dislocation movement by

Joule heating can be hindered by Peiers-Nabarro stress (7py ) of each material. For the FCC

material like ZrN, experimental results showed that 7py is approximately (10 ~ 10°)G [101].

Including the terms that affect the dislocation movement considered above, Aecap can be
written as:
tf J Zﬂl (2]
Accao = '[ Lt (3.18)
% CPN
where to, tr are the starting and final time for SPS and w is the electric current sensitivity exponent

(material constant).
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By including the electric current effect coefficient (5), which involves the relationships
between JoL vs. actual J in the sample, Aq vs. actual A, and Tpy Vvs. G, (3.18) can be written as:

ty

Accro = {[ JOCL:E dt} (3.19)

)

Therefore, the constitutive equation for SPS, (3.16) can be expressed as:

G[ j XD+ ﬁ{j ont} Gyma-0= &y @)

AT \d G

3.1.3. Determination of the creep parameters: in situ method

The direct in situ method based on the continuum theory of sintering is used here to identify

the sintering mechanism.

Initially, the regression analysis renders the temperature-dependent creep parameters (Ao,
Q and n) based on the SPS experiment at the ramping temperature and assuming the traditionally
used expressions of the normalized shear and bulk moduli [102]. When n value cannot be
unambiguously determined from the regression analysis, the SPS multistep pressure approach is

used [55]. The detailed derivation of the sintering parameters can be found elsewhere[102, 103].

The linearization of the constitutive equation of the pressure-assisted sintering[84] can be

expressed as follows:

nin L —In(T):—In(AO)+— (3.21)
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where, |o, | is the applied axial stress (Pa), |,| is the strain rate of the sample (s™). Parameters Ao

and Q can be obtained for different values of n.

Various [84] n values can be found by the comparison of the experimental and theoretical
porosity curves. However, in many cases, when using this method, the determination of the
parameter n value is [103] difficult due to the low accuracy; therefore the SPS multistep pressure

dilatometry approach is a more reliable approach to utilize.

For the SPS multistep pressure dilatometry[55] approach, the n value can be determined

by the following equation:

,n[exp(—|szz|)—(1—eo) |e'zl|J
exp(-le.) - 1-6) .|

n=

(3.22)
In{gﬂequgzzHeziD J
O

z2

Jexp(—|ezz|)—(1—eo)
exp(—|e,) - 1-6,)

where 6, is each initial porosity just before the pressure jump.

After finding the n value from this multistep pressure approach, parameters Q and Ao can
be obtained. Therefore, the creep parameters (Ao, Q, and n) which identify the densification
mechanism can be obtained using only one or two (when SPS multistep pressure dilatometry is
required) experiment.

3.1.4. Overall local electric current density (OLECD) estimation for powder samples

Current density in a powder sample is mainly affected by the neck area between particles

during the SPS. The neck area changes with porosity evolution, has been studied by Helle, Artz,
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and Ashby [104, 105]. Current density can be large at the initial stage of sintering (small neck) and

reduces with decreasing porosity (large neck) during sintering.

For an irregular packing of the spherical particles, the neck area evolution with porosity

can be estimated as shown by Helle et al. [105]:

Sz (6,-6)1-6)
47R? 0,

(3.23)

where S: average area of contacts between two particles, Z: coordination number, R:
particle radius, Bo: initial porosity and 6: porosity. When R is constant, the AZ/4 z R? value is
increased from 0 to 1 when porosity is changed from 6oto O (Fig.1 in Ref [105] ). We assume that
the neck area evolution of one particle is proportional to the total contact area change of the total
powder specimen’s volume. Therefore, we consider AZ/4nR? to be the ratio of the total neck area
to the total powder surface area. Overall local electric current density (OLECD) is the summation
of the electric current density of all necks in the powder volume.

Using the previous consideration, Jo. (OLECD) of the sample can be calculated as follows:

S

A\:ross—section SZ

| 47R?
il (3.24)

Jou =
where Across-section: CroSs-sectional area of the full density sample.

3.15. Dislocation density analysis by modified Williamson-Hall method

The modified Williamson-Hall method was used to estimate the dislocation densities in the
compacted pellets. Assuming that the strain broadening is generated by the existence of the
dislocations, the full width at half maximum (FWHM) obtained from each peak is substituted into

the quadratic form of the modified Willamson-Hall equation:
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(AK)’ =(0.9/ D)’ +(zM?0? / 2) pK>C +O(K‘C") (3.25)
where AK =2cos8(A20)/ A, K=sin@/ A, O is diffraction angle (rad), 420 is FWHM) (rad), A

is the wavelength of X-rays ( Cu Kal = 0.15406 nm), D is the average particle size (nm), b is the

magnitude of Burgers vector, M is a constant depending on both the effective outer cut-off radius
of dislocations and dislocation density, p is the average dslocation density (nm2), C is the average

contrast factor of dislocation, correspondoing to (hkl) reflection, and O is non-interpreted higher

order terms which can be ignored. In FCC and BCC, C can be written as:

h?I? +h?k* +1°k?

(_:=6hoo(1—q (h2+k2+|2)2

) (3.26)

where Choo is an elastic constant, h,k, and 1 are the Miller’s indices of each peak, and q is a
parameter indicating the dislocation characteristic in the samples. For ZrN [106], parameters Choo
and g are 0.135 and -0.636 calculated from the equation provided by Ungar et al [93]. Parameter

M for is taken as 2.3 [107].

In the modified Williamson-Hall equation, the slope (B8) of the fitted curves from the plot

AK? vs K2C provides the average dislocation density as follows:

2p3
- 3.27
r 7M?b? ( )
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3.2. Experimental Analysis

In the conducted study, special 3 experimental modes were developed to find the electric
current effect on the densification mechanism of ZrN. All the 3 modes were conducted at same
sample temperature with different electric current density, which enables the deconvolution of the
electric current effects from the thermal factors such as Joule heating and heating rate. The electric
current effects were quantified by finding the electric current passing through ZrN powder using
a FEM simulation and considering the local neck area evolution during sintering. The effect of the
electric current flow on the material’s deformability and dislocation density during ZrN powder
densification process are analyzed by three special SPS mode experiments enabling the

deconvolution of the electric current effects from the thermal effects’ contributions.

3.2.1. Experimental procedures

Intensity (a. u.) n
(111)

1 1

PR PR § n i I
10 20 30 40 50 60 70 80 90 100

20 (degree)

Figure 3.1 (a) and (b) SEM images of as received ZrN powder: 5000X, 20000X, respectively. (c)
XRD of ZrN powder. Arrows in Figure 3.1(c) indicate oxide phase.

ZrN powders (Face centered cubic, Fm3m) produced by Sigma-Aldrich (lot number:
BCBMO0674V) with an average particle size of 2 um were employed for the 3 modes of SPS
experiments. The ZrN powders have an irregular particle shape and agglomeration (Figure 3.1(a)
and (b)). The crystal structure and lattice parameters were evaluated by X-ray diffraction (XRD)

(Bruker D-8 diffractometer, MA, USA), utilizing CuKa radiation at room temperature (Figure
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3.1(c)). The cubic NaCl-type structure dominates, however oxide impurities were found in the ZrN
powders (ZrO2, ICSD Collection code # 85322) [108]. From energy-dispersive X-ray spectroscopy
(EDS) (Oxford Instruments, UK) analysis, ZrN powder contains on average 8.30 at% of oxygen.

Also, the powder showed the presence of hafnium in the amount < 0.3 %.

N
=z
Graphite die

Graphite
punch

Graphite foil + BN

Graphite foil

Figure 3.2 Schematics of spark plasma sintering setup enabling the different current density flow
into ZrN powders. Black, gray, gold and blue color indicate the graphite component, graphite paper,
ZrN, and boron nitride respectively. (a) Normal J (Electric current density) mode, (b) High J mode
and (c) Insulation mode.

The sintering experiments were carried out using the SPS device manufactured by SPS
Syntex Inc., (Dr. Sinter SPSS-515, USA) with a graphite (EDM-4, Poco Graphite, Inc., TX, USA))
tooling setup. As shown in Figure 3.2, boron nitride (BN, electric insulator) was coated on the
graphite paper (0.15 mme-thick) in order to manipulate the electric current path in the SPS setup.
The three SPS modes include “normal J mode” (with J being the electric current density) where
the electric current can pass both in the sample and the die (Figure 3.2(a)), the “high J mode” where
all the current passes through the sample and not through the die (Figure 3.2(b)) and, finally,
“insulation mode” where no electric current passes through the sample (Figure 3.2(c)). For all the

3 modes, the same SPS conditions were used: 1600 °C, 60 MPa, 100 °C/min and 60 min holding
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time. The relative density was obtained by the Archimedes’ immersion method. The fractured
specimens were analyzed by the scanning electron microscopy (SEM), (FEI Quanta 450, USA).

XRD was used too to analyze ZrN pellets processed via 3 SPS modes.

For the deconvolution of the electric current effect from the thermal effects, the exact
temperature of the sample should be measured. Due to the high sintering temperature (1600 °C),
a pyrometer was preferred for temperature detecting and PID (proportional—integral-derivative)
controlling device [109]. For all the modes, the powders were pre-consolidated by SPS until it had
the sufficient binding strength (See Supplementary Methods online). Without removing the ZrN
sample from the die in the pre-consolidation experiment, 0.5 mm depth hole at the side of the ZrN
sample was drilled through the 2 mm diameter graphite die hole, so that the optical pyrometer
directly measured the temperature focused on the side of the pre-consolidated samples. This
method guarantees that the temperature of the samples is the same for all the three SPS mode
experiments. For all three modes, the same conditions were used: 1600°C, 60 MPa, 100 °C/min
and 60 min holding time.

The dependence of ZrN emissivity on porosity and temperature is unknown. Therefore, the
pyrometer was calibrated by an additional experiment conducted in the similar conditions where
an additional k-type thermocouple was placed in another through hole and contacted with the pre-
compacted samples to estimate the true temperature of the samples. The difference between the
temperature values measured by the pyrometer and thermocouple was obtained as follows:

T

ZIN_TC

=1.121xT, pro —76.330 (3.28)

Where Tz _pyro and T_zrv_Tc are the temperatures (in °C) measured by the pyrometer and by the
thermocouple, respectively. The maximum holding temperature was found to be 1717 °C while

the pyrometer displayed 1600 °C.
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3.2.2.

Experimental results

3.2.2.1. Estimation of the density of the electric current flowing into ZrN powders
Table 3.1 Physical properties of graphite, ZrN and stainless steel 304 (with T in Kelvin).
Material Electrical conductivity Heat capacity Therrr_lal_ Density
conductivity
S/m J(kgK) W/(mK) kg/m’
3 -280.03+4.16T- ]
Graphite 29.40*10°+208.84T- 9 91*10° 161.63-1.79*10
X 16.77%10°T°+5.24*10° | a2 . ~7.3 | 'T+1.07*10°T>- | 1740
10l *T°.5.90%10°T" TR | 243410%T
> 1.11%107%7* '
(45.86+6.82*10 (28.30+1.2*10
N | 323*10° T (1-(3/2)0) | °T-554%10°T *T-3.7%10° 7090%(1-
[111] 2)/0.11*(1- 0) *T%)*(1-(3/2)0) 0)
[112] [112]
Stainless )
steel (50.17+8.38*10 “T- 1 2
) ; 446.50+1.62*10°T 99+1.75*10°T 7900
[304] 1.75%10°T)*(L.0o*10%) | 446-2071062710°T | 9.99+1.75%10
113
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Figure 3.3 (a) Experimentally measured and simulated temperatures of ZrN powder during
normal J SPS. (b) FEM simulation map of the die set for temperature (color table) and electric
current flow (solid line) for the normal J mode at the final holding time. (c) Overall local electric
current density (Jor) evolution during whole SPS cycle before cooling stage for 3 SPS modes

Because the processing conditions and measured sample temperature were the same for the
three modes, the electric current was the only factor which could additionally affect the
densification behavior of the powders.

The total electric current values recorded by the SPS system (It) are not identical to the
amount of the electric current (Is) passing through the samples [114]. The Is value is evident for
the high J (100% of I;) and the insulation modes (0% of I;). However, for the normal J mode Is is
not the same as I;, and is mainly affected by the electrical and thermal properties of the graphite
die set. An electro-thermal model based on the finite element code COMSOL™ has been
developed within the framework of the present studies to estimate the Is during SPS. The entire
vertical assembly of the SPS tooling setup including the graphite die, punches, sample, and
electrodes are analyzed in the model. The properties of the materials considered are given in Table
3.1. The properties of ZrN were obtained from the literature [111, 112], and the electrical and
thermal conductivity were modified by the effective medium approximation method [2, 115]. The
detailed boundary conditions of the FEM simulations have been previously described [116].

Vertical and horizontal electrical contact resistance (ECR) were obtained from reference

[117]. Also, the thermal contact resistance (TCR) were used in accordance with reference [118].
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After developing the FEM model, the temperature values measured in the die and inside the
powder from the start until the onset of cooling were used to calibrate the ECR and TCR at the
ZrN-graphite interfaces. Both contact resistances affect the thermal behavior during the ramping
and holding stage. Otherwise, the cooling stage (purely thermal) is suitable for adjusting the TCR.
Calibrated ECR and TCR from same die setup in section 4.2.1.2.2. were used

As shown in Figure 3.3(a), the temperatures experimentally measured and simulated by the
FEM match well, which indicates that the thermal and electrical parameters in the FEM have been
well matched with experimental conditions. Figure 3.3(b) shows the FEM simulation map of the
die set for the temperature and electric current flow for the normal J mode, indicating that the
electric current (black lines in Figure 3.3(b)) from the top punch is split into the ZrN and the
graphite die. Also, the large temperature difference between the ZrN sample and the die is observed
(color map in Figure 3.3(b)), and this rationalizes the importance of finding the exact sample
temperature instead of the die temperature.

The electric current density of the powders is largely affected by the inter-particle neck
area evolution during current-assisted sintering. During sintering, the area between particles
increased. The electric current density value dependence on the increasing inter-particle neck area
was introduced in section 3.1.4. The summation of the electric current density of all the necks in
the powder volume was estimated as the overall local electric current density (Jo) shown in (3.27).

With |5 obtained from the FEM simulation and SPS experiment, Jo. was estimated for all
the 3 SPS modes as shown in Figure 3.3(c). The high J mode (red solid line) has the largest Jo.
during the ramping and the holding stages due to the electric current concentration within the

central column of the SPS tooling setup. The normal J mode (blue dash line) has the lower Jo. due
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to the split of the electric current compared with that of the high J mode. We assume that the

insulation mode (black dot line) has no electric current flow into ZrN powder.

3.2.2.2. Densification mechanism of fine ZrN powders for different electric current
densities
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Figure 3.4 (a) Experimental porosity evolution curves of ZrN specimens processed by 3 SPS
modes fitted by (3.10). (b) Porosity evolution of ZrN under 20MPa (solid line) and 30MPa (dash
line) at 1500 °C, (c) Comparison of Arp (thermal deformability) and Aecap (electric current assisted
deformability) of ZrN for 3 SPS modes based on the fitting results.

Previously, the sintering for ZrN consolidated by HP was studied by Petrykina and
Shvedova [119], indicating that HP has the dislocation climb controlled creep mechanism (n =4 -
5, m = 0.2 - 0.25) with average Q of 142.26 kJ/mol. Also, in fully dense stoichiometric uranium
nitride (UN), which has the same crystallographic structure as ZrN, an analogous value for m was
found [120]. A relative density < 92% during the holding stage was chosen for finding the
constitutive parameters for the three modes to prevent the possibility of the grain growth effects
influencing the densification mechanism [121]. The porosity evolution (scattered symbols; 0.08
<0 <0.15) for the three modes is shown in Figure 3.4(a). The high J mode (red cross line) shows
the fastest densification. At the same time, the densification rate for the insulation mode is the

lowest (black asterisk line). For the same temperature conditions, a higher the electric current
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density results in more rapid densification. These results clearly show that the electric current
affects the consolidation behavior of the powders during the sintering under the same temperature.

In the constitutive equation, four unknown parameters (m, Atp, 3, and w) can be obtained
by fitting the porosity evolution curves. For holding conditions at 1717 °C, these parameters are
constants. It is assumed that the thermomechanical part of the sintering model (m and Ao) is not
impacted by the electric current following the theory of electroplascitity[52, 86, 87], m and Arp
values should be the same for all the modes. To find the effect of the electric current density on
sintering (Aecap), the following experimental-theoretical analysis was performed.

First, the value m was experimentally obtained under the two different pressure values (20
MPa and 30 MPa) at the same temperature (1500°C) (Figure 3.4(b)). The parameters G, Ao, O, f3,
and d for ZrN powders are the same for different pressures (P1 and P2) and for the same porosity
in (3.20); therefore m can be obtained as follows [114]:
R

In[F

m= 92 (3.29)
In[-+
62

Where Where 6, and 8,, are the densification rates for the 20MPa and 30MPa cases at specified
porosity levels (0 =0.225, 0.25 and 0.275), respectively. The average m value is found to be 0.504.

Secondly, having determined m value from the first step, Arp remains the only unknown
parameter and is determined to be 1x10° (1/s) by applying (3.20) without electric effect term (6 =
0) to fit the porosity evolution curve for the insulation mode (black curve and asterisk symbols in
Figure 3.4(a)). The parameter Aecap for the insulation mode is equal to zero because no current is
applied (JoL = 0). All the three modes should have the same Arp value due to the same temperature

imposed during SPS.
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Lastly, with m and Arp determined at the previous two steps, and obtaining Jor from (3.20),
parameters  and w values can be identified through (3.20) fitting to the porosity data for the
normal J (blue curve and circle symbols in Figure 3.4(a)) and high J modes (red curves and cross
symbols in Figure 3.4(a)). Especially, the electric current sensitivity exponent, « is accurately
identified thanks to the different level of local current density of normal J and high J mode. The
accurate estimation of w has not been achieved with general comparison experiment with hot
pressing (JoL = 0) and SPS (JoL # 0) due to lack of the current density level [51, 114]. This step
provides the Aecap values for each normal J and high J, as shown in Figure 3.4(c). The obtained o
and B are 2 and 1.10 x 108 respectively. The expression [ J,, in Figure 3.4(c) indicates the
accumulated sum of the overall local electric current densities (Jo.) from the starting porosity up
to 8 % porosity. As shown in Figure 3.4(c), Arp is of the same value for all three modes, and, in
contrast, Aecap has different values and increases with the amount of the electric current density
([ JoL)- These results clearly point out that electric current can affect the deformability or plasticity
of the ZrN powders at high temperature.

The creep mechanism of some materials requires a non-linear (m # 1) behavior which is
defined by a power law. By analogy, this study gives the clear evidence that the current effect term
of the deformability requires a power law as the value of ® = 1 fails to explain the results obtained
in different current regimes. Aecap in (3.20) was introduced based on the theory of the
electroplasticity which explains that the reduced flow stress of the material under an electric
current passage is the result of the enhanced dislocation motion due to the local Joule heating in
the vicinity of defects located in the crystalline lattice [114]. Therefore, it should be verified
whether the different levels of the electric current density corresponding to the respectively

different levels of the dislocation density.
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3.2.2.3. Dislocation densities and mechanical properties of ZrN specimens for the 3 SPS
mode experiments
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Figure 3.5 (a) AK? vs K?C plot from the modified Williamson-Hall method, and (b) Relationship
between electric current density, dislocation density and transverse rupture strength (TRS) for 3
SPS modes.

Figure 3.6 SEM Images of fractured surfaces of ZrN specimens densified by 3 SPS modes, (a)
insulation, (b) normal J, and (c) high J mode.

Parameter Aecap in (3.20) was introduced based on the electroplasticity theory which
explains that the reduced flow stress of the material under an electric current passage is the result
of the enhanced dislocation motion due to the local Joule heating in the vicinity of defects located
in the crystalline lattice [114]. Therefore, it should be verified whether the different levels of the
electric current density corresponding to the respectively different levels of the dislocation density

in the ZrN powder pellets.
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The modified Williamson-Hall method as described in section 3.1.5 was used to estimate
the dislocation densities in ZrN pellets [93]. It is clear that the slope of the plot is decreased with
increasing electric current density, as shown in Figure 3.5(a), which indicates that the dislocation
density was reduced with larger electric current density. The calculated average dislocation
densities under insulation, normal J and high J modes, are 5.22 x 10*4, 3.68 x 10, and 1.97 x 104
(m), respectively (Figure 3.5(b)). The enhanced dislocation motion from local Joule heating at
defects [36] or defect generation [26, 69, 99] by the electric current can be the reasons for the
reduction of the dislocation density for the higher electric current density levels. Also, it was
observed that with increasing the electric current density, the transverse rupture strength (TRS)
[122] also decreased (Figure 3.5(b)). ZrN samples processed by the three modes have a similar
relative density (98%) and grain size (~3 um) (Figure 3.6), therefore, the TRS results also validate
the above-mentioned explanation of the reduction of the dislocation density when increasing the
electric current density. The enhanced dislocation motion decreases the number of dislocations
inside (due to their annihilation), inducing lower mechanical strength.

In summary, the fitting by the SPS constitutive equation of the three mode experiments
conducted under different electric current density levels demonstrated that the electric current
influences the deformability of the powders during electric current assisted sintering. The
reduction of the dislocation density corresponding to the increasing electric current density, as
evidenced by the XRD analysis, and supported also by the mechanical strength and microstructural
characterization data, strongly indicates that electron flow affects the dislocation motion in
conductive specimens during electric current assisted sintering.

3.3. Chapter Conclusions

Thus, in Chapter 3, we described the theoretical and experimental assessment of the electric

current effects on the densification kinetics of a fine ZrN powder during SPS. The deconvolution
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of the electric current effects from the temperature effects is achieved by controlling the flow of

the electric current inside the graphite tooling — powder specimen setup.

For the first time, a constitutive equation of SPS was developed taking into consideration
the enhanced dislocations motion by local resistive heating. The 3 SPS mode experiments with
different electric current trajectories clearly indicated that the electric current affects the
densification kinetics. The electric current density was quantified by finding the fraction of the
electric current flowing through a conductive powder using a FEM simulation taking into
consideration the inter-particle neck area evolution during SPS. The derived constitutive equation
fitting to the porosity evolution curves from 3 SPS mode experiments conducted under different
electric current density levels showed that the local Joule heating at defects increases the
dislocation motion, which induces the increase of the deformability of the powders (or reduction
of flow stress). Also, an increase of the dislocation motion was confirmed by the XRD, SEM and

TRS measurement of compacted ZrN specimens under different electric current density.

In the next chapter, we compare the sintering behavior of micro-size ZrN by HP, SPS, and

HVEDC.

First, the densification Kinetics of the ZrN powder using HP (without electric current) or
SPS (with electric current) are to be compared. Compared with the experiments in section 3.2, the

main differences are the following:

a. The assumption that electric current can change the parameter m value is also explored.
In Chapter 3, we assume that parameter m value is not changed with the flow of electric current

during sintering. In chapter 4, the above-mentioned two situations will be considered separately.

42



b. Micro-size ZrN powder is used. Parameter m value for HP of ZrN from literature [119]

can be directly compared with that for the HP conducted in this research.

c. The effects of the heating rate (10 °C/min vs 100 °C/min) on OLECD and densification

behavior during SPS are compared.

d. The conducted experiments (3 modes of SPS and HP vs SPS) indicate that high electric
current density enhances the densification kinetics of ZrN powders. Therefore, the micron-sized
ZrN powders are consolidated using SPS (lower voltage) or HVEDC (higher voltage), and the

densification behavior and microstructures between SPS and HVEDC are to be analyzed.

Chapter 3, in part, is currently being prepared for submission for publication of the material.
G. Lee, C. Maniere, J. McKittrick, and E.A. Olevsky. The dissertation/thesis author was the

primary investigator and author of this paper.
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CHAPTER 4 Electric Current Assisted Consolidation of ZrN

4.1. Consolidation of ZrN: Literature Survey

Zirconium nitride (ZrN) is a material that has been attracting increasing attention over the
last decades, due to the combination of excellent thermal, mechanical and electrical properties,
even though there are significant difficulties in its synthesis and processing methodologies. In
particular, the mechanical strength of ZrN retained at high temperatures and chemical inertness,
with the exception of a limited tendency to oxidize [123, 124], render it a suitable material for a
variety of applications, such as coatings for thermal barrier layers and tooling setups for material
processing. Another application is as a model surrogate system for the highly radioactive materials
used in nuclear reactors: for fuel pellets (UN) [125, 126], as an inert matrix for actinide fuels [127-
129] or as an additive for PuN pellets, with which it can form a solid solution [130, 131]. However,
it is difficult to obtain ZrN fully dense bodies due to ZrN high melting temperature (2980°C), the
low self-diffusion coefficient (~0.026 m?/s at 2400~2600°C), strong covalent bonding [132], and

the existence of an oxide layer (ZrO2) on the surface of the starting powders.

A few studies report on the consolidation of ZrN powders by pressureless oven sintering,
HP, HIP, and SPS. With pressureless oven sintering method, Pshenichnaya et al. [133] investigated
the sintering behavior of submicron-sized ZrN in a vacuum or nitrogen atmosphere. 95% relative
density ZrN pellet was produced with at 2100°C for one hour in a vacuum, yet having decreased
nitrogen contents. To retain the dense ZrN pellet with the stoichiometric composition, it is
suggested either to do sintering above 2000 °C with nitrogen environment or to put vacuum
sintered ZrN pellets into annealing oven in the nitrogen gas. In order to reduce the sintering
temperature of pressureless vacuum sintering, various conditions such as particle milling, cold

pressing with high pressure and inserting sintering aid were utilized. Wheeler et al. milled the
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particles followed by cold pressing of 250 MPa for 10 min. 92 % of ZrN pellets were obtained at

1600 °C for 10 hours with sintering aids in Ar atmosphere [125].

In order to reduce the sintering temperature, pressure assisted sintering was used. Petrykina
and Shvedova showed that a slightly substoichiometric ZrN0.95, ceramics with 99% density could
be obtained by HP at 2500 °C for 5 min under 45 MPa. Also they stated that the densification
mechanism of ZrN for HP is a dislocation-climb controlled creep (m = 0.2 - 0.25) with Q equal to
142.26 kJ/mol [119]. To increase the sinterability of ZrN powder using HP method, ZrN ceramics
doped with Zr or Ti have been investigated at 1500 ~1700 C, and 98% of ZrN with 20 mol% Zr
or Ti with a high level of hardness and fracture toughness was achieved with the sintering
temperature of 1700 °C [134]. The solid solution of Zr or Ti into ZrN to form non-stoichiometric
ZrNi— or (Zr,Ti)Ni—, and the increased nitrogen-vacancy can give rise to the improvement of

mass transport process through solid-state diffusion to enhance the densification.

Alexandre et al. [135], studied the influence of powder properties on the sintering behavior,
the microstructural development and the mechanical properties of hot isostatically pressed (HIPed)
ZrN. > 99% density ZrN pellet was obtained with 1950 °C, 195 MPa and 2 hrs holding time. They
show that the densification behavior is dependent on the grain shape and size, and oxygen, carbon,
and metallic impurity contents. Finer and more-spherical powder was densified at the lower
temperature compared to the powder with large size distribution and particle irregular shape. The
mechanical properties of ZrN showed large dependence on the porosity. Tang et al., showed that
99% relative density of ZrN was obtained, which required spherical shape powders and a pre-
sintering stage of cold pressing (250 MPa), followed by 2 hours of HIP at a temperature of 1950

°C and pressure of 195 MPa [135].
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Ryu et al. [136], first used the SPS to densify ZrN as a surrogate for inert matrix fuels in

nuclear applications, and fabricated low density of 65% ZrN pellets. The SPS conditions were not

clearly stated and had the ranges of 1500 °C~1727 °C, 30 MPa, 75 °C/min, 1 ~ 4 min holding time

and vacuum atmosphere. Large powder particle size, low temperature, pressure and holding time
can be the possible factors for low density. Muta et al. [126] dramatically decreased the sintering

time and showed high Vickers hardness due to the grain size reduction by high heating rates using

SPS. They showed that 89.8% relative density of ZrN can be processed at 1800 “C and 100MPa

for 5 min without any milling process and sintering additive. They also indicated that the impurity

layers on particle surfaces can be removed in the SPS process. Tang et al. [137] used 0.5 um sized

powder and achieved 95% relative density of ZrN at 1600°C and 50 MPa for 5min with a heating

rate of 100°C /min. In particular, when they used BN to block the electric current, the grains of

ZrN pellets exhibited a loosely bonded interface between the ZrN grains. Otherwise, ZrN pellets
without using BN, showed grains tightly stuck together, which possibly indicated the effect of the
pulsed magnetic and electric fields during SPS.

4.2. Consolidation of ZrN: Comparative Analysis of VVarious Field Assisted
Technologies

4.2.1. SPS vs HP

SPS and HP consolidation experiments of ZrN have been carried out under the same
pressure and temperature conditions. In order to identify the actual temperature during SPS, an
independent experiment has been performed with a thermocouple directly inserted into ZrN
powder during SPS. The parameters of the electric current passing through ZrN powder were

calculated using a FEM simulation. For finding the densification mechanism of ZrN, the
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constitutive equations for the hot pressing of powders have been modified to take into account the

explicit electric current effect on SPS.

4.2.1.1. Experimental procedures
For all the SPS and HP experiments, ZrN powders (Fm3m) produced by Sigma-Aldrich
with an average particle size of 6.71 um were employed. Detailed properties of ZrN powder was

described in section 4.2.2.1.1.

The SPS and graphite die information can be found in section 3.2.1.
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Figure 4.1 (a) Schematics of SPS setup with temperature measurement points, (b) Temperature
evolution of different measurement spots, (c¢) Differences (AT) between ZrN temperature
measured by thermocouple and die temperature measured by pyrometer, and between die

temperature measured by pyrometer and die temperature measured by thermocouple.

Optical pyrometer and k-type thermocouple can measure temperature within the ranges
from 570 °C to 3000 °C and from room temperature to 1200°C respectively. However, the
pyrometer generally showed non-accurate temperature values compared with those measured by
the thermocouple; also it could not be used within the low-temperature range. At the same time,
the exact temperature of ZrN powders during SPS should be identified to ensure the correct
determination of the densification mechanism. Firstly, the graphite die temperature was measured

by an optical pyrometer and a k-type thermocouple at the same time. PID (proportional—integral—
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derivative) control of the SPS system was accomplished using the pyrometer aimed at the 2.5 mm
deep hole in the die, and, at the same time, another k-type thermocouple detected the die
temperature in another hole of the same die which was recorded by the extra thermometer (die
temperature by pyrometer and thermocouple in Figure 4.1(a)). Secondly, for obtaining the exact
temperature inside the specimen, the sheath protected k-type thermocouple was directly inserted
into the powder (ZrN temperature by thermocouple in Figure 4.1(a)) and, at the same time, SPS
machine was operated by the temperature of the die hole measured by pyrometer (die temperature
by pyrometer in Figure 4.1(a)) [138]. The thermocouple was inserted through a center hole in the
upper graphite punch. Another SPS experiment under the same temperature and pressure
conditions was conducted without inserting the thermocouple to obtain the densification curve of
the powder and thus, without eventual disturbances of the electrical and temperature fields

imposed by the thermocouple inserted in the powder.

HP of the powders was carried out by a 1000 kg hot press furnace (Oxy-Gon Industries,
Epsom, NH, USA). The heating in HP is transferred by radiation and conduction from the heating
element outside of the graphite setup, resulting in more homogenized temperature distribution
between the die and powder. Therefore, we assumed that the temperature of ZrN and the graphite

die are the same for the HP process.

The measured initial green density of the powder compacts was ~ 58 % for 60 MPa uniaxial
pressure in the SPS and HP chambers before starting the sintering. The same heating cycle was
used to compare the HP and SPS densification behaviors of ZrN. The experimental conditions and
the representative results of the SPS and HP experiments are listed in Table 4.1. All experiments

were conducted with purged argon gas.

48



The relative density was estimated by the Archimedes’ immersion method. The fractured

or polished specimens were analyzed by the scanning electron microscopy (FEI Quanta 450, USA).

421.2. Results and discussion

Table 4.1 The experimental conditions and physical properties of ZrN specimens
prepared by SPS and HP

Name |SetT*| T(ZrN)** | Pressure | Holding | Heating| Relative | Grain size
time rate density

Exp. setup| °C °C MPa min °C/min % um
SPS 1100 1225 60 60 10 92.74 1.7
SPS 1200 1340 60 60 10 96.45 11.88
SPS 1200 1340 60 60 100 98.05 13.69
SPS 1300 1453 60 60 10 98.92 24.34
SPS 1500 1683 60 30 10 99.81 36.55
HP 1200 1200 60 60 10 80.44 7.67
HP 1500 1500 60 60 10 98.19 21.79
HP 1900 1900 60 60 13 99.42 59.71

*Set T is the maximum programmed temperature at the die hole in the SPS or HP devices
** T(ZrN) is the temperature measured or estimated by inserting the thermocouple into ZrN
during SPS

The experimental conditions and physical properties of the ZrN specimens compacted by
SPS and HP are listed in Table 4.1. Full density was achieved under both SPS and HP with different
maximum temperatures, 1500 °C for SPS and 1900 °C for HP, which means that SPS showed

faster densification and lower densification temperature. However, this result may have been
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caused by the direct Joule heating of the electrically conductive ZrN powder. Also, the

densification could have been affected by a possible electric current effect.

The following two experimental factors should be accurately determined for elucidating
the electric current effect on the powder densification mechanism: (a) the powder temperature and
(b) the electric current density in the powder, located inside of the graphite die during SPS. In
addition, one needs (c) a modeling concept for the evaluation of the densification mechanism

considering the electric current effect.

4.2.1.2.1. Temperature calibration for SPS

The pyrometer measured the temperature until the final temperature was reached, and the
sacrificial k-type thermocouple embedded in ZrN powder was melted and finally broken at
1250 °C. Temperatures > 1250 °C were estimated by the fitting equation based on the calibration
experiments (T > 600 °C).

Compared with the die temperature readings from the pyrometer, the die and powders
measured by thermocouple showed higher temperatures during the SPS cycle: 1200 °C under 60
MPa and 10 °C/min (Figure 4.1(b)). For example, at 1200 °C, AT between ZrN and die is 141 °C
(Figure 4.1(c)). The location of the sample in the SPS die set is more favorable to heat
accumulation compared with the die surface, which is the heat dissipation area. Ceramic material
like alumina also showed similar temperature differences supporting our observations [118]. The
concentrated current flow in the center of the powder specimen should increase the direct Joule
heating, which can be another factor causing the temperature difference between the die and

specimens.
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Figure 4.2 (a) Porosity variation of ZrN powder densified (60MPa and 10 °C/min) by SPS
(1100 °C) and HP (1200 °C); images of the fractured surface of samples densified by (b) SPS at
1100 °C and (c) HP at 1200 °C.

Figure 4.2 shows porosity evolution during the whole processing cycle for the sintered
specimens obtained from the two experiments: SPS at 1100 °C and HP at 1200 °C. Experimental
conditions, including heating rate, applied uniaxial pressure, and atmosphere, as well as the
amounts of powder utilized per specimen, were the same. For the SPS, the actual ZrN temperature
inside of the die at the holding stage is 1225 °C; that was 25 °C higher compared with the HP case
(1200 °C). SPS showed faster densification (Figure 4.2(a)) and a more consolidated structure
compared with HP (Figure 4.2(b) and (c)). The 25 °C temperature difference is not sufficient to
explain the final density difference of 12.30 % between SPS and HP. Therefore, the electric current
flowing into ZrN powder during SPS can be a possible factor contributing to the difference in

porosity evolution shown in Figure 4.2(a).

4.2.1.2.2. Assessment of the electric current density in the powder specimen’s volume

An electro-thermal model based on the finite element code COMSOL™ has been
developed within the framework of the present studies to estimate Is during SPS. The details of the

FEM simulations have been previously described in section 3.2.2.1.
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After developing the FEM model, the temperature values measured in the die and inside
the powder from the start until the onset of cooling were used to calibrate the ECR and TCR at the

ZrN-graphite interfaces.
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Figure 4.3 Experimentally measured and FEM-simulated temperatures of ZrN powder and
graphite die during SPS (a) without contact resistance, (c) with electrical and thermal contact
resistance. FEM simulation map of the temperature and electric current flow at the end of the
holding time (b) without contact resistance, (d) with electrical and thermal contact resistance.

The vertical and horizontal contact resistances were disregarded in previous studies [139,
140]. However, the vertical contact resistance has an important impact on the magnitude of the
fraction of the electric current passing through the conductive powder. Without the consideration
of the vertical ECR and TCR, the simulated temperatures for the die and sample during the holding

stage are 138 °C and 172 °C lower than the experimentally measured temperatures (Figure 4.3(a)),
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which means that the ECR- and TCR-related heat dissipation should be considered. Also, the major
fraction of the electric current appears to flow through the die (Figure 4.3(b)).

As shown in Figure 4.3(c), the results of the modeling considering the vertical ECR and
TCR and their calibration are close to the experimentally measured and simulated temperatures.
The calibrated ECR and TCR equations are shown in the (4.1) below. The electric current from
the top punch was split, and the high portion of electric current passed through the powder during
the holding stage (Figure 4.3(d)). Also, a non-homogenous temperature distribution between the
die and the central column of the tooling set (punches and powder) was observed due to the

presence of the contact resistance (Figure 4.3(d)).

ECRzen/graphite = ((=5.70 % 1073 % (T — 273) + 18.6) * (—=7.90 * 1073P + 1.14) * (1.00  1077)) * 0.3 (Ohm - m2)
TCRzrn ) graphite = 1.50 * 1074/(162 — 0.179T + 1.07 * 107*T2 — 2.43 x 1078T3) (K - m?/W)

(4. 1)
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Figure 4.4 Current density evolution with (black dash-dot line) and without (black dot line)
consideration of the neck area change during the whole SPS cycle. Neck area evolution is shown
with respect to the right y-axis (blue solid line). (a) SPS, 1200 °C, 60MPa and 10 °C/min and (b)

SPS, 1200 °C, 60MPa and 100 °C/min.
Parameter OLECD which was described in section 3.1.4. was calculated during the SPS
process of ZrN. Compared with 3 modes experiment which uses the same heating rate (100 °C/min)

in chapter 3, the sum of the OLECD dependence on the heating rate (10 °C/min vs 100 °C/min)
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was analyzed. Figure 4.4 shows the electric current density change during SPS experiments for (a)
1200 °C, 60 MPa and 10 °C/min and (b) 1200 °C, 60 MPa and 100 °C/min. The black line
represents the electric current density evolution with (dash-dot line) and without (dot line)
consideration of the neck area change. The blue solid line represents AZ /4xR?*. For all the
conducted SPS experiments, the temperature stabilization steps during SPS runs include the
ramping from room temperature to 580 °C for 6 min (93 °C/min), ramping from 580 °C to 600 °C
for 1 min, and soaking at 600 °C for 3 min. After these steps, the ramping to the maximum

temperature at 10 °C/min or 100 °C/min and holding step is used.

The low heating rate SPS showed the highest OLECD peak with the overheating around
580 °C and decreased OLECD during ramping to the maximum temperature and holding stage
(black dash-dot line in Figure 4.4(a)). Higher heating rate SPS showed two high OLECD peaks at
580 °C and 1200 °C due to overheating at the end of the ramping stage (Figure 4.4(b)). Especially,
the integral of OLECD (area under the black solid line) is small for high heating rate SPS, which

implicates that overall electric current effects can be small.
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4.2.1.2.3. Sintering “trajectory”
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Figure 4.5 Grain size as a function of the relative density of ZrN powder pellets obtained by SPS
under 60 MPa.

Figure 4.6 SEM images of ZrN samples (a) SPS under 1200 °C, 10 °C/min and 60 min, (b) SPS
under 1200 °C, 100 °C/min and 60 min, (c) SPS under 1300 °C, 10 °C/min and 60 min, (d) SPS
under 1500 °C, 10 °C/min and 30 min, (e¢) HP under 1500 °C, 10 °C/min and 60 min, (f) SPS
under 1900 °C, 10 °C/min and 60 min. 60 MPa is used for all the experiments.
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Grain growth can affect the densification behavior of a powder during sintering [46, 55].
Figure 4.5 shows the variation of the grain size as a function of relative density for the different
heating rates, holding temperatures and times (data are also taken from the previous ZrN SPS
consolidation studies [26]). The SEM images of the polished or fractured ZrN specimens are
shown in Figure 4.1 and Figure 4.6. Densification is favored when no grain growth is present until
the relative density value of ~ 92% is achieved and when the grain size is ~ 7 um, similar to the
average size of the raw powder particles. Thus, when the relative density is less than ~ 92 %, p =

0in (3.1), (3.10) and (3.20).

421.2.4. Densification mechanism of ZrN consolidated with and without electric current
effect

If it is assumed that G, Acr, Do, and m are the same for different temperatures (T1 and T>),

Q can be obtained by:

H.Tl T1 dz p
R'”{(@.rz)/(dl) }
Q: 2

1.1
T2 Tl

To confirm the HP results from Petrykina and Shvedova [119], the range of the parameters

[kd/mol] (4.2)

m and Q were also calculated by (3.30) and (4.2) respectively.
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Figure 4.7 (a) Densification rate of ZrN powders as a function of porosity with various hot
pressing conditions, (b) m values and (c) activation energy variation with porosity. ZrN porosity
evolution with time was obtained from the literature data for hot pressing [119].

The porosity evolution data for ZrN consolidated by HP obtained by Petrykina and
Shvedova [119] were used. By substituting T, P and densification rate (Figure 4.7(a)) into (3.30)
and (4.2), the holding stage average m and Q were found to be 0.26 and 137.41 kJ/mol (35 MPa)
and 153.95 kJ/mol (45 MPa) as shown in Figures 4.7(b) and (c). Petrykina and Shvedova stated
that the densification mechanism of ZrN for HP is a dislocation-climb controlled creep (m = 0.2 -
0.25) with Q equal to 142.26 kJ/mol. Therefore m and Q values determined using the previous

method agree well with the results from Petrykina and Shvedova [119].
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Figure 4.8 Densification rate of ZrN powders subjected to SPS at 1100 °C and 1200 °C.

For ZrN compaction using SPS, Q was estimated using (4.2) similarly to the HP case.
Values of Q calculated based on the results of the SPS conducted under different temperatures are
shown in Figure 4.8 and have an average of 173.48 kJ/mol, which is the similar range to the

constitutive equation fitting results described in the following section.
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Table 4.2 Summary of the fitting parameters for hot pressing and spark plasma sintering
of ZrN. R? is the correlation coefficient.

Fitting Qo | M Do | An | Aww |
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Figure 4.9 (a) Experimental porosity evolution curves of ZrN specimens processed by HP or SPS
fitted by (3.10), (b) experimental porosity evolution curves of ZrN specimens processed by SPS
fitted by (3.20). Applied compaction pressure was a 60 MPa. Detailed fitting parameters are
shown in Table 4.2.

When fitting (3.10) (constitutive equation of HP) into experimental porosity evolution data
from HP and SPS, if the m value from SPS is not the same as during HP, then these results indicate

that the densification mechanism is affected by electric current effects.

Table 4.2 summarizes the range of the obtained fitting parameters (m, Q, and Ao) and the
correlation parameter (R?), using the constitutive equation fitting (3.10) into the experimental
porosity time evolution curve during holding stages of HP and SPS. Figure 4.6(a) shows the
representative fitting results. The experimental densification curves were drawn by the scattered

symbols, while the curves defined by a solid line denote the fitting curve.

HP results showed m = 0.23 - 0.24 and Q = 114.25 - 220.73 kJ/mol, and SPS rendered m =
0.33 - 0.36 and Q = 109.2 — 207.04 kJ/mol (Table 4.2). The obtained m and Q in the HP study
indicate that ZrN consolidation using HP is based on the dislocation climb controlled creep
mechanism which agrees with results from Petrykina and Shvedova [119]. In contrast, m and Q

values for SPS show that the densification mechanism is close to the glide controlled creep (m =
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0.33). Creep deformation of ZrN during HP is controlled by the climb of dislocations over physical
obstacles in the glide/climb sequential mechanism [88]. The electric current effect such as
localized heating at defects and defects generation may facilitate the diffusion of the number of
barriers encountered by a mobile dislocation, which assists the removal of the obstacle [141]. Also,
a mobile dislocation that obtains energy from local Joule heating or an elastic field effect from
vacancies generated by an electric current, can overcome obstacles more easily. The bulk vacancy
concentration is important for the climb controlled creep [142]. Vacancy formation by local Joule
heating can promote the dislocation climb. As a result, the overall rate-limiting step of ZrN powder
deformation during SPS can be transferred from the climb controlled to the dislocation glide

controlled mechanism.

Alternatively, some previous studies showed that the densification mechanism is not
changed by the electric current effect as explained in the section 3.1.2 [51-53]. Therefore, we
assume that the creep parameters (Ao, m, and Q) are the same for both HP and SPS, and verify
whether the electric current term in (3.20) can fit the experimentally observed porosity evolution

corresponding to the SPS results.

Figure 4.9(b) represents the best fitting results of the constitutive equation (3.20) taking
into account the electric current effect based on the SPS experimental results and using the same
values of m, Q, and Ag as those found for HP. We use OLECD (section 4.2.1.2.2), the temperature
dependent A and G of ZrN for the fitting. We found the best values of ® and S rendering a good

agreement with the porosity evolution experimentally determined during SPS.

One can see from Table. 4.2 that, due to the similar ZrN temperature for HP (1200 °C) and

SPS (1100 °C), parameter Atp is in the same range for both HP and SPS. That is why it is parameter
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Aecap, related to the electric current effect, which accelerates the densification during SPS

compared with HP case. In SPS, higher temperature is obtained by applying higher electric current

to the sample and the graphite die, which causes higher values of parameters IJOL , Atp and Aecap

corresponding to SPS (1200 °C) case compared to SPS (1100 °C) case.

Due to the narrow density range during the holding stage under 92 % relative density, we

cannot evaluate the densification mechanism of ZrN for the fast heating rate SPS (1200 °C and

100 °C/min) case. However, the smaller IJOL value for the fast heating rate SPS (100 °C/min)

compared to that of the slow heating rate SPS (10 °C/min), as shown in Figure 4.4, may indicate

that the densification mechanism of ZrN is not changed.

Therefore, the conducted experiments point out that the electric current affects the
densification behavior of ZrN powder, which can be related to the current influence on the
dislocation motion (electroplasticity phenomena). From the constitutive equations’ fitting results,
two conclusions can be derived. The accelerated dislocation mobility by electric current can
change the densification mechanism (Figure 4.9(a)). In contrast, the dislocation motion mechanism
for ZrN is not changed (dislocation climb controlled creep), but the electric current can affect other

parameters to assist the dislocation motion during SPS (Figure 4.9 (b)).

4.2.2. SPS vs high voltage electric discharge consolidation (HVEDC)

In previous results, it was shown that electric current enhances the densification kinetics
by either shifting the densification mechanism itself or changing the other creep parameters.
Therefore, the comparison of densification behavior and microstructure between SPS and HVEDC

is desired.
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During HVEDC (developed in Moscow Engineering Physics Institute in Russia), a single
pulse of electric current flows through the source powder, leading to an ultra-intense energy release
inside the powder volume, which is sufficient to allow consolidation up to high-density levels for
a variety of materials. The high-voltage discharge (up to 30 kV), obtained by a capacitor bank and
released with an extremely short pulse (the pulse length increases with the applied voltage: 500 ~
1300 ps for 1.5 ~ 5 kV), creates a significant current density passing through a powder compact,
while an external pressure is being applied. As a result, an ultra-rapid temperature increase is
attained at the contact points between powder particles and almost instantaneous micro-welding
occurs during the electric discharge. Because of such short sintering times, densification is
accompanied only by minimal changes in the microstructure, a factor of merit when aiming at

achieving high mechanical strength characteristics.

In the present study, the sinterability and final mechanical properties of the two commercial
ZrN powders processed through the two different field-assisted sintering methods (SPS and
HVEDC) have been tested and compared. With fixed holding time and heating rate, a systematic
densification map of SPS ZrN was built. Also, the influence of high pressure by double die SPS
setup was evaluated. A constitutive model of powder hot pressing (3.10) was subsequently applied
to the obtained experimental results for the description of the densification kinetics during both

SPS and HVEDC.

4.2.2.1. Experimental procedures
4.2.2.1.1. Materials investigated

Two ZrN powders were employed for this study, one produced by Sigma Aldrich (SA) and
the other by Alfa Aesar (AA). The main powder utilized for the consolidation by both SPS and

HVEDC was AA, while SA was utilized for the SPS processing only, in order to compare the
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behavior of slightly different materials when undergoing this type of electric field-assisted

technology. The powder data are reported in Table 4.3.

Table 4.3 ZrN powders’ characteristics.

Name SA* AA**
Vendor Sigma Aldrich Alfa Aesar
Lot # BCBC1256V L27X042
99.5% (metal basis
0
Purity 299% (k:;esliC:) metals excluding Hf),
Hf<3%
Particle size: 6.71+ Particle size: 6.02+
Size 0.5um 0.42um
Melting
temperature (°C) 2980 2980
Composition ZrNo.g60Oo.18 ZrNo.g700.28Hf0.01

* Sintered by spark plasma sintering

** Sintered by spark plasma sintering and high voltage electric discharge consolidation
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Figure 4.10 As-received ZrN powders, (a),(b) SA and (c),(d) AA powders.
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Figure 4.11 Particle size distribution of ZrN powders, (a) SA and (b) AA powders.
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As shown in Figure 4.10, the SA powder particles show sharp edges and the absence of
agglomeration, while the AA powders are well-rounded, almost spherical particles with a tendency
to form agglomerates. The particle size was derived by manual measurements of 90 particles for
each powder, resulting in an average value of 6.71 = 0.5 um for SA and 6.02 + 0.42 um for AA,

as shown in Figure 4.11.

| Bragg peak
© Measured
ZrN

----- Difference

I Bragg peak
© Measured
ZN

<<<<< Difference

(111)

(200)

o(111)

(200)

@ (220)

Intensity (a. u.)
D -
P © (220)
(222)
- ¥ (400)
Intensity (a. u.)
P~
T o= e (222)
= P (400)

1 L Jl ll | TON '
20 40 60 80 20 40 60

20 (degree) 20 (degree)

Figure 4.12 X-ray diffraction results of SA (a) and AA powders (b), arrows indicate the oxide
impurity positions. Zr30 (a) and ZrO- (b) peak location and relative intensity were shown at the
bottom of each plot.

The crystal structure and lattice parameters were evaluated by X-ray diffraction (XRD)
(Bruker D-8 diffractometer, MA, USA), utilizing CuK,, radiation at room temperature. In Figure
4.12, measured and reference ZrN (ICSD collection code # 167851) [143] XRD plot is represented
by hollow circles and solid line, respectively. Also, the dashed line shows the intensity difference
between the measured and reference peak. Diffracted (h,k,l1) planes are shown on the top of each
peak. From the XRD data, in Figure 4.12, the cubic NaCl-type structure dominates, however oxide
impurities were found in both powders. Comparing these results with the zirconium oxide peak
locations shown in Figure 4.12 (a) and (b), the SA powder has oxide in the Zr;O form (ICSD

Collection code # 88320) [144], while AA includes ZrO, (ICSD Collection code # 66781) [145].
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The lattice parameter for the two powders was found to be 0.4563 nm, a value close to the one

reported in the literature (0.457 nm) [143].

Table 4.4 Energy-dispersive X-ray spectroscopy results for SA and AA powders.

Element Shell SA AA
N K 42.26% 40.19%
O K 8.72% 13.03%
Zr L 49.02% 46.26%
Hf M 0% 0.53%

From the energy-dispersive X-ray spectroscopy (EDS) (Oxford Instruments, UK) analysis
as shown in Table 4.4, a different oxygen content was detected between the two powders: 8.72%
for SA and 13.03% for AA, even though the two powders have almost analogous non-
stoichiometric compositions, i.e. ZrNo.gs and ZrNo.g7, respectively, when atomic % of each powder
by the EDS converts to the composition of that. AA also showed the presence of hafnium in amount

< 3%.

4.2.2.1.2. SPS processing regimes

Two different pressure conditions were selected. For low-pressure (< 90 MPa) experiments,
3.76 g of powder was placed into a 15.4 mm-diameter graphite die and compressed between two
20 mm-long graphite punches. For the high-pressure (> 90 MPa) experiments, a double die setup

was used [146]. In this case, the tooling additionally had an internal 7 mm-diameter graphite die
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and two SiC 7 mm-high punches. This double die setup contained 0.82 g of powder. Schematics

of used double die setup can be found elsewhere [147].
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Figure 4.13 Temperature regime for the consolidation of ZrN (SA) powders by spark plasma
sintering.
For the SA powders, the measured green densities of the powder compacts were ~ 57%,
59%, and 66%, for the pre-SPS cold compaction at 30 MPa, 60 MPa and 120 MPa, respectively.
The sintering regime consisted of heating at 100°C/min from room temperature to the maximum
temperature (1400, 1500, 1600 or 1700°C) with a dwell time of 6 min as represented in Figure

4.13.

For the AA powders, the measured green densities of the powder compacts were ~ 47%,
62%, 63% and 64%, for the pre-SPS cold compaction at 20 MPa, 120 MPa, 150 MPa and 180
MPa, respectively. The maximum sintering temperature was set at 1700°C. A broader range of

pressures, compared to the processing conditions of SA powder, was applied to AA powder: 0, 20,
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120, 150 and 180 MPa, while the other experimental conditions were analogous. For the free
pressure-less SPS a cold compaction step with a 50 MPa load was applied, reaching the green

density of 49%.

For the control experiment of high-pressure SPS, three SiC punches were inserted, instead
of the conventional two, because the total length of the two SiC punches used with the powders

was smaller than the overall axial dimension of the die.

For both SA and AA powders, the selected pressure was applied during the entire process
and was concluded within 30 minutes. The SPS machine provided a periodic sequence of 12 ms
of DC pulses followed by a pause of 2 ms during the whole process. All the experiments were

conducted under ~20 Pa atmospheric pressure.

Once the SPS process was complete, the densified specimens were extracted from the
graphite die, ground by a 75 um diamond disk and subsequently by a series of progressively finer
SiC grinding papers (36 um, 21.8 pm and 15.3 um). To remove the carbon paper residuals from

the specimen surface the samples were dried in an oven at 120°C for 20 min.

4.2.2.1.3. HVEDC processing regimes

As for the materials employed, the information relative to powder AA given in section

4.2.2.1.1is valid in this case too and will not be reiterated.
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Figure 4.14 (a) Schematic representation of the high voltage electric discharge consolidation
process, (b) high voltage electric discharge consolidation machine before an experiment [4].

The schematics of the apparatus for HVEDC (Impulse-BM, Russia) and a photograph of
this setup are shown in Figure 4.14 [4]. The overall system consists of the energy storage unit,
switch-board, pressure and temperature measurement systems, electric current parameters’
recording system and powder material sealing registration system. The energy storage unit
includes a capacitor bank with a stored energy of 75 kJ, which provides an intense energy discharge
to the powder compact and the charging unit. The apparatus uses a pulsed current generated by the
capacitor bank, for rapid processing of the powder under constant pressure during the whole

process.

Table 4.5 Green density of AA specimens after applying the pressure for the high voltage
electric discharge consolidation

Pressure (MPa) 75 | 100 | 125|150 | 175 | 200 | 225 | 250 | 275 | 300

Green relative density | 535|545 | 56 | 57 | 58 | 59 | 60.5|60.5| 61 | 61
(%)
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The tooling setup employed in the HVEDC procedures consisted of a mold and two
molybdenum punches. The mold was a metal cage fixed to an insulating mullite liner with an inner
diameter of 10 mm and an outer diameter of 20 mm. The consolidation of the powders was
conducted at pressures of 75 MPa to 300 MPa and at a voltage of 2 kV to 4 kV. Measured green
densities after applying the pre-sintering pressure ranged from 53.5% to 61.0% under pressures of

75 MPa to 300 MPa, respectively, as shown in Table 4.5.

4.2.2.2. Processed specimen characterization results

Final density was evaluated, together with the role of temperature and pressure on
consolidation, and the influence of porosity on the mechanical and morphological characteristics
of the sintered material. The employed technologies and methodologies involved various density
measurement techniques, imaging by SEM, analysis by EDS, and hardness obtained from Vickers

micro-hardness testing. All measurements were taken at room temperature.

4.2.2.2.1. Characterization of specimens processed by SPS

4.2.2.2.1.1. Sigma Aldrich powders

All the sintered specimens were fractured or etched and characterized by SEM and EDS.
The high-quality surface was obtained by etching for a few seconds in a solution containing
concentrated HF, Aqueous (49%) / HNOs, Aqueous (70%) / H20., Aqueous (30%) with a ratio of

4.5:4.5:1 respectively [148].

Vickers micro-hardness tests were performed at room temperature by applying a 1 kg load
on the standard diamond indenter (M-401-H1 Hardness testing machine, Leco, Michigan). A total

of 12 indents per specimen from edge to center over the sample cross-section were realized and
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their diagonal was measured using an optical microscope, so that the Vickers micro-hardness could

be calculated as follows:

HV :1.8545 (4.3)

in which F is the load (kgf) and D is the arithmetic mean of the two diagonals (mm).

72



Table 4.6 Physical, chemical and mechanical properties of ZrN (SA and AA) specimens
prepared by spark plasma sintering

. L Relat_ive Grain -

_ Sintering |Sintering|  density HV1 Composition

Specimen temi)?é?ture p(r't\aj;l;;e o 5::5 (kgf/mm?) (Atom %)
Archimedes )

SA1403| 1400 30 89.73 6.99 | 959.59 | ZrNo.7600.10
SA1503 1500 30 93.18 12.47 | 1234.02 | ZrNog700.11
SA1603 | 1600 30 95.36 17.59 | 1435.89 | ZrN1.0300.13
SA1703| 1700 30 98.34 | 32.70 | 1413.85 | ZrNogsOo.10
SA1406 1400 60 94.55 8.62 | 1249.33 | ZrNo.930o0.11
SA1506 1500 60 98.51 17.47 | 1561.46 | ZrNo.9400.10
SA1606 | 1600 60 98.94 | 24.67 | 1507.16 | ZrNo.900o.10
SA1706 1700 60 99.52 33.26 | 1528.58 | ZrNo.ssOo.10
SA1412 1400 120 96.22 9.14 | 1419.09 | ZrN1.2100.14
SA1512 1500 120 97.90 16.71 | 1473.06 | ZrNo.g100.10
SA1612 1600 120 99.12 24.09 | 1480.54 | ZrN1.1500.13
SA1712 1700 120 98.12 22.79| 1498.11 | ZrNo.8sOo.10
AA1700 1700 0 54.07 - - -
AA1702 1700 20 75.58 3.61 | 546.30 |ZrNo.s200.17Hfo.01
AA1712 1700 120 93.19 3.77 | 1183.6 |ZrNo.90O0.36Hf0.01
AA1715 1700 150 96.95 5.99 | 1446.71 |ZrN1.0600.37Hf0.01
AA1718 1700 180 97.42 6.30 | 1422.46 |ZrN1.1600.31Hfo.02
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The physical and mechanical properties of the specimens are listed in Table 4.6, showing
that the highest values of relative density (~100%) were achieved with the SA powder at 1700°C

under 120 MPa.
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0.90 -

Relative density

0.85

L A
1600 1700
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Figure 4.15 Relative density plot of ZrN (SA) specimens prepared by spark plasma sintering
measured by Archimedes immersion method.

The final relative densities of these samples are reported in Figure 4.15. For a fixed value
of pressure, relative density is increased with increasing maximum final temperature with the only
exception of the 1700 °C /120 MPa case (explained below). For the temperature and pressure
ranges used in this study, these are the highest relative density values attained with a commercial
powder. It is worth noting that the powders were not milled and sintering agents were not used.

Such relative density values are significantly higher than the 63.5 % we obtained by means of
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high-temperature vertical dilatometer (Unitherm 1161, Anter corporation, USA), with a maximum

sintering temperature of 1500 °C, a heating rate of 10 °C /min and 2-hours holding time.
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Figure 4.16 Effect of the pressure on the final relative density of SPSed ZrN (SA) specimens
sintered at different temperatures.

One of the main influencing factors during SPS is pressure, whose significant role in
powders has been widely investigated [1, 12, 146]. Quach et al. [146] pointed out in yttria-
stabilized ZrO> that pressure prevails diffusional mechanisms at low temperatures, while this trend
tends to be less effective once higher temperatures are reached. Analogous conclusions were
reached in the present investigation. Figure 4.16 plots relative density as a function of temperature.
Densification is significantly enhanced when increasing pressure from 30 MPa to 60 MPa at
relatively low temperatures (1400°C and 1500°C). However, a further increase of pressure up to
120 MPa did not appear to have a noticeable influence on the relative density. A slightly lower

final density was observed for 1500°C and 1700°C when increasing pressure from 60MPa to

75



120MPa. Including previous relative density result of 1700 °C/120 MPa in Figure 4.16, such small
decrease could be attributed to measurement errors in the Archimedes’ method or to a discrepancy
in the application of a high pressure (in this case, 120 MPa) when using SiC punches instead of
the graphite components employed for the low-pressure cases. The SiC punches present lower
thermal and electrical conductivity compared with those of graphite, which results in slow heat

transfer to specimens compared with regular graphite punches.
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Figure 4.17 Relative density variation with time at fixed maximum temperature of 1600 °C and
scanning electron microscope image of SPSed ZrN (SA) specimens (b) 30MPa, (c) 60MPa and
(d) 120MPa.
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Figure 4.17 shows the relative density as a function of time for a maximum temperature of
1600°C for different pressures. The 30 MPa and 60 MPa curves present the same shape, with the
latter being shifted to higher values of density, while the 120 MPa case has a different shape. Even
though the 120 MPa curve has the highest initial relative density, the corresponding densification
rate is lower with respect to the other two cases. Such trend is confirmed by considering the
temperature at which the highest densification rate (slope of the curve) is reached for the various
levels of pressure. While the 30 and 60 MPa curves behave as expected, with peak densification
rates at 1359°C and 1290°C respectively, for the 120 MPa one this peak is reached only at 1370°C.
Nevertheless, in both 60 and 120 MPa cases a final relative density of ~99% is attained, according
to the Archimedes’ immersion method (Table 4.6). Figure 4.17(b) - (d) shows the microstructure
of the fractured specimens consolidated under different pressures of 30MPa, 60MPa and 120MPa
respectively. Generally, an increase of the applied pressure results in the reduction of the grain size
of the specimen with the same density [146]. In our results, the 60MPa and 120MPa under 1600
°C conditions have similar density (~ 99%) and grain size (~24 pm) (Table 4.6). This may be

attributed to the low thermal conductivity of the SiC punches.
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Figure 4.18 Relative density variation with time at fixed pressure of 60MPa and scanning
electron microscope image of the fracture surface of SPSed ZrN (SA): (b) 1400 °C, (c) 1500 °C,
(d) 1600 °C and (e) 1700 °C. Open and closed pores are indicated by white arrows.

Figure 4.18 shows the effect of the maximum sintering temperature on the relative density
as a function of time under 60 MPa pressure and shows SEM fractured images of the specimens.
Higher sintering temperatures lead to an augment of the final density. As a drawback, the more
elevated temperatures promote the increase in grain size from 8.62 um to 33.26 pum, as shown in
the micrographs. Figure 4.18(b) shows the presence of several open pores for a specimen with
94.55% final relative density, while solely closed porosity, with voids characterized by small
dimensions and a spherical shape, is encountered in the > ~ 98%-density samples depicted in

Figure 4.18(c) — (e).
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Figure 4.19 Grain size dependence on porosity of SA and AA specimens consolidated by spark
plasma sintering. 1400~1700 °C, 30~120MPa for SA specimens and 1700 °C, 0~180MPa for AA
specimens.
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Figure 4.20 Vickers microhardness dependence on porosity of ZrN specimens (a,b) SA, AA
consolidated by spark plasma sintering and (c) AA consolidated by high voltage electric
discharge consolidation.

Figure 4.19 shows the grain size dependence on the porosity of the SA specimens. The
general trend is an increase in grain size with decreasing porosity, with the exception of a few data
points. Finally, Vickers micro-hardness measurements were performed. This parameter’s
dependence on porosity for the SA specimens is shown in Figure 4.20(a), revealing a strong
correlation. Several previous studies measured the Vickers micro-hardness of ZrN samples
consolidated by SPS [137, 149] or other techniques, such as hot pressing and hot isostatic pressing

[129, 135, 150], and reported average values of Vickers micro-hardness between 1000 kgf/mm?

and 1500 kgf/mm?, which is in a good agreement with our data.
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4.2.2.2.1.2. Alfa Aesar powders
Figure 4.19 and Table 4.6 present the relationship between the porosity and grain size of

the AA samples.
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Figure 4.21 Relative density variation with pressure at fixed maximum temperature of 1700°C
(a) and SEM image of (b) 20MPa, (c) 120MPa, (d) 150MPa and (e) 180MPa for the ZrN (AA)
consolidated by spark plasma sintering. Open and closed pores are indicated by white arrows.

Figure 4.21 shows the effect of pressure on relative density and also shows the images of
fractured specimens sintered at 1700°C under four different pressures (20, 120, 150 and 180MPa).
Relative density appears to increase with growing pressure, and this influence of pressure is more
prominent than that for the SA cases (Figure 4.16). It is noted that a maximum relative density of
97.42% is achieved with the highest pressure (180MPa), a value that can be compared with fully

dense specimens of SA powders in terms of sinterability, as shown in Table 4.6.

Additionally, from the analysis of the microstructure shown in Figure 4.21(b)-(e), we

notice that pores start to be closed at 93~97% relative density.

The Vickers micro-hardness measurements outcomes, represented in Figure 4.20(b),

proved that the hardness dependence on porosity is analogous to the SA case.
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4.2.2.2.2. Characterization of specimens processed by HVEDC

The relative density of the specimens processed by HVEDC was evaluated by means of
hydrostatic weighing in a pycnometer. It is found that the maximum specimen density of ZrN did

not exceed 93%.
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Figure 4.22 The densification map of ZrN (AA) consolidated by high voltage electric discharge
consolidation. The relative density of the specimens is given as a function of pressure and
voltage. The legend indicates the relative density.

Since the governing parameters of the HVEDC technology are pressure and voltage, the
densification map describing the density dependence on these two quantities was built and is
pictured in Figure 4.22. The map is constructed by fitting the experimental data in the test
parameters intervals, with an error < 12%. The density of the specimens increases with the load
applied in the pre-pressing stage. This trend appears, nevertheless, to have an upper bound. Given
a value of electric current, a densification enhancement is observed up to a certain value of the

cold-pressing load, after which any further increase affects density only slightly. Figure 4.22 also
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shows that the dependence of the relative density on the voltage is linear. The electric power is
proportional to the squared voltage. If the voltage is applied for more than a few seconds, the
zirconium nitride specimens can reach a thermodynamically stable structure. In this context we
expect the ZrN relative density to depend on the squared voltage. However, the extremely short
duration of HVEDC processes leads to kinetically trapped structures, which renders the relative
density linearly dependent on the applied voltage. A raise in the electric current density that flows
through the powder compact leads to an increase in the density of compacts [151]. However,
beyond a certain critical value, the powders will release a significant amount of voltage through
the matrix. Quantitatively, the dependence between the energy and the voltage is complex, since
the material resistance depends on the relative density of the material, which evolves during
processing. In general, the dependences between the process energy and the instant values of
system internal parameters, such as density, can be described by rather complex relationships,
including exponential/logarithmic terms [55, 152]. Therefore it may be expected, that if explored
over wider ranges of applied voltages, the relationship between the relative density and the voltage

may become non-linear.

It should be noted also that for the completeness of the conducted analysis, it is highly
desirable to know the temperature of specimens according to the applied voltages. However, in its
current apparatus’ configuration, the temperature of specimens could not be measured during
HVEDC process due to the very short pulse duration. Theoretically, the correlation between
electric discharge parameters and the localized temperature field developed during HVEDC has

been analyzed in earlier publications [4, 7].
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Figure 4.23 Scanning electron microscope images of ZrN (AA) specimens consolidated by high
voltage electric discharge consolidation. (a) central and ((b) and (c)) edge of the specimen (3kV
and 175MPa) and (d) edge of the specimen (3kV and 200MPa).

Figure 4.23 shows the typical microstructure of a sample prepared under 3kV and 175MPa
for the (a)~(c) and 3kV and 200MPa for the (d). Figure 4.23(a) shows that the particle size in the
center does not exceed the initial values of the powder particle size, which indicates an absence of

grain growth, as such rapid densification process was expected to guarantee.

On the other hand, the final porosity of the compact with density > ~ 75% includes a certain
amount of open porosity, primarily located in the peripheral layer (Figure 4.23(b). Having a
compact core and a porous periphery may be related to a radially heterogeneous distribution of the
green density. This effect is due to a gradient in the lateral pressure caused by the friction of the

mold walls against the powder particles movement. The magnitude of this lateral pressure is not
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constant along the height of the specimen, and it has a tendency to decrease when moving from
the punches to the powder, therefore causing a heterogeneous density distribution in the axial

direction within the specimen.

A consequence of the uneven distribution of the lateral pressure is a lower green density at
the center of the powder compact, combined with a reduced contact area among the particles,
which leads to an increased electrical resistivity and therefore enhanced Joule effect and localized

peak temperatures.

Apparently with a decrease in the density of electric current (at constant pressure) or the
level of applied pressure (at constant current density), the size of the densified central zone is
reduced and a corresponding increase in the volume occupied by the porous peripheral zone is

obtained, which ultimately leads to a lower overall relative density of the specimen.

An improvement against such non-homogeneities can be reached by applying more
elevated (axial) pressures, responsible for the expansion of the dense central zone. If, instead, the
current density is increased, the raise in electrical power is focused on the central area.
Consequently, localized heating occurs in the region that is already the most compacted, causing

a grain size increase in the central zone.

When an electrical current pulse passes through the compact, the peripheral zones can be
heated at a temperature relatively lower than the ones in the central part, which results in the friable
structure at the edge of specimens (Figure 4.23(b)). The thickness of the porous layer was reduced
by increasing the applied pressure, which can be seen by comparison between Figure 4.23(b) and

Figure 4.23(d).
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However, it should be noted that in some areas of the end pressing parts (Figure 4.23(c),
apparently strong energy is released after formation of the individual grains by dissociation of

nitride, constituting a eutectic solid solution of zirconium nitride and zirconium (large grains of

Figure 4.23(d)).
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Figure 4.24 Vickers micro-hardness of ZrN specimens after sectioning, (a) schematics of
analyzed areas, from edge (Location 1) to center( location 3), Vickers micro-hardness plot as a
function of the radial position of (b) AA specimen consolidated by HVEDC, (c) AA specimen

consolidated by SPS and (d) SA specimen consolidated by SPS
In order to confirm the discussion above, we checked the Vickers micro-hardness measured

with a load of 1kgf. These measurements along the longitudinal direction of the samples’ cross-

section confirmed that the central part was endowed with the most densified material, as shown in
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Figure 4.24(a). The internal area of the specimen exhibits micro-hardness values four times greater

than the peripheral areas as shown in Figure 4.24(b).

4.2.2.3. Discussion: processing — structure — properties correlation and modeling of
densification kinetics

4.2.2.3.1. Processing — structure — properties correlation

The processing of SA powders resulted in higher relative densities consolidated under SPS
compared to AA powders, even though they share similar properties in terms of particle size and
distribution. Such behavior can be explained by considering that AA powders are more
agglomerated and have higher levels of impurities (Hf < 3%), which typically hamper the
sinterability of this material. Another possible reason may be the higher initial oxygen content in
the AA powders. The average composition was ZrNo.94Oo.11 for SA and ZrNo.g9O0.3Hfo.01 for AA
(Table 4.6), which can be compared with the respective initial compositions of ZrNo.gsOo.18 and
ZrNo.g700.28Hf0.01 (Table 4.4). In both cases, the starting powder oxide ratio was retained, which

implies that the initial oxide content affects the composition of the densified specimens.

ZrN is characterized by a broad range of non-stoichiometry (ZrNix, 0<x<0.35). The
sintering of ZrN is accompanied by the release of weekly bound nitrogen [134, 153]. Interestingly,
the application of high pressures makes the nitrogen ratio remained in the AA pellets (Table 4.6).
It is inferred that the cold pressing with elevated loads prior to the SPS process renders the contact
area of the particle larger, which results in reducing the number of the open pores that act as fast
diffusion paths of the dissociated nitrogen. Therefore, nitrogen dissociation is at least partially

impeded by a sintering stage of cold pressing.
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Both powders share the natural tendency to increase in grain size when porosity is reduced.
However, for analogous porosity levels, AA specimens showed a smaller average grain size than

SA (Table 4.6).

Concerning mechanical properties, the specimens’ hardness also resulted to be dependent
on porosity, as Figure 4.20 shows. To evaluate the Vickers hardness of a porous material, the

following equation was utilized [154]:

H,(6) =H,, xexp(-bo) (4.4)
where H, ,is the Vickers hardness of the fully dense material, b is a constant that depends on the

applied load and @ is porosity.

By applying this equation to our hardness data we obtained b and H, ,, which resulted to

be 4.22 and 1609.96, respectively, for SA samples and 4.53 and 1633.75 for AA, revealing that
the hardness dependence on the porosity of the two powders is comparable. The b values are in

good agreement with the literature [149].

Because of the high electric currents applied, HVEDC allows consolidation of a powder
compact within a few seconds, and therefore the retention in the sintered specimens of smaller
grain sizes than in the SPS cases is expected. But, interestingly, the specimens processed by the

two techniques share analogous average grain sizes.

The maximum relative densities achieved in the experiments are ~93% for HVEDC, ~97%
for AA SPS and ~99% for SA SPS. The lower values attained for the HVEDC cases are explainable
by the presence of the porous peripheral zone, while the SPS process renders a more homogeneous

microstructure.
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Figure 4.24(c) and (d) shows the measurements of the Vickers micro-hardness for the
cross-section of the SPS-processed specimens (AA1712 and SA1403) along the longitudinal
direction. Compared with Figure 4.24(b), which concerns the analogous properties for the
HVEDC-processed specimens, the SPS samples present a more uniform structure within the axial

cross-section.

Another macro-scale effect of the non-uniformities characterizing HVEDC specimens is
found in the presence of cracking and barrel-like shapes in the densified compacts. Additionally,
the application of high pressures and voltages create mullite contamination in the samples, The
optimal compaction conditions to prevent shape alterations and mullite contamination in the
HVEDC of zirconium nitride have been identified in the application of a pressure within the
100~160MPa range and a voltage of 2~3kV, which, on the other hand, limits the final relative

density to 83%.

4.2.2.3.2. Modeling of the densification kinetics imposed by HVEDC

Many efforts are currently dedicated to the individuation and modeling of densification
mechanisms of ceramic materials under SPS conditions [15, 31, 51-53, 55, 155], while equations
capable of reliable describing consolidation kinetics for HVEDC procedures have not been

developed.

For HVEDC, a significant aspect to be taken into account for the modeling of the process
is the extreme rapidity characterizing this technique, which allows powders to be consolidated
within a few seconds. A “zero-order approximation” of such technology, based on its peculiarly
short processing time, can disregard the influence of heat on densification and, in view of the

applied high pressures, can describe HVEDC as a cold pressing process.
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From the constitutive equation for the cold pressing case, the following relationship can be

derived [55]:

2(1-0)°
0=, 550 @5)
where o, is the yield stress of the bulk material.
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Figure 4.25 Constitutive equation fitting of high voltage electric discharge consolidation results.
(a) yield stress variation with pressure and (b) m variation with voltage.
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By substituting the experimental data on pressure and final porosity into (4.5), the yield
stress for each condition can be calculated, as shown in Figure 4.25(a). It appears that when a low
voltage is applied, (4.5) provides good correlations with experimental data for a constant value of
the yield stress of the bulk material. Indeed, in low voltage processes, the short sintering time does
not allow enough time for the effect of heating to be significant, and the adoption of a cold pressing
model can be considered adequate. When the voltage is increased, the high electrical currents are
involved, and the consequently increased heat and/or field-related phenomena compromise the
validity of the purely plastic material assumption, inducing a pressure-dependent behavior on the

“apparent yield stress.”

The constitutive equation for a non-linear viscous material, (3.10), was applied to the
HVEDC results to determine the densification mechanism (m value). Taking the natural logarithm
of (3.10) and rearranging:

G 30 5, 1
2In (;j— In(m} In2=m(2In 6’+E IN36(1-6) +2In Ap) (4.6)

After inserting the average porosity rate by calculating the slope and pressure given in
Figure 4.21 into (4.4), a plot can be generated to determine m and Arp, as shown in Figure 4.25(b).
In the conventional sintering theory, the densification of a powder by means of hot pressing
provides one m value that is associated with a specific sintering mechanism. However, Figure
4.25(b) shows an increase of the slopes (m value) with increased voltage, if excluding the high-
pressure points (300 MPa for 2.5kV and 225 ~ 300 MPa for 3 ~ 4 kV). Under low voltage, m =0,
which confirms that HVEDC acts like quasi-cold pressing. Increasing the voltage leads to a change

of the strain-rate sensitivity value m from 0 to 1, which is attributed to the increasing heat

generation.
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The provisional exclusion of the high pressure data was motivated by the markedly distinct
behavior of our curves when shifting from low to high values of pressures, which suggested that
the two pressure regimes need to be evaluated separately. It appears that the combination of high
pressure and voltage during HVEDC induces a different behavior in the material with respect to
the one used for modeling of hot pressing equation (3.10). The obtained first-order approximation
provides an impetus for future work on refining the mechanisms underlying the novel and still rare

technology of HVEDC.

4.3. Chapter Conclusions

The effect of the electric current on spark plasma sintering (SPS) of ZrN powder was
examined. For a rigorous comparison of SPS with hot pressing (HP), the processing parameters
such as the actual temperature inside the powder, the electric current, and electric current density
were measured or calculated. The electro-thermo-mechanical finite element modeling (FEM) of
SPS showed that the vertical electrical and thermal contact resistances are crucial factors for
obtaining the realistic values of the electric current flowing through the powder during SPS. The
inter-particle neck area at the initial stage of sintering is small; therefore high electric current
density can be developed and then reduced when the relative density is increased. Fitting the
developed constitutive equation to the experimental porosity evolution observed in HP and SPS,
showed that the densification mechanism of ZrN can be changed from dislocation climb to
dislocation glide by the introduction of the electric current. The constitutive equation of SPS taking
into account the effect of the electric current effect was developed taking into consideration the
enhanced dislocations motion by local resistive heating. The derived equation shows the possibility
of the facilitation of the dislocation movement by an intrinsic current effect other than a change of

the densification mechanism.
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A comparative study of spark plasma sintering and high voltage electric discharge
compaction methods for the consolidation of micro-sized ZrN was conducted. SPS allows the
obtainment of the highest relative densities and the formation of more uniform microstructures
with respect to HVEDC. In this more successful case of SPS, two different ZrN powders were
utilized, so that the significant impact of powder agglomeration and oxide content on the physical
and mechanical properties of the sintered specimens could be evidenced. The sintering temperature
is the critical variable; on the other hand, pressure gives serious effect only with low sintering
temperature for the densification of the ZrN powder (SA). Densification of AA powder depends
strongly on the pressure and, nitrogen dissociation from ZrN was reduced with increasing pressure.
Specimens densified by HVEDC have porous structure at the edge and non-uniform shape due to
the non-homogenous temperature distribution and short soaking time (<1 sec). A constitutive
model of the densification behavior was proposed and verified based on the experimental data of
HVEDC, and showed that the univocal underlying sintering mechanism could not be individuated

in which modeling outcomes are strongly dependent on the applied voltage.

Chapter 5 is focused on the densification of the metal powder using a general SPS setup,
possibly largely affected by electric current compared with semiconducting ZrN powders. Chapter
6 is dedicated to the setup and optimization of the high current density consolidation method based

on SPS.

Chapter 4, in part, is a reprint of the material as it appears in Acta Materialia, 2018. G. Lee,
E.A. Olevsky, C. Maniere, A. Maximenko, O. Izhvanov, C. Back, and, J. McKittrick. The

dissertation/thesis author was the primary investigator and author of this paper.
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Chapter 4, in part, is a reprint of the material as it appears in Ceramics International, 2015.
G. Lee, M.S. Yurlova, D. Giuntini, E.G. Grigoryev, O.L. Khasanov, J. McKittrick and E.A.

Olevsky. The dissertation/thesis author was the primary investigator and author of this paper.
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CHAPTERS Electric Current Assisted Consolidation of Refractory

Metal Powders

In this chapter, the consolidation by SPS of Tungsten (W) or Molybdenum (Mo) powders
is considered. In section 5.1, the densification of a micro-sized W powder is analyzed. Due to the
higher electric conductivity of W compared with previously considered ZrN, a more intensive
electric current can pass through the W powder during SPS. (3.10) is applied to determine whether

the densification mechanism of W powder is changed with the application of electric current.

There is much interest focused on sintering of nanopowders to fabricate nano-structured
components. However, metal nanopowders are easily oxidized which hinders their sintering. Also,
conventional sintering of nanopowders is usually accompanied by significant grain growth. Earlier
(see section 1.1) we assumed that the electric current assisted consolidation can reduce the surface
oxides or slower the grain growth. Therefore, Mo nanopowders were subjected to SPS, expecting

to overcome the above-mentioned problems.

5.1. Densification Mechanism and Mechanical Properties of Tungsten Powder
Consolidated by SPS

Tungsten (W) components find a broad spectrum of applications in automotive and
aerospace industry, in furnace elements, in electronics, in medical devices, in sports equipment, in
welding electrodes, and in nuclear power plants. Due to the high melting temperature,
manufacturing of tungsten parts is frequently attempted through powder metallurgy routes.
However, consolidation of tungsten powders by traditional powder processing technologies, such
as sintering and pressing, presents significant challenges. It has been reported that 2.3 um W

powder had to be sintered at 2500 °C for 1 hour in a hydrogen atmosphere to get specimens with
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the relative density close to 90 % [156]. In a different study, Bewlay et al. showed that 50 hours

of free sintering were required to obtain 90.2 % density under 1800 °C [157].

Pressure-assisted sintering methods were also utilized for the consolidation of W powders.
Karpinos et al. reported that W powder could be sintered to 94 % under 2300 °C and 24.52 MPa
using hot pressing (HP) [158]. Hot isostatic pressing (HIP) using 14 um W powder achieved 92.7%

with the processing conditions of 1277 °C and 195 MPa [159].

To lower the consolidation temperature and pressure, alternative sintering methods have

been pursued to compact the dense W components.

W consolidation by SPS showed that 91.5 % relative density was achieved within 8 min
holding time at 2327 °C and 47 MPa in the air [160]. This study indicated clean grain boundaries
formed due to the interface cleaning effect by the SPS method [1, 12]. Cho et al. tested various
SPS sintering conditions and revealed the effects of the powder size, pulsed current, holding

temperature and pressure on the final density and microstructure of W specimens [161].

Under free sintering, the densification mechanism of W powders has been investigated for
different consolidation approaches for micro- and nano-powders. Hayden and Brophy [162, 163]
measured the linear shrinkage of a W powder body as a function of time and concluded using the
two-sphere sintering model that grain boundary diffusion was the rate limiting mechanism over
the temperature range of 1050 °C to 1200 °C with an activation energy of 380 kJ/mol [164]. Based
on the rate of volume change in terms of the diffusion constant, Kothari found the activation energy
of 420 kJ/mol for cold-pressed W powders (3 um) under vacuum conditions [165, 166]. This study
revealed that densification occurred by grain boundary diffusion for temperatures between 1100 °C

to 1500 °C. Vasilos and Smith studied W sintering Kinetics between 1300 °C and 1750 °C and
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found that the activation energy was 465 kJ/mol, which was in agreement with the activation
energy of the grain boundary diffusion [167]. Chen investigated the sintering Kinetics with
dilatometric analysis and concluded that the rate controlling mechanism was the grain boundary

diffusion [168].

There are few reports on the determination of the sintering mechanisms of W by pressure
assisted methods (HP and SPS). Karpinos et al. [158, 169] investigated W densification using HP
and used the sintering kinetics model, which had been earlier employed by Kothari [165].
Densification mechanisms were sub-divided into three regions with respect to the relative density.
The dominant mechanisms identified for each region were (i) particle rearrangement (45 - 58%),
(ii) plastic flow (58 - 75 %), and (iii) grain boundary diffusion ( > 80%). Gao et al. studied the
kinetics of W compaction by SPS using an initial stage model of sintering and found that diffusion
along the grain boundaries leading into interparticle neck regions was the rate controlling
mechanism for W sintering in the temperature range of 1250 °C to 1500 °C and under 16 MPa

pressure [170].

It is known that power-law creep is the main mass-transfer mechanism during deformation
processing of crystalline powders at intermediate to high temperatures [171]. Robinson and Sherby
reported that low temperature ( < 2200 °C) creep of W had a strain rate sensitivity (m) of 0.14
(subgrains are not formed during creep) or 0.21 (subgrains are formed during creep). They
discovered that the rate controlling step was dislocation diffusion for temperatures in the range 0.4
- 0.65 Tm (Tm = melting temperature of W) and lattice diffusion for temperatures over 0.65 Tm

[172].
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Superplastic behavior was reported for coarse (> 10 um) grain size pure W powder
subjected to creep test conducted under near 0.5 Tm or higher temperatures [173]. Also, W powder
mixture with Re showed superplasticity with  m = 0.2 ~ 0.4 rendering substantially larger
elongation to failure (200 % ~ 400 %) compared with that of m =1 [174-177]. Nieh et al. indicated
that superplasticity in W-Re alloys may be the result of a solid solution behavior governed by the
solute atom diffusion with dislocation glide [88]. Kurishita et al. controlled the mechanical milling
conditions of a mixture of W and TiC powder, which showed superplastic behavior with m = 0.2
and m = 0.5 for in hydrogen and argon atmospheres, respectively [178]. Recently, SPS of powder
mixtures containing W (nano-) powder has been reported, where the W-phase was contributing to

the overall power-law mechanism of mass transfer [179].

In the present study, micron size W powders were consolidated using SPS. In order to
obtain the densification kinetics of W compacted by SPS, for the first time, the constitutive model
of powder hot pressing (3.10) was applied assuming the dominance of the power law creep, a
mechanism which contributes, and often prevails in HP [171]. The present study indicates that
grain boundary sliding controlled by dislocation climb with dislocations moving along grain
boundaries is the main densification mechanism of the W powder compaction by SPS method.
Also, the microstructure and mechanical properties of the compacted W pellets were examined in

close correlation to the powder material processing conditions.
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5.1.1. Experimental procedures

51.1.1. Materials investigated
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Figure 5.1 (a) and (b) Scanning electron microscope images of W powders : 2500X, 20000X,
respectively. (c) X-ray diffraction results for as- received W powders.

W powders (99.999%, body centered cubic, Im-3m) produced by Buffalo Tungsten Inc.
were employed. The powder morphology and size (Figure 5.1(a) and (b)) were observed using
SEM. The powders had a faceted particle shape with a tendency to form agglomerates. Based on
the manual size measurement of 200 particles using an image analysis program (Image J), it was
determined that the powders had various size particle distributions, which were composed of about
1 um to 12 um size particles. The purity level of the powders was obtained by measuring 12

regions by EDS.

The crystal structure and lattice parameters were evaluated by XRD, utilizing CuK,
radiation at room temperature. In Figure 5.1(c), the measured and reference W (ICSD collection
code # 76151) [180] diffracted patterns are presented by hollow circles and a solid line,
respectively. The diffracted (hkl) planes are shown on the top of each peak. The dashed lines
indicate the intensity difference between the measured and reference peaks. The lattice parameter
of the powders is found to be 0.3168 nm, which is very close to the reported value of 0.3165 nm

[180].
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51.1.2. SPS processing regimes

The detailed information on the tooling setup and SPS device can be found in section 3.2.1.

For some specimens, boron nitride was sprayed onto the graphite paper, which surrounds
the inner hole of the graphite die in order to block the carbon diffusion from the graphite

(specimens W3BNC_1660_H30, W6BNC_1660_H30, and WOBNC_1660_H30 in Table 5.1).

For 60 MPa or 120 MPa, the measured initial green (after pre-cold-compaction) densities
of the powder compacts were ~ 54% and ~ 65%, respectively. The sintering conditions were a
heating rate of 100 °C/min from 600 °C to the maximum temperature (1600 "C, 1700 °C or 1800

°C) with dwell times of 0, 6, 30 or 60 min.

Most experiments were conducted under ~20 Pa, except the experiments carried out at

1800 °C when argon gas was purged in the SPS chamber.

5.1.2. SPS results

The densified specimens were ground by a 125 um diamond disk and subsequently by a
series of gradually finer SiC grinding papers (36 um, 21.8 pum, and 15.3 pm). Following this, the
specimens were dried in an oven (Neyo 2-1350, USA) at 120 °C for 20 min. The relative density
was estimated by the Archimedes’ immersion method, which required the samples to be coated

with paraffin wax.

For electron backscatter diffraction (EBSD) analysis, the specimens were ground and
polished using an automatic polishing machine (Struers, Germany). The polished samples were

analyzed by scanning electron microscopy (Hitachi S3600N, Hitachi, Ltd., Japan) utilizing the
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Hikari Pro series EBSD camera (EDAX, USA). The respective pole figure has been constructed

by means of TSL OIM Analysis 5.31 software (EDAX, USA).

5.1.2.1. Tungsten powder densification map

The physical and mechanical properties of the W specimens are listed in Table 5.1, which
indicates that the highest value of the relative density (~ 95.93 %) was achieved at 1600 °C under

60 MPa.
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Figure 5.2 (a) Relative density dependence on SPS maximum temperature, holding time and
pressure, measured by Archimedes immersion method. (b) Relative density variation with the
temperature at a fixed pressure of 60 MPa.

For 60 MPa, the relative density generally increased with increasing temperature and
holding time, as shown in Figure 5.2(a). Some experimental conditions such as those used for
sintering of W6_1760_H30, W9 _ 1860 H30, and W10_1860 H60, show decreasing relative
density with increasing temperature or holding time. This can be explained as follows: during
characterization of the samples, a tungsten carbide layer was observed at the periphery of the
specimens and the carbide layer thickness increased with the holding time and temperature.

Because the theoretical density of W (19.25 g/cm?®) is used for the relative density calculations, the
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lower density of tungsten carbide (15.63 g/cmq®) layer renders lower final relative density.

Carburization of W is analyzed in section 5.1.3 in more detail.

At a fixed temperature and holding time (1700 °C and 6 min), the pressure effect on the
relative density was examined using the double die setup as shown in Figure 5.2 (a). The higher
pressure of 120 MPa (Figure 5.2 (a): star shape symbol) renders ~95% relative density which is
~5% higher compared with that obtained when applying 60 MPa. However, considering the
different green densities provided by applied pressures of 60 MPa and 120 MPa, respectively, a
total increase of the relative density was ~ 36% and ~ 30%, respectively. Specifically, the net
density increase is smaller when using the high-pressure double die setup; slower densification at
higher relative density may be the reason for this phenomenon. Also, the lower thermal and
electrical conductivity of SiC punch can affect the densification environment during SPS, which
has been discussed in our earlier study [3]. Figure 5.2(b) shows the effect of the maximum sintering
temperature on the relative density as a function of temperature under 60 MPa and 6 min holding
time. The fast heating rate (100 °C/min), results in ~ 15 °C of overheating are shown on the plots
at each final sintering temperature. The vertical portions of the curves show the increase of the
relative density during the holding stage. All the three plots show similar densification rate during
the ramping stage. Figure 5.2(b) indicates that the final sintering temperature is the major factor

controlling the final relative density of the processed specimens.
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Table 5.1 Physical, chemical and mechanical properties of W specimens prepared by
spark plasma sintering.

Vickers | Vickers

. . . icro- | micro-
Holding RelativelGrain| " 'O

Name TP time Atmosphere density | size hardnessfhardness
y of W | of W,C

(HV1) [(HVO0.5)

°C [MPa| min % | um [Kgf/imm’Kgf/mm?

W1_1660_HO 1600 60 0 Vacuum | 81.18 | 8.56 | 354 -

W2_1660_H6 1600 60 6 Vacuum | 88.46 [ 6.96 | 311 -

W3_1660_H30 1600 60 30 Vacuum | 9593 [ 6.48 | 292 -

W4_1760_HO 1700 60 0 Vacuum | 86.68 | 6.03 | 278 -

W5_1760_H6 1700 60 6 Vacuum | 90.37 [ 791 323 -

W6_1760_H30 1700 60 30 Vacuum | 94.38 [11.06 358 1755

\W7_1860_HO 1800 60 | O Argon | 91.33 |5.82| 220 -

\W8_1860_H6 1800] 60 6 Argon 92.25 |16.13| 359 1671

\W9_1860_H30 1800 60 | 30 Argon 93.50 [30.15| 363 1875

\W10_1860_H60 (1800} 60 | 60 Argon 92.98 [39.46| 397 1885

W11 1712 H6  [1700{120] 6 | Vacuum | 9518 | - | 394 | 1890

\W3BNC_1660_H30[{1600] 60 30 Vacuum | 94.11 |19.11 - -

W6BNC_1760_H30[1700] 60 | 30 Vacuum | 94.61 |22.38 - -

WOBNC_1860_H30[1800] 60 | 30 Argon 95.04 |85.09 - -
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5.1.2.2. Tungsten powder densification kinetics

In the present study, the constitutive equation of the continuum theory of sintering (3.10)

is used to determine the densification kinetics of W powder subjected to SPS.
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Figure 5.3 Experimental porosity evolution curves of W specimens ((a) W3_1660_H30 and (b)
W6_1760 H30) processed by spark plasma sintering fitted by the constitutive equation.

All experiments with 30 min holding time were chosen for finding the densification
kinetics. Figure 5.3 shows constitutive equation-based fittings of the porosity time evolution under
(@) 1600 °C and (b) 1700 °C with 60 MPa during holding the stage. The experimental densification
curves were drawn by the scattered square symbols, while the curves defined by a solid line denote

the fitting curve using (3.10). The best fit corresponds to m =0.39 and Q = 412.27 kJ/mol.
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Figure 5.4 W powder densification rate as a function of porosity, conducted at 1600 °C
(squares), 1700 °C (triangles) and 1800 °C (circles).

To confirm the sintering mechanism, the activation energy was also calculated by (4.2).
In (4.2), p will be zero when grain growth is not significant. The powders show the grain growth
when relative density is > 90%, so p=2 was used to include the grain growth effect [88]. By
comparing the densification rate for the three different sintering temperatures of 1600°C, 1700 °C
and 1800 °C, the apparent activation energy Q for powder consolidation was obtained. Grain sizes
for each temperature are estimated by (5.1) (see below) [181]. Using the densification rate as a
function of porosity and temperature during the holding stage (Figure 5.4), Q was found to be
433.76 kJ/mol. This value is in the same range as the values assessed by Kothari (418 kJ/mol)
[165], Vasilos and Smith (463 kJ/mol) [167] and Karpinos et al. (418 kJ/mol) [158, 169] and with
the activation energy value of the grain boundary diffusion (385 kJ/mol) determined by the tracer
diffusion method in the temperature range of 1400 °C to 2200 °C [182]. This finding supports the

view of the grain boundary diffusion as the rate limiting mechanism. A number of other studies
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[164, 168, 183] also suggested the grain boundary diffusion to be the main sintering mechanism

for pressure-less and pressure assisted sintering of W in the vicinity of 0.5 T.

The obtained in the present study results match well the mechanism of grain boundary
sliding accommodated by dislocation slip governed by dislocation climb [88]. The superplasticity
of coarse-grained (10 ~ 20 um) W was reported in the past [173]. Both the obtained from the SPS
constitutive equation-based fitting and the value of the activation energy obtained from the Dorn
method indicate that the grain boundary diffusion is the rate controlling mechanism. The calculated
m is in between the dislocation climb and glide behavior characteristic values (m = 0.1 to 0.33)
and superplastic behavior value (m = 0.5 to 1)[184]. This may indicate that SPS of W powder is
affected by the contribution of two or more mass transfer mechanisms. Kapinos et al. speculated
that dislocation climb controlled by diffusion (m = 0.2 to 0.25) was the consolidation mechanism
for HP of W during the final stage of sintering [158, 169]. Therefore, one can conjecture that the
two mechanisms (dislocation slip and grain boundary sliding) affect the densification of the W
powder processed by SPS. The electric current effect during SPS may also affect the plastic

deformation of W powder, inducing superplasticity of W.
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Figure 5.5 Pole figures showing the grain orientation of the sample subjected to SPS at 1700 °C
for 0 min, 6 min, and 30 min recorded along the surface perpendicular to the applied uniaxial
pressure.

The results of the EBSD texture analysis also support the notion of grain boundary sliding
contributing to the densification mechanism. When polycrystalline structures are subjected to
largely tensile plastic deformation, close-packed crystallographic planes have the trend to be
aligned with the tensile direction. Previous results show that cold pressed or extruded W have
(001)<110> texture [185]. In Figure 5.5 the pole figures of the main crystallographic directions of
the specimens sintered at 1700 °C for 0 min show a relatively strong (001)<110> texture along the
uniaxial pressure direction when EBSD scanned along the surface perpendicular to the applied
uniaxial pressure. Pole figures (200) are equivalent to (100). The reduction of the texture by
increasing the holding time under 1700 °C is very prominently represented by the pole figures.

Most likely the initial cold pressing of the powders in the SPS chamber aligns the (110) grains

107



perpendicular to the specimen axial direction; and this alignment can be retained until the holding
stage due to the fast heating conditions. However, it is also possible that the grain orientation by
cold pressing is changed during the ramping stage which showed over 25% densification. Grain
rotation associated with grain boundary sliding produces predominantly random texture after
deformation [186], which would make the degree of texture decrease with increasing holding time.
The small equiaxed grain structure of the specimens also support the concept of the grain boundary
sliding being one of the components of the overall densification mechanism (Table 5.1 and Figure
5.6). However, there is a low probability of grain boundary sliding under the sintering temperature
of 1800 °C, which showed large grain growth, thereby shifting the dominant mechanism from

grain boundary sliding to dislocation creep during densification.

Uniaxial compression of 60 MPa renders the normalized shear stress value (O IG ) of

2.58 x10™. Based on the deformation mechanism map of W with 1 pm grain size [42], this
processing condition corresponds to the grain boundary diffusion mechanism. On the other hand,
from the deformation mechanism map of W with 10 pm grain size [42], this processing condition
matches the low-temperature power-law creep range. The average grain size of 8 um in the present
study is between these above-mentioned two values. Therefore, it appears that the processing
conditions utilized in the present work should render densification mechanisms near the boundary
between power-law creep and diffusional flow. Indeed, Gao et al. [170] studied the W compaction
by SPS using 16 MPa applied pressure and pointed out the grain boundary diffusion as the major
densification mechanism. However, some studies have shown that the grain boundary sliding
region can be at lower stress levels associated with lower creep strain rates in the power law creep
region in deformation maps [187-189]. Therefore, according to the values of the normalized shear

stress and the average grain size of the processed W specimens, the utilized SPS processing
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conditions may cause some grain boundary sliding too. It appears that the small particle size of W
powders and different processing conditions may result in the change of the major contributing

densification mechanism, as demonstrated by the results of the present study.

5.1.3. Processed specimens’ characterization
5.13.1 Microstructure characterization

The morphologies and the grain area distribution of the etched surface of the W samples
were extracted from the EBSD scans using OIM software. Mean grain sizes were calculated from

the total 0.38 mm? cross-section area of each of the W samples.
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Figure 5.6 (a) Plot of the grain size time evolution for W consolidated at 1700 °C and 1800 °C
by SPS. The grain growth exponent(s) for each temperature plot is shown on the right side of the
fitting curves. SEM images of W specimens processed at 1800 °C with holding time of (b) 0
min, (c) 6 min, (d) 30 min and (e) 60 min.

The grain growth kinetics can be described as [181]:

D°-D, =ct (5.1)
where s is the grain growth exponent, Do is the average initial grain size, D is the final average

grain size after annealing time t, c is the temperature dependent rate constant. The s value can be
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2 for normal grain growth conditions (high purity fully dense metal at a high homologous
temperature). The s value can be deviated from 2, when the grain growth inhibiting factors, such
as solute dopants or impurities, the liquid phase at the grain boundaries, and inclusions (pores or

second phase particle), are present [166, 170, 190].

Figure 5.6 shows the relationship between the isothermal grain growth and the annealing
time. The values for s for 1700 °C and 1800 °C are found to be 3.70 and 2.58, respectively.
Parameter s values are decreased with increasing temperature and tend to converge to 2. This is in
a good agreement with previous studies on the grain growth of W using conventional sintering
[166] and SPS [176]. The change of the grain growth exponent s with sintering temperature implies
that grain growth is affected by a combination of a number of various grain growth mechanisms.
Decreasing s values in the present work are possibly related to the suppression of the grain growth

inhibiting factors such as pinning by pores when the sintering temperature is increased.
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Figure 5.7 A cross-sectional view of W specimen processed by SPS at 1800 °C and 60 MPa for
30 min without (a) and with (b) BN coating. (c) XRD patterns of W processed by SPS at
1800 °C and 60 MPa with different holding times of 0 min, 6min, 30 min, and 60 min. W peaks
(circle) and W2Co.gs peaks (diamond).

Although W densification using SPS is carried out during short time compared with
conventional sintering methods, diffusion of carbon into specimens is observed. For W powder

consolidation by SPS at 1800 °C and 60 MPa for 30 min, the respective SEM image reveals a clear
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interface between the two different zones (A and B) as shown in Figure 5.7(a). The average
thickness of the A zone is about 253 um. The cross-sectional hardness was measured at both
locations. The average Vicker’s hardness values were 1875 MPa and 363 MPa in A and B zones,
respectively, which indicates that the two zones may contain different material phases. From EDS
analysis, the A zone contains W atoms and carbon (2.20 wt%), while B zone is pure W. Figure
5.7(c) showed the diffraction patterns of the cross-section of the W specimens processed at
1800 °C for 0, 6, 30 and 60 min. Circle and diamond symbols indicate W and W>Co g5 peaks,
respectively. The tungsten carbide peak increased with the holding time, which shows that the
tungsten carbide phase is thickened with time. From the SEM, EDS and XRD results, the
carburized zone A can be assumed to contain hexagonal W2Cogs. Carbon can diffuse from the
graphite die, punch, and paper, which surrounds the W powder during the SPS. The carburization

of W in HP and SPS has been explained also elsewhere [191-194].

The presence of carbon near the processed W powder does not guarantee the carbide layer
formed during SPS consolidation. The solubility of carbon in W is the main factor for carbide layer
formation [195]. The carburized layer is assumed to grow in a parabolic manner with holding time,
which allows an approximate estimation of the diffusion coefficient of carbon in W (Dc). If it is
assumed that the concentration of carbon at the interface is constant, Dc can be obtained by the

following equation.

x ~ (Dc 1)%° (5.2)
where x is the tungsten carbide thickness, Dc is the diffusion coefficient of carbon into W (cm?/s)
and tis time. Dc is estimated to be 3.86 x 107 cm?/s, which is in a good agreement with a literature

value [193].
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To minimize the carbon diffusion, in some experiments (used for fabrication of the
specimens W3BNC_1660 H30, W6BNC_1660 H30, and WIBNC_1660_H30, Table 5.1) the
graphite paper was coated with a boron nitride spray ((MR-97, ZYP Coating, Inc., Oak Ridge, TN)
before the powder was loaded. Boron nitride is known to block carbon diffusion during SPS [196].
However, a large reduction of the thickness of tungsten carbide layer is not achieved in the present
study, which may be attributed to the high solubility of carbon in W. The thickness of the tungsten
carbide layer was 191 um (Figure 5.7(b)) when boron nitride coated graphite paper was used,

which can be compared with 253 um (Figure 5.7(a)) of the non-boron nitride coated case.

5.1.3.2. Mechanical properties characterization
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Figure 5.8 Vickers micro-hardness dependence on the porosity of W specimens consolidated by
spark plasma sintering.

The polished specimens were subjected to Vickers micro-hardness test (M-401-H1

Hardness testing machine, Leco, Michigan) by applying a load of 1 kg for 10 s. The mean
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Vickers hardness of each sample was determined by averaging 4 different indents at different
locations of the sample. Figure 5.8 shows that hardness is generally increased with decreasing
porosity. The measured maximum hardness is 397 kg/mm? and this is similar to the reference value
(407.9kg/mm? for 96.10% relative density) [197].

The transverse rupture strength (TRS) was obtained with a Universal Testing System (5982
Instron, USA), by applying a load through a tungsten carbide ball-shaped indenter onto the disk-

shaped W specimens. The equation utilized to calculate the TRS is given as follows:

e =%[(l+v}(0.4851og%+0.52)+0.48] (5.3)

where P is the measured load, h is the specimen thickness, a is the specimen radius and v the
Poisson ratio (0.28 for W, as reported in [198]). A more detailed explanation of the TRS setup and
procedures can be found in Ref. [122]. TRS values for 91% and ~ 95% specimens (W7_1860_HO,
W6BNC_1760_H30) were found to be 705 MPa and 1006 MPa, which are larger than the three
points bending strength value ( < 658MPa for 94.85% to 98.22 % relative density specimens) of
W compacted by resistance sintering under ultra-high pressure (RSUHP) [199]. The higher
strength found here can be attributed to the longer holding time compared with that (30s to 60s) of
RSUHP method which may cause the formation of metastable W-based phases.

5.2. Effect of Oxidation on Densification behavior and Mechanical Properties of
Molybdenum (Mo) Nanopowders Compacted by Spark Plasma Sintering

Molybdenum (Mo) powder-based components are used for many industrial applications
due to the favorable physical, chemical and mechanical properties, such as high melting
temperature (2623°C), high corrosion resistance and weldability, low thermal expansion

coefficient and high thermal conductivity [200-202]. However, Mo products with large porosity
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and coarse grain structure exhibit poor mechanical strength. Therefore, studies to produce dense

Mo products with small grain size by compaction of Mo nanopowders are in great demand.

A significant challenge in sintering of metal powders is the presence of a natural oxide
layer at the surface of particles. In particular, metal nanopowders, which have higher surface area
and energy, are easily oxidized compared to micron-sized powders. Particularly, Mo nanopowders
generally show the pyrophoric behavior when exposed to an air, so special care is required to avoid

the possible formation of a surface oxide during powder handling and storage.

The surface oxide layer in the powders hampers the mass transport and therefore impedes
diffusion between the powder particles [203]. Munir et al. [16], studied the role played by surface
oxide layers in the kinetics of sintering of metal particles, and showed that the onset of sintering
was delayed by the presence of the surface oxide phase. Specifically, palladium particles with
surface oxide layers modified the sintering mechanism from grain boundary diffusion to surface
diffusion below the oxide dissociation temperature. By applying the sintering temperature higher
than the oxide dissociation temperature of palladium, the mechanism of the sintering of palladium

converts back to the grain boundary diffusion [204].

The creep parameters of Mo with micron-scale grain size have been studied extensively
[42, 205, 206]. The creep exponent (n) was determined to be approximately 4.85, indicating the
dislocation creep was controlled by the dislocation climb mechanism, generally observed in most
polycrystalline metals [88]. The creep tests under 1500 °C — 1600 °C and 62 MPa revealed the n
value of 4.5 with an activation energy (Q) of 480 kJ/mol, which was slightly higher than for lattice
diffusion (Qi, 405 kJ/mol) [207]. From compression and tension tests, Carvalhinhos et al. [208]

found n to range from 5.2 to 5.8 with Q ranging from 257 kJ/mol - 369 kJ/mol. However, the creep
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parameters for nano-grained Mo at elevated temperatures (~0.5Tm) cannot be directly
experimentally found due to grain growth during the creep test. Also, the oxide effect on the
densification mechanism of Mo nanopowders at high temperatures has not been studied. From aid
from grain growth inhibitors such as ZrC particles located at the grain boundaries, creep tests of a
Mo alloy (300 nm average grain size) with 0.8 mol% dispersed zirconium carbide (ZrC) with the
at 1500°C indicated superplastic behavior (n = 2.44) [200, 201, 209]. At near ambient temperature,
nanoindentation creep data of Mo thin film (30nm — 40 nm grain size) showed that the creep
exponent was close to 6.67 — the value related to the thermally activated glide-controlled creep

[210, 211].

The phase diagram of Mo-O by Phillips and Chang [212] shows that about four stable
oxides exist below the temperature around 820 °C: MoO., MoOsand two intermediate phases
Mo40O11 and MogOg26 in composition [213]. MoO2 melts around 2327 °C, but can be decomposed
to Mo (solid) and O (gas) if the oxygen partial pressure in the furnace is equal to or lower than
7.5 x 107 (Pa) [214]. Otherwise other oxides phase like MoO3, M04O11 and MoyO2s can be melted

around 820 °C and can be vaporized at the temperature from 1150 °C to 1450 °C [213, 215].

Lee et al. [216] studied the influence of the oxygen concentration in the micron-sized Mo
powders on the grain size and hardness of pellets compacted by spark plasma sintering (SPS). This
resulted in a reduced oxygen content, using metallic calcium as a deoxidizer. It was shown that,
compared to the samples with a high oxygen content, samples with lower oxygen content had
larger hardness values due to the higher density and smaller grain size enabled by the reduction of
oxide impurities at the Mo grain boundaries. It was reported that the impurity level of the oxygen

can distort the atomic structure near the grain boundaries and therefore facilitate defect or Mo
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diffusion [217]. However, the removal of the surface oxide layer during in situ sintering should

provide great benefit to further the production of small grain sized, dense Mo parts.

Some in situ oxide removal methods have been attempted for sintering of metal powders.
First, sintering under the H, atmosphere can be performed to reduce the oxide. Majumdar et al.
removed the oxide phase by holding Mo powders at 900 °C for 15 min in the presence of H; gas
during conventional oven sintering [218]. However, in situ oxide reduction during sintering, if
possible without using the flammable hydrogen gas, is highly desirable considering the time and
safety. Second, the oxide coating of metal powders can be removed by the addition of the carbon
powder to the starting powders, which results in the reaction of carbon and oxide (carbothermic
reaction). This method has been used to remove the surface oxide during the pressure-assisted or
pressure-less sintering of SiC [219-221], B4C [222, 223] and ZrB; [224]. Since the oxide is
removed via the gas phase, gas diffusion is the rate-limiting step for the complete removal of the
oxide phase [222]. Third, during SPS, surface cleaning from the presence of high-temperature
plasma between particles can be used for an in situ oxide removal [18, 19]. Kim et al. [225] showed
that the oxide phase is removed by holding the temperature at 1300 °C for 1 hour in the middle of
the SPS process for B4C sintering. The second and the third above-mentioned methods have not

been applied to the sintering of Mo nanopowders.

In the present study, the effect of oxygen on densification kinetics of Mo nanopowders was
investigated using in situ methods [103]: carbothermic reduction and particle surface cleaning. The
efficiencies of each oxide reduction method are compared. The sintering constitutive parameters
based on the regression analysis of the experimental data on the porosity evolution using the
continuum theory of sintering wss determined [55, 84, 102] The effect of the oxygen content on

the density and mechanical properties of the sintered samples is also discussed.
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5.2.1. In situ oxide removal strategy

Surface .. (A) Carbothermic reduction

oxide ’.

(B) Surface cleaning effect

Figure 5.9 In situ oxide reduction strategies during sintering. (a) carbothermic reduction and (b)
surface cleaning effect

Two strategies were employed to remove the oxide during sintering of the surface-oxidized

Mo nanopowders.

In the first strategy, the reaction of Mo oxides with carbon powders was employed during
the SPS process (Figure 5.9(a)). The carbothermic reduction of nano-sized MoOz to Mo was
studied by Saghifi et al. [226, 227]. Using differential temperature analysis and temperature

gravimetric analyses, the following reactions were suggested:

2M003 + C = 2M00; + CO2, AG (298K) = - 122.3 kJ/mol (5.4)

MoO; + C = Mo + CO2, AG (298K) = 130 ki/mol (5.5)
Based on this analysis, Saghifi et al. [226, 227] showed two steps for the carbothermic
reduction of MoOs to Mo. First, MoOs is heated to 600 °C with holding for 1 hour for the complete
reduction of MoOs to MoOz. Next, heating to 1000 °C for 1 hour provides the reduction of MoO>

to Mo.
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In the present study, the similar steps were applied during Mo nanopowders compaction
by SPS. The carbothermic reduction produces CO or CO> gases. Since gas diffusion is a critical
factor for densification [222], a low uniaxial pressure of ~ 15 MPa was used to facilitate outgassing
at the initial and intermediate stages of sintering in the SPS vacuum chamber. At the end of the

carbothermic reduction, the pressure was increased to 60 MPa to enhance densification.

For the second strategy, the oxide can be removed by the electric current flow through the
Mo particles during SPS, using the surface cleaning effect (Figure 5.9(b)). The high energy electric
field generated by high electric current removes the oxide layer [18, 19]. A holding stage at the
temperature (800°C) lower than the onset temperature (~ 900°C, section 5.2.3.3) of the

densification of the samples was used.

5.2.2. Experimental procedures

Commercial Mo nanopowders (US Research Nanomaterials, Inc., Houston, USA, average
size 200 nm) with a labeled purity of 99.9% (metal basis) and carbon black nanopowders (MTI
Corporation, Richmond, USA, average size 50 nm) were used for this research. The theoretical
densities of Mo and carbon nanopowders were measured by the pycnometer (AccuPyc 1330,

Micromeritics Instrument Corp., Norcross, USA).

The sintering process was carried out using a SPS system (Dr. Sinter SPSS-515, Syntex
Inc., Japan) with a tooling setup made from the EDM4 graphite (Poco Graphite, Inc., Texas, USA).
A 0.15 mm-thick graphite paper wrapped the powder to prevent adhesion between the sample and
the tooling. An optical pyrometer (IR-AHS2, Chino, Japan) was used to detect the temperature at

the 2.5mm depth hole in the graphite die.

118



SPS conditions to investigate the consolidation behavior of the surface-oxidized Mo
nanopowders included initial ramping to 600°C in 10min and sequential heating from 600 °C to
the maximum temperature (1100°C, 1200°C, 1300°C or 1800°C) with 60 MPa applied pressure,
100 °C/min with no holding time under vacuum. Control experiments were performed to obtain
the thermal expansion coefficient of the graphite die set was carried out under the same SPS
conditions without the Mo nanopowders. A k-type thermocouple was directly into the Mo

nanopowders to measure the temperature.

For the regression analysis, the data obtained at 1200 °C was used from the above

experiments.

For the multistep pressure dilatometry approach, with 100 °C/min and the minimum
pressure under vacuum, the surface oxidized nanopowders were heated to 950 °C which is the
temperature higher than the melting point of most of the Mo oxides except MoO [215]. After
stabilization of the temperature during the holding stage, a few successive jumps of the pressure

were applied to measure the variation of the strain rate at each pressure jump.
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Figure 5.10 Temperature and pressure profile for (a) first strategy: carbothermic reduction and
(b) second strategy: surface cleaning effect by SPS
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For preparing the carbothermic reduction (Figure 5.9(a)), the Mo nanopowders were mixed
with carbon nanopowders in the cyclohexane by ultrasonication for 30 min. Mo + C
nanocomposite suspension was frozen by liquid nitrogen for 10 min and subjected to freeze-drying
(Freezone 1, Labconco, Kansas City, USA) at -50 °C for 24 hours. The following steps were used
as shown in Figure 5.10(a): A. ramping to 600°C with 17 MPa pressure, B. holding at 600°C for
15 min (see (5.4)), C. ramping to 1000°C with 100°C/min, D. holding at 1000°C for 30 min then
increasing the pressure to 60 MPa during the last 2 min of the holding stage (see (5.5)), E. ramping
to 1300°C with 100°C/min. G. holding at 1300°C for 10 min. We used shorter holding time (15
min) compared to the that (60 min) suggested by Saghifi et al. since the pressure makes the
diffusion distance between the carbon and oxide shorter in SPS case. For comparison, an SPS test

was conducted under the same conditions without the addition of carbon to the Mo powders.

To employ the second strategy (Figure 5.9(b)), the powders were heated to 800 °C under
60 MPa pressure and held for 30 min, and then heated to the final sintering temperatures of 1200°C
or 1700°C with 100°C/min and 0 or 10 min holding time as shown in Figure 5.10(b). The 800 °C
used for the soaking stage is the temperature before the onset (~900°C in Figure 5.16(a)) of the
sintering of Mo to remove the oxide phase. The final sintering temperatures were chosen to see
the change of the grain size and density with temperature if the oxide is removed by the second
strategy. For comparison, a test was conducted under the same conditions without the soaking

stage at 800 °C.

The apparent densities of the sintered samples were measured by the Archimedes method.
Since the theoretical density of the sintered Mo pellets is not fixed due to the evaporation of the
Mo oxide during the SPS, the apparent densities were presented in this study. For the regression

approach (section 5.2.3.3), we assume that there is no evaporation of Mo oxide, and use the relative
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density calculated with the theoretical density of Mo nanopowders obtained by pycnometer. The
powder (or grain) size and composition were assessed by the scanning electron microscopy (SEM),
(FEI Quanta 450, Thermo Fisher Scientific, Waltham, USA) and Energy-dispersive X-ray
spectroscopy (EDS) (Oxford Instruments, Abingdon, UK). The composition of the powders and
pellets were obtained by the average of 6 measurements by EDS. The well-polished samples were
etched with Murakami’s reagent (Solution of 200mL DI water, 10g KOH and 10g KzFe(CN)g) for
30 sec. The transverse rupture strength (TRS) of the compacted Mo pellets was measured. The

experimental method to measure the TRS can be found elsewhere [228].

5.2.3. Results and discussion

5.2.3.1. Powder characterization

Figure 5.11 Scanning electron microscopy images (a) high magnification of Mo powders, (b)
lower magnification of Mo powders. Red arrows indicate large Mo particles, (c) carbon powders.

As shown in Figure 5.11(a) and (b), the powders have a round shape and are agglomerated.
By the particle size analysis using image analysis software (ImageJ, National Institutes of Health,
USA), the powders showed a broad size distribution from 50 nm to 2 um with an average particle
size of 200 nm. The micron-sized particles (non-agglomerated) are indicated as red arrows shown
in Figure 5.11(b). The theoretical density of Mo is 10.2 g/cm?. The carbon nanopowders have an

average particle size of 50 nm and show agglomeration (Figure 5.11(c)).
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Figure 5.12 X-ray diffraction results for as- received Mo nanopowders

The surfaces of Mo nanoparticles are highly oxidized and showed 27.3 at% of oxygen by
EDS. From XRD results in Figure 5.12, the high 3 peaks indicate Mo (ICSD collection code # 00-
042-1120). Other small peaks indicated by arrows are from the existence of MoO, (ICSD
collection code # 01-078-1073). The theoretical density of Mo is 10.2 g/cm®. The density
measurement by the pycnometer showed 9.68 g/cm? due to the low theoretical density of Mo oxide

(MoOz: 6.47 g/lcm3and MoOs: 4.69 g/cm3).
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5.2.3.2. Surface oxidized Mo nanopowders consolidated by spark plasma sintering

A

Figure 5.13 SEM image of polished Mo pellets densified at (a) 1100 °C, (b) 1300 °C and (c)
1600 °C respectively. (d) Mo oxide debris (red arrows) and Mo grains (blue arrows) of fractured
Mo pellets compacted at 1700 °C. The white and black color in SEM phase images (a to c)
indicate Mo and Mo oxide phases, respectively.

. Melting of Evaporation Grain growth
surface oxide of some oxide

Surface oxide

Figure 5.14 Schematics of the behavior of the surface oxide during SPS of Mo nanopowders

Figure 5.13 displays SEM images of Mo pellets compacted at different temperatures under
the same conditions of 60 MPa, 100 °C/min, 0 min holding time and vacuum. EDS analysis
revealed that the black regions correspond to the Mo oxide, white regions were from Mo (Figure
5.13(a) to (c)) and the oxide debris (red arrows in Figure 5.13(d)) between the grains of the

fractured samples. As shown in Figure 5.13(a), the melted oxide was distributed between Mo and
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some Mo particles are connected by necks. At 1300 °C, the neck areas between the particles are
increased and the average grain size is increased up to about 2 um (Figure 5.13(b)). After the neck
area increased, the grain size increases rapidly with increasing the sintering temperature but
without densification (Figures 5.13(b) to (d)), which will be discussed later.

We can see the melted Mo oxide phase with SEM and EDS analysis. However, MoO>
which is observed in the starting Mo nanopowders by XRD is known to be melted at 2327 °C.
Therefore we think MoO. was transferred to MoOgz or other non-stoichiometric oxides phase
during the SPS by pick up the oxygen other from the chamber or the other powders.

The behavior of the surface oxide is schematically shown in Figure 5.14. The neck
formation between Mo powders is inhibited by the liquid film of the oxide, resulting in the
retardation of the onset of the sintering and the grain growth [229] (Figure 5.14(a)). After melting
of the surface oxide layer, the molten oxide moves to the porous regions between the Mo particles
(Figure 5.13(a) and 5.14(b)). Similarly to the Ostwald ripening during liquid phase sintering [230],
the shrinkage of nanoparticles and the growth of the large grains occur at this stage through the
dissolution and precipitation of atoms. With increasing temperature, most of the oxides are
evaporated and diffuse out to the chamber through the open porous path, but some oxides remain
due to a block of the diffusion path for the gas due to the densification. Also, the MoO; was
remained due to the high melting point. Due to evaporation, the amount of the oxide in the samples
is reduced, and then the neck area between the Mo particles increased, simultaneously resulting in
the grain growth and densification. Some oxide is trapped in the grains during the coalescence of
the grains (Figures 5.13(b) and (c), and Figure 5.14(c) and (d)). With an increase in the sintering

temperature, the grains become larger and then the melted, non-melted or evaporated oxide occupy
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the grain boundary regions and can recrystallize during the cooling stage (Figures 5.13(c) and

Figure 5.14(d)).

The surface oxides have two effects on sintering behavior, depending on the quantity. First,
when there are large amounts of the oxide phases near the Mo grains, the oxide can act as a physical
obstacle to contact between the Mo grains, resulting in a delay of the neck formation and of the
onset of densification [16]. Otherwise, small amounts of oxygen atoms near the grain boundary
regions can affect the grain growth behavior. This impurity level of the oxygen can distort the
atomic structure near the grain boundaries and therefore facilitate defect or Mo diffusion.
Therefore, Mo grains with a small amount of oxygen can grow faster than those of pure Mo [217].
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Figure 5.15 The density, TRS, grain size and oxygen content change with sintering temperature
1100°C, 1200°C, 1300°C, 1600°C and 1700°C in SPS with 60 MPa, no holding time and vacuum
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The densification map indicating the density, TRS, grain size and oxygen content is shown
in Figure 5.15. The oxygen content decreased with increasing sintering temperature due to the
evaporation of the oxide phase, which induced the rise of the density at temperatures below
1300 °C. However, the density of the samples did not increase at temperatures > 1300 °C due to
the slow Mo atom diffusion and interface reaction through the oxide at the grain boundaries, as
shown in Figures 5.13 (c) and (d) and Figure 5.14(d). Because of the high density of the Mo pellets,
for temperatures > 1300 °C, the fast diffusion path for the oxide gas is almost blocked, so that the
samples cannot be densified easily with an increase in the sintering temperature. Although the
oxygen content is decreased by the slow diffusion of gas, the density of the samples at 1600 °C
and 1700 °C is even lower than that at the 1300 °C, presumably due to carbon diffusion into the

edge of the samples from the graphite paper and die [231].

The TRS is dependent on the porosity and grain size. However, the TRS shows a greater
dependence on the porosity rather than on the grain size (Figure 5.15). The porous regions are
filled with the melted oxide (Figure 5.13 and 5.14), which promotes the embrittlement, and the

presence of the oxide phase dominates the overall mechanical behavior.

As analyzed before, the surface oxide limits the densification and increases the grain size
enormously during the Mo nanopowder sintering. Therefore, in order to increase the density of the
Mo pellets, various in situ oxide reduction methods have been employed, as described in section

5.2.1.and 5.2.2.
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5.2.3.3. Densification mechanism of oxidized Mo nanopowders
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Figure 5.16 The steps to find a sintering mechanism of Mo nanopowders compacted by SPS. (a)
Experimental SPS results, (b) Linearization curves for each n values, (¢) Modeled/experimental
relative density curves using identified parameters from regression approach for each tested n
values, (d) Change of pressure and sample height in multistep pressure method

The densification is small (increase in relative density of 4.5%) until 900 °C, which is
higher than the melting point of most of Mo oxides except MoO: (Figure 5.16(a)). This 4.5%
increase of density is possibly due to the particle rearrangement and pore filling by the melted
oxide. After melting of some oxides, the particles become connected, forming necks and starting
densification > 900°C. The experimental densification data (Figure 5.16(a)) were used to plot the
linearized densification curves for different n values (1 to 5) using (3.21), as shown in Figure
5.16(b). The relative density ranges from 0.64 to 0.89 are used from Figure 5.16(a) to exclude the
effect of the grain growth on the sintering kinetics. Ao and Q values for each n, using (3.21), are

listed in Table 5.2.
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Figure 5.16(c) shows the modeled/experimental relative density curves through the
regression analysis of the constitutive parameters for each of the tested n values (Table 5.2).
However, comparison of the experimental and theoretical density curves do not indicate a unique
n value, therefore the complementary SPS multistep pressure dilatometry was used to find the
distinctive n value. Figure 5.16(d) shows the change of pressure and sample height during the
multistep SPS of for an isothermal stage at 950 °C. When there is a jJump of the pressure, the slope
of the sample height is altered accordingly, indicating the change of the strain rate for each jump.
From Figure 5.16(d), the average n value estimated using (3.22) is 4.86. With this average n value,
one can expect the value of parameter Q to be in the range from 324 kJ/mol (n = 4) to 385 kJ/mol

(n =5), as shown in from the Table 5.2 regression-based data.

Table 5.2 Creep parameters identified from regression approach of the porosity evolution
curve in Figure 5.16(a)

n 1 2 3 4 5

Q (kd/mol) 142.20 202.89 263.59 324.28 384.97

Ao (Pa-s/K) 1.881E-2 6.624E-8 | 2.334E-13 | 8.224E-19 | 2.898E-24

The n and Q values indicate that the sintering mechanism after melting of the Mo oxide is
dislocation creep controlled by dislocation climb, which is the same mechanism (n = 4.85 - 5)
identified based on the creep test of Mo with a grain size of 150 um [42]. The dislocation climb
mechanism requires the lattice diffusion [88], and indeed, the activation energy obtained (324.28
kJ/mol to 384.97 kd/mol) is similar to the reported Qi of 405 ki/mol [42]. The smaller particle size

of the Mo nanopowders may be the reason for the lower activation energy.
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Prior to melting of the oxide, diffusion of Mo atoms is limited and only can be possible via
the surface diffusion mechanism from the existence of the surface discontinuity in the surface layer
caused by the compaction pressure [204], Mo precipitation from Mo oxide, or via Mo diffusion
through Mo oxide from other particles. When the inter-particle necks are formed after the oxide
layer melting, dislocation creep may be the most probable sintering mechanism in this temperature
range (about 0.4Tm). Diffusional creep (n = 1) requires high temperatures of about 0.9T. Grain
boundary sliding (n = 2), which is often observed during creep of nanograined materials indicates
grain boundary diffusion, is restricted in this case due to the presence of the oxide at the grain
boundaries. When the oxide is removed, diffusion through the grain boundary has a critical role
due to the large grain boundary area of Mo nanopowders. Since typically the activation energy for
grain boundary diffusion (Qgb) is lower than Qi, a lower activation energy is expected without the
oxide. Indeed, our on-going studies show that the densification mechanism of Mo nanopowders
without surface oxide is the grain boundary sliding controlled by the grain boundary diffusion at

the same temperature range (of about 0.4Tn).

129



5.2.34. Carbothermal reduction of oxidized Mo nanopowders during SPS
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Figure 5.17 SEM images of SPSed Mo pellets consolidated with different carbon contents: (a)

No carbon added. (b) 0.15 mol% and (c) 0.3 mol% carbon added. Red arrows indicate the Mo

oxide phase. (d) XRD of compacted Mo pellets. The circle and diamond symbols indicate Mo
and Mo>C phases, respectively. Black arrows indicate the peaks corresponding to MoO-

130



10.2

10.0

9.8

9.6

9.4

9.2

Figure 5.18 Effect of carbon addition on density, TRS, oxygen contents, and carbon contents of

Mo with different amount of added carbon was densified by SPS under the same conditions
(1300 °C, 60 MPa, 100 °C/min and 10 min holding time, Ar gas). Figures 5.17(a) to (c) show the
SEM images of the obtained samples with different additions of carbon. The corresponding XRD
pattern from the samples is shown in Figure 5.17(d). Figure 5.18 shows the effect of the carbon

addition on the density, TRS, oxygen amount, and carbon contents.

There is a high amount of oxygen without carbon addition, as confirmed by SEM (Figure
5.17(a)) and EDS (Figure 5.18). Black arrows indicate the XRD peaks of the MoO; phase (Figure
5.17(d)) [232]. Due to the addition of the carbon, oxygen amounts were reduced to almost 1 at%,
as shown in Figure 5.18. The oxide peaks are removed when 0.15 mol% of carbon was added, and
only Mo peaks were identified (ICSD # 76147) [233]. When carbon additions were increased to

0.3 mol%, the Mo2C peaks (ICSD # 1326) [234] were identified. However, as shown in Figures
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8A to C, the oxygen atoms are still present (red arrows). This means that the oxide was reduced
with the addition of carbon, yet was not completely removed. The oxygen impurities can still be
present in some amounts as a crystalline or amorphous oxide phases, or dissolved in the Mo lattice,
which is below the detection limit of XRD. By reducing the oxide phase at the grain boundaries,
the density of Mo samples increased to 9.96 g/cm? for the 0.15 mol% carbon (Figure 5.18), which
is much higher than that compacted at a higher sintering temperature (maximum apparent density:
9.77 g/cm?® as shown in Figure 5.15). Due to the low theoretical density of Mo.C (9.18 g/cm?) and
a possible remaining carbon, which did not react with the oxide, the density of the sample with 0.3
mol% carbon addition is lowered compared to that of the sample with 0.15 mol% carbon (Figure

5.18).

Although the density of the sample increased, and the oxide content decreased by the
carbothermic reduction compared to the sample without carbon addition, therefore the TRS value
was reduced, which is proposed to be due to the increased amount of the remaining carbon which

acts as an internal lubricant (Figure 5.18) [222].
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5.2.3.5. Surface cleaning of oxidized Mo nanopowders during SPS

Figure 5.19 SEM phase images of SPSed Mo pellets without (a and ¢) and with (b and d) soaking
stage at 800 °C with the final sintering temperatures of 1200 °C (a and b) and 1700 °C (c and d).

Table 5.3 Properties of sintered samples with or without a holding stage at 800 °C

; Grain
N ' Oxide
Sintering Holing . TRS

temperature at contents I(De/(r:lfr:g))/ Size
(°C) B00C | (a0p) g (MPa)

(um)
1200 X 12.6 9.30 1.61 753.31
1200 O 10.3 9.66 1.74 859.99
1700 X 6.8 9.61 54.75 671.71
1700 0] 4.5 9.94 73.95 711.67
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A holding stage at 800 °C was used, after which the temperature was increased to a
maximum of 1200 °C or 1700 °C. As shown in Figure 5.19 and Table 5.3, the oxygen amount in
the samples was reduced after holding at 800 °C, but not as dramatic as in the carbothermal
reduction case (Section 5.2.3.4). The density and TRS with the holding stage at 800 °C are of
higher values than those of Mo pellets processed without the holding stage (Table 5.3), which can
be explained by the reduction of oxygen. The samples sintered at 1700 °C with the holding stage
at 800 °C showed high density (9.94 g/cm?®) but large average grain size (73.95 pm). Compared
with the samples obtained by the carbothermic reduction with 0.15 mol% carbon, the samples
sintered at 1700 °C with the holding stage at 800 °C have a higher TRS even despite their larger

grain size due to the absence of carbon (Figure 5.18 and Table 5.3).

In summary, during SPS, the surface oxide impedes diffusion, which limits the
densification. The dissociation of the surface oxide accelerates the diffusion mass transport, but
the remaining oxide surrounds the Mo grains, still hindering the densification. In the present study,
increasing the sintering temperature did not enhance the density of the samples; instead, the grains
of Mo grew rapidly. The sintering mechanism of the Mo nanopowders with an oxide layer was
obtained by the regression analysis of the experimental data on the regular SPS-based densification,
and the SPS multistep pressure dilatometry. The n and Q values are 4.86 and 324.28 kJ/mol to
384.97 kJ/mol, respectively, indicating dislocation creep controlled by lattice diffusion. The
carbothermic reduction method can successfully reduce the oxide amount in the Mo pellets and
increase the apparent density to 9.96 g/cm?, yet resulting in a decrease of the TRS due to the
increase of the remaining carbon content. Otherwise, having the holding period reduced the oxide

amount, but not as dramatic as in the carbothermal reduction case.
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5.3. Consolidation of Molybdenum Nanopowders by Spark Plasma Sintering:
Densification Mechanism and Metal Mirror Application

Metallic mirrors are planned as part of diagnostic systems which relay optical signals from
the plasma to measurement devices for the International Thermonuclear Experimental Reactor
(ITER) [235]. First mirrors (FM), those in close proximity or direct sight line of the ITER plasma,
will be subject to harsh environmental conditions that deteriorate their reflectivity and performance.
Molybdenum has been utilized as a FM material due to its low sputtering yield under plasma
sputtering conditions [236]. Single crystal (SC) Mo mirrors have shown the best performance
under erosion intensive conditions characteristic of fusion plasmas. However, the technology to
fabricate large-format SC mirrors (> ~120 mm diameter), needed for ITER, is not commercially
available. Eren et al. [237] fabricated nanocrystalline (NC) metallic mirrors with 70 nm to 100
nm grain size by Mo coating (thickness of 1 um) onto a polished stainless steel substrate using
magnetron sputtering. The spectral reflectivity performance of the NC mirror was comparable
with a SC Mo mirror[238]. Sintered NC Mo is a candidate process for large-format FMs due to
lower cost than SC, comparable performance, and improvement in mechanical performance over
coated substrates. Also, a bulk Mo metal mirror made by sintering should have the longer life
expectancy than the one made by the coating method which requires long time and price to produce
the thick metal mirror. Therefore, the sintering of a Mo metal mirror with nanoscale grain size

should be explored.

The fabrication method of Mo metal mirror with a grain size less than 1 pm and with greater
than 90% relative density is difficult due to the large grain growth of metal nanopowders during
sintering. Srivatsan et al., showed that the densification of Mo nanopowders (100 nm) using plasma
pressure compaction method resulted in grain size of 1 um to 3 um with 97% relative density.

Apparently, only Park et al. [239], obtained the Mo compact with ultra-fine 500 nm grain size with
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90% relative density using a two-step sintering method with 20 hours holding time. Also, the
description of the fabrication of the Mo mirrors by the sintering route tested for reflectivity is
limited in the literature [238, 240, 241]. Voitsenya et al. [242] indicated the possibility to make W
and Mo mirror with 250 nm — 350 nm grains size using resistance sintering and provided the
reflectivity results, however, only W sintering conditions were described [199]. To advance the
research on the fabrication of metal mirrors for nuclear engineering applications and to fabricate
bulk metal mirrors with nano-size grains (<100 nm), the study of the densification behavior for

Mo nanopowders is required.

The commercial Mo nanopowders made by the wire explosion method [243] suffer from
two disadvantages: large surface oxidation during handling and storage and broad particle size
distribution from 50 nm to 2 ym. These powder properties prevent the fabrication of Mo pellets
with nano-size grains. Kim et al. [229, 244], showed the densification behavior of Mo
nanopowders fabricated from the milled MoOs by Hx reduction. Freshly synthesized Mo
nanopowders using this method showed narrow particle size distribution with an average particle

size of 100 nm.

In the present study, for the first time, the NC Mo disks with an average grain size of 400
nm were fabricated by SPS. Sintering kinetics was analyzed using the in situ methods [103] of the
determination of the sintering constitutive parameters based on regression analysis of the porosity
evolution curves by the continuum theory of sintering [55, 84, 102]. The reflectivity and
microstructure of the SC and NC Mo mirrors were evaluated before and after plasma exposure

using the PISCES-A linear plasma device.
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5.3.1. Experimental procedure

A commercial MoOs powder with a purity of 99.9% (US Research Nanomaterials, Inc.,
Houston, USA) was used as raw material. The powder was wet-milled using a high energy ball
milling machine (Pulverisette 6, Fritsch, Germany) run at 300 rpm for up to 30 hours in air with
SS304 balls (diameter: 5mm) and jar (250ml). The charge ratio is 12:1 for the balls and powders.
Due to the small size (< 500 nm) of milled MoOz nanopowders, the large surface tension induces
the agglomeration of powders during the oven drying method. Thus, the freeze-drying method was
used to prevent the agglomeration during the drying stage, and Tert-butyl alcohol (TBA) was
chosen due to the high melting temperature (25 °C) and miscibility match with MoOz powders
[245]. The milled MoOs powder with TBA was frozen by liquid nitrogen for 10 min and dried at
-50 °C for 48 hours in the freeze drier (FreeZone 1, Labconco, MO, USA). The freeze-dried MoOs
powders were heated to 550 °C with 5 °C/min and holding for 30 min and to 850 °C with 5 °C/min
and holding for 50 min or 80 min under the Hz atmosphere, resulting in the synthesis of Mo

nanopowders.

The sintering process was carried out using SPS system (Dr. Sinter SPSS-515, Syntex Inc.,
Japan), with a tooling made from EDM4 graphite (Poco Graphite, Inc., Texas, USA). A 0.15 mm-
thick graphite paper was used to prevent adhesion between the sintered specimen and the tooling.
An optical pyrometer (IR-AHS2, Chino, Japan) was used to detect the temperature at the 2.5mm
depth hole in the graphite die. SPS conditions for the consolidation of the H; reduced Mo
nanopowders included the heating rate of 100 °C/min from 600 °C to the maximum temperature
(950 °C and 1200 °C) with 90 MPa applied pressure and 13 min holding time. All the experiments
were conducted in argon gas. The control experiments to get the thermal expansion of the graphite

die set were carried out under the same SPS conditions without Mo nanopowders. Also, the
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temperature of the Mo nanopowders during SPS compaction was measured by inserting a k-type
thermocouple directly into the Mo nanopowder. For the regression approach, SPS data obtained
from the compaction of the Mo nanopowder at 1200 °C were used. For the multistep pressure
approach, starting with the minimum pressure, Mo nanopowders were heated up to 950 °C with
100 °C/min. After the stabilization of the temperature during the holding stage, a few successive

jumps of the pressure were applied to measure the variation of the strain rate at each pressure jump.

X-ray diffraction (XRD) (Bruker D-8 diffractometer, MA, USA), utilizing CuKo radiation
at room temperature was used to analyze the powders and compacted pellets. The densities of
sintered Mo specimens were measured by the Archimedes method. The particle (or grain) size and
composition were assessed by scanning electron microscopy (SEM), (FEI Quanta 450, Thermo
Fisher Scientific, Waltham, USA) and Energy-dispersive X-ray spectroscopy (EDS) (Oxford
Instruments, Abingdon, UK). The transverse rupture strength (TRS) of the compacted Mo pellets

was measured. The experimental method to measure the TRS can be found elsewhere [122].

The plasma irradiation and reflectivity measurement conditions are explained in section

5.3.2.3 with their results.
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5.3.2. Results and discussion

5.3.2.1. Fabrication of Mo nanopowders and compaction by SPS

Figure 5.20 SEM images of MoOs powders (a) without milling and with milling for (b) 3 hours,
(c) 10 hours and (d) 30 hours

As shown in Figure 5.20(a), the as-received MoOs powders display a broad size
distribution from 1 um to 50 um with plate-like particle shape. SEM images of milled MoOs3
powders in TBA are shown in Figure 5.20 (b) to (d) for milling time of 3 hours, 10 hours and 30
hours, respectively. With milling time of 30 hr, an average particle size of less than 200 nm was

obtained (Figure 5.20(d)).

139



——3 hours —— Mo powders
——10 hours —— 8PSed Mo pellet
——30 hours | Mo peaks
=! ! M003 peaks : Oxide peak
£ g |
£ 2
® ‘B L l
c =
|| | l
| FEEL e e mnmnm e | | |
[l i 1 M 1 N [ M 1 N [l M 1 J 1 M 1 i 1 1 1 i 1 M 1 i 1 )
10 20 30 40 50 60 70 20 30 40 50 60 70 80
2theta 2theta

Figure 5.21 (a) XRD of MoOs powders with different milling time (3 hours, 10 hours and 30
hours). (b) H2 reduced Mo powders (bottom) and SPSed Mo pellet (top). The MoO3 and Mo
reference peaks are shown at the bottom of XRD graphs. The green arrow indicates the MoO>
phase.

The intensity drop and the peak broadening from XRD of the MoOs powders [246] can
indicate the decrease of the crystalline size with increasing milling time (Figure 5.21(a)). The
bottom graph of Figure 5.21(b) shows the XRD pattern of the H> reduced Mo powders. Using the
H> reduction method, the MoO3s powders were successfully transformed to Mo (ICSD collection
code # 76147) [180]. The compacted Mo pellet by SPS at 950 °C with 13 min holding time,
90MPa and Ar atmosphere shows the oxide peak (MoO2 with ICSD collection code # 01-078-
1073) indicated by the green arrow in Figure 5.21(b). Due to the large surface area of the Mo
nanopowder, the oxide layer can form quickly during handling of the powders, which is not
indicated by XRD when the oxide concentration is less than the XRD detection limit. Also,
although Ar gas was purged during the SPS compaction of Mo powders, the remaining oxygen
can easily react with Mo nanopowders. SPS of Mo nanopowders in Hz atmosphere can render

more homogenous Mo pellets.
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Figure 5.22 SEM images of Mo powders reduced at 850 °C for (a) 50 min and (b) 80 min. SEM
images of (c) Mo pellet using powder (a), and (d) Mo pellet using powder (b) compacted by
SPS.

The Hz reduced Mo powders have an average grain size of 100 nm as shown in Figure
5.22(a) and (b). During the H2 reduction, Mo particles are connected by necks which are increased
with the holding time at 850 °C. The morphology of Mo powders reduced at 850 °C for 80 min
(Figure 5.22(b)) represents a more interconnected structure compared to that of the powders H:
reduced at the same temperature for 50 min (Figure 5.22(a)). The large interconnected area in the
Mo powders affects the sintering kinetics of Mo compaction by enhancing the diffusion of atoms
during SPS. The average grain size and relative density of Mo pellets made from the Mo
nanopowders synthesized using the Hz reduction time of 80 min are about 700 nm and 93.89 %,

respectively, which are slightly higher values than 400 nm and 92.58 % of the Mo pellet obtained
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from the Mo nanopowders synthesized using the Hz reduction time of 50 min (Figure 5.22(c) and
(d)). TRS values of the Mo pellets made from the Mo nanopowders synthesized using the H>

reduction times of 50 min and 80 min are 486.27 MPa and 472.16 MPa, respectively.

5.3.2.2. Mechanism of Densification of Mo nanopowders
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Figure 5.23 (a) Experimental SPS results, (b) Linearization curves for each n values (the fitting
equations are shown on the right side of each curve), (c) Modeled/experimental relative density
curves using identified parameters from regression approach for each tested n values, (d) Change
of applied stress and height of sample in multistep pressure method

The experimental SPS data with the ramping stage (100 °C/min) (Figure 5.23(a)) was used
to plot the linearization curve for various n values (1 to 5) shown in Figure 5.23(b). The relative
density range from 0.41 to 0.87 is used in Figure 5.23(a) to avoid the effect of the grain growth on

the sintering behavior. The fitting equations for each n value are shown on the right side for each

curve in Figure 5.23(b). Table 1 displays the Ao and Q values for each n value for the linear
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regression fitting using (3.21) in Figure 5.23(b). Figure 5.23(c) shows the modeled/experimental
relative density curves using the identified sintering parameters (Table 5.4) and it appears that the
n value is between 1 and 2. More accurate n value can be obtained by the regression of the SPS
multistep pressure dilatometry data. Figure 5.23(d) shows the change of the stress and height of a
Mo pellet during the multistep SPS of Mo nanopowders during the isothermal holding stage of
950 °C. When there is a jump of the pressure, the slope of the sample height curve is changed
accordingly indicating the alteration of the strain rate for each jump. From the data in Figure
5.23(d), the average n value, estimated using (3.22), is 1.5. Based on this n value, parameter Q

value can be expected to be in the range from 150 kJ/mol to 192 kJ/mol (Table 5.4).

Table 5.4 Creep parameters identified from regression approach

Q 150.82 192.51 234.20 275.89 317.59

Ao 3.007E-1 1809E-7 1.088E-13 6.547E-20 3.939E-26

Obtained n and Q values indicate that the sintering mechanism of Mo nanopowders
obtained via H: reduction method can be the grain boundary sliding (GBS) accommodated by
dislocation slip (n = 1 with dislocation glide, n = 2 with dislocation climb) controlled by the grain
boundary diffusion (Qg=263 kJ/mol) [88]. Due to a low sintering temperature (0.4Tm) imposed
during SPS, the Coble creep (n=1) which requires high temperatures (0.9Tm) is not possible in this
case. A Mo compact with average nano-size grains will have larger grain boundary area compared
with that of the average micron-size grains. Therefore, the grain boundary related densification

mechanism such as GBS is expected for most nanopowders [88]. The Q values obtained here
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(150.82 kJ/mol to 192.51 kJ/mol) are lower than the Qg» value (263 kJ/mol) obtained from the
creep test of the micro-sized grain Mo pellet. The smaller particle size of the Mo powders used in

the present study can be a possible reason for the lower Q value.

5.3.2.3. Reflectivity analysis of single crystal and nanocrystal Mo

Materials used in this experiment were SC Mo with (110) crystal orientation and NC Mo
made of H> reduced Mo powders and compacted by SPS (950 °C, 90 MPa, 100 °C/min, 13 min
holding time, and Ar atmosphere). The SC and NC Mo were mechanically polished to mirror

quality of approximately < 0.01 um and < 0.03 um roughness before the exposure respectively.

The SC and NC Mo disks were exposed to Ar plasma bombardment using the PISCES-A
linear plasma device [247]. All samples were exposed to Ar+ plasma fluxes of 3.1 x 10%' /cm?s
with an ion impact energy of average 85 eV. The reflectivity of the Mo samples was measured
before and after exposure by high precision spectroradiometer (GS-1290-2NVIS, Gamma
Scientific, USA) with the RadOMA camera and full frame lens. There is maximum 10%
measurement uncertainty in the reflectivity measurement induced from the alignment angle and

the surface non-uniformity of the samples.
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Figure 5.24 (a) Specular reflectivity of single crystal (SC) and nanocrystal (NC) Mo before and
after plasma exposure (45° illuminations and 45° collection), (b) Diffuse reflectivity of SC and
NC Mo and (45° illuminations and 35° collection)

After exposure

Figure 5.25 SEM images of (a) single crystal (SC) and (b) nanocrystal (NC) Mo before (left) and
after (right) plasma exposure
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The spectral reflectivity of the SC and NC Mo mirrors before and after exposure are
displayed in Figure 5.24(a). Both the SC and NC mirrors have around 70% reflectivity before
plasma exposure. Under the same amount of plasma exposure, the spectral reflectivity of the SC
and NC Mo mirrors was reduced approximately by 10 %, but showed comparable performance.
The total erosion of each sample was also measured via total mass loss. Interestingly, the NC Mo
mirror has 2 times higher resistance to erosion (280 nm) by plasma compared to that of the SC
mirror (600 nm). The diffuse reflectivity of the NC Mo mirror used in this study is lower than that
of the SC Mo mirror under the same plasma conditions, which is unexpected. As shown in Figure
5.24(b), the NC Mo mirror has a low average diffuse reflectivity of less than 1% after exposure.
The high diffuse reflectivity of the SC mirror in the range of < 600 nm can be related to the eroded
pattern observed after exposure (right image of Figure 5.25(a)). The surface relief formation which
is known as the main reason for the high diffuse reflectivity of polycrystalline metal mirror [8]
was observed for the SPSed Mo mirror after exposure in this study (right image of Figure 5.25(b)),
yet, it was not severe compared with the literature [8]. The obvious reason for the higher erosion
resistance and the lower diffuse reflectivity of the NC Mo mirror relative to those of the SC mirror
obtained from this study is not determined yet. Although maximum 10% of measurement error
make the reflectivity results ambiguous, NC Mo mirror clearly has higher erosion resistance over
SC Mo mirror, which was not observed for the NC mirror (100nm grain size) made by magnetron

sputtering [3].

In summary, the consolidation behavior of the Mo nanopowders obtained from milled
MoO3 powders by H2 reduction was analyzed by the regression of the experimental data on
regular SPS and on the SPS multistep pressure dilatometry. Obtained creep parameter values n

and Q are 1.5 and 151 kJ/mol to 193 kJ/mol, respectively, indicating the GBS accommodated by
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dislocation slip-controlled by grain boundary diffusion as the densification mechanism of the Mo
nanopowders used in this study. The NC Mo disk shows the promise in approaching the reflectivity
of the SC Mo in the as-polished condition. Initial optical test results are not conclusive due to the
measurement error of the reflectivity. However, NC Mo showed good resistance to erosion
compared to that of the SC Mo. The sintering of Mo alloy with the grain growth inhibitor like ZrC
to have smaller grain size, and more accurate optical measurements could be done for the future

study.

5.4. Chapter Conclusions

The densification mechanism of tungsten consolidated by spark plasma sintering was
analyzed by the constitutive equation of sintering (3.10) considering the applied pressure and using
the power-law creep model of mass transfer. The strain rate sensitivity of 0.38 - 0.40 and sintering
activation energy of ~ 410 ~ 434 kJ/mol were obtained. These values indicate that the densification
mechanisms may be grain boundary sliding accommodated by dislocation climb controlled by the
grain boundary diffusion, which is also supported by the electron back-scattered analysis.
Increasing the sintering temperature causes the reduction of the grain growth exponent and tends
to be converged to the ideal grain growth exponent of 2, possibly due to the removal of the grain
growth inhibiting factors such as pores at grain boundaries. The tungsten carbide external shell is
generated on the specimen’s surface with increasing holding time due to the presence of the carbon
wrapping paper and graphite die. The diffusion coefficient of carbon in tungsten was obtained, and
it is similar to the literature values. Using BN coating on the graphite paper did not block the
carbon uptake from the die and graphite paper, but it slowed down the diffusion of carbon. Vickers
micro-hardness was measured for the processed tungsten specimens and showed porosity

dependence.
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The study of the sintering behavior of the surface-oxidized Mo nanopowders showed that
the density of the processed Mo pellets cannot be increased without removing the oxide phase
from the starting powders. Also, the mechanical properties (like TRS) of Mo pellets are governed
by the presence of the oxide phase at the grain boundaries, which promotes the final product
embrittlement. Sintering mechanism of the oxidized Mo nanopowders compacted by SPS after the
melting of the oxide phase is the dislocation creep controlled by dislocation climb. Since the grain
boundary diffusion of the Mo atoms is limited by the presence of the meted oxide phase at the
grain boundaries the dislocation climb, which is operated by the lattice diffusion, seems to be a
reasonable densification mechanism for Mo nanopowders. The two in situ oxide reduction
methods were employed to remove the oxide during SPS. The carbothermal reduction or the
particle surface cleaning by electric current have been used. Both methods showed the decrease of
the oxide contents and the increase of the final density. It was shown that carbon remaining in the
Mo pellets after the carbothermal reduction process negatively affects the TRS, which lends
impetus to analyzing the optimization of the concentration of the carbon amount in the Mo+C

powder mixture in future studies.

For the first time, the densification mechanism of Mo nanopowders compacted by SPS was
analyzed. A NC Mo metal mirror with submicron grain size fabricated by SPS was tested using a
spectroradiometer after plasma exposure. The densification mechanism of the Mo nanopowders
during SPS is GBS which is expected for the metal nanopowders. The spectral reflectivity of the
NC Mo mirror after exposure is comparable with that of the SC mirror. Especially, the NC Mo
mirror shows higher erosion resistance over the SC Mo in this study. By further optimizing the H»

reduction and SPS process or Mo powders alloying with the grain growth inhibitor, bulk scale NC
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Mo mirrors can be possibly fabricated by SPS, which should provide clear benefits in terms of

cost, size and life expectancy of metal mirrors.

In this chapter, we have shown that the presence of the electric current can enhance the
densification rate, or remove the surface oxides, or slower the grain growth. Next chapter describes
the development of the novel fast powder consolidation processes utilizing these advantages of the

electric current assistance for the fabrication of micro- or nano-sized metal and ceramic powders.

Chapter 5, in part, is a reprint of the material as it appears in International Journal of
Refractory Metals and Hard Materials, 2016. G. Lee, J. McKittrick, E. Ivanov and E.A. Olevsky.

The dissertation/thesis author was the primary investigator and author of this paper.

Chapter 5 in part, is currently being prepared for submission for publication of the material.
G. Lee, C. Maniere, J. McKittrick, A. Gattuso, C. Back, and E.A. Olevsky. The dissertation/thesis

author was the primary investigator and author of this paper.

Chapter 5, in part, is currently being prepared for submission for publication of the
material. G. Lee, C. Maniére, J. McKittrick, D. Nishijima, R. Doerner, A. Gattuso, T. Abrams, D.
Thomas, C. Back, and E.A. Olevsky. The dissertation/thesis author was the primary investigator

and author of this paper.
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CHAPTER 6 Net Shape Flash Spark Plasma Sintering (NFSPS)

The novel net shape flash spark plasma sintering (NFSPS) based on the SPS process and
enabling the achievement of densification rates similar to those in flash sintering is developed. In
this method, the electric current is concentrated in the powder sample, and a graphite die is utilized
to easily control the shape of the processed component. The newly developed approach employing
various direct/hybrid configurations is applicable to a very broad spectrum of material systems
from insulative powder materials (Al203) to ionic (ZrO2) or metallic (ZrN) conductive powders.
Compared with flash sintering or FSPS, NFSPS can use high pressure (~90 MPa) and high heat
conservation without the time-consuming precompaction of the powder, making this approach to

be more attractive for industry applications.

6.1. Experimental
6.1.1. Materials investigated

For NFSPS, various powders were tested depending on their electric conductivity behavior
with temperature. A : lonic conductor and insulator which showed NCT behavior: Tosoh TZ-3YS
(99.9 %, 200nm, 3 mol% tetragonal-stabilized zirconia (Tosoh, Shunshi, Japan)), Alumina (99 %,
37nm, (Cerac, USA)) and SiC (beta phase, ~50 nm, (US Nanoresearch, USA)). B: conductor or
metallic semiconductor exhibiting PCT behavior: W (99.95 %, ~100 nm (US nanoresearch, USA))

and ZrN (1 ym (Sigma-Aldrich, USA)).
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Figure 6.1 Electric conductivity data for (a) graphite [110] and (b) ZrN [111], Alumina [248],
alpha -SiC single crystal [249], beta-SiC [250] and 3YSZ [251].

The temperature dependence of the electrical conductivities of the used materials is shown
in Figure 6.1. Used graphite has NCT of electric resistivity temperature dependence between 23 °C
to 827 °C, and PCT of that after 827 °C (Figure 6.1(a)) [110]. Figure 6.1(b) shows the comparison
of the electric conductivity for the powder materials used in this research and the graphite. Y-axis
is on a log scale. ZrN [111] has the highest electric conductivity and even higher than the one of
graphite. lonically conductive a and f SiC [249, 250] and 3YSZ [251] show lower electric
conductivity than that of the graphite. Insulating alumina has the lowest electric conductivity

values.
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6.1.2. NFSPS processing regimes

I Boron nitride
B Graphite paper
[ ] Graphite
B Powder

Figure 6.2 Schematics of NFSPS. Green, black, gray and blue color indicate the boron nitride,
graphite paper, graphite component, and the powder, respectively. (a) direct heating setup, (b)
hybrid heating setup.

SPS machine and die setup are described in section 3.2.1. As shown in Figure. 6.2, a Boron
nitride (BN) coating was applied to the graphite paper (0.15 mm-thick) in order to manipulate the

electric current path trajectory in the SPS setup.

For the direct heating setup, both sides of the graphite paper inside the die were coated with
BN, forcing all the electric current to flow into the conductive powder. For hybrid heating setup,
the external (with respect to the powder) surface of the graphite paper which contacted the graphite

die was coated with BN, which prevented the electric current flowing into the die but enabled the
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electric current flow into the graphite paper to heat up the insulating powder at room temperature.
Once the powder becomes conductive with increasing temperature, the electric current can flow

into the powder providing a fast volume sample heating.

All NFSPS experiments were carried out using the manual mode in SPS. Real-time changes
of the electric current, voltage, temperature, Z-axis displacement and vacuum pressure were
displayed on the monitor of the SPS system. There were two strategies used to control the electric
current: 1. Forced mode: First, the electric current is slowly increased until right before the start of
the densification observed on the monitor. When densification is started, the electric current is
manually quickly increased until the graph of the Z-axis displacement becomes flat, which means
that the densification is completed. 2. Current control mode: from the start of the sintering, the
electric current increases until the pre-set current value is reached. The preset current is determined
using the relationship between the temperature and the electric current obtained from the forced

mode experiments.

To resolve the problem of the graphite creep during NFSPS, a few attempts were tried.

First, the creep behavior of the graphite punch (diameter 10mm, height 20mm, EDM4
grade) was tested using SPS with 100 °C/min under vacuum. The Z-displacement of the graphite
punch was recorded under 3 different pressure (50MPa, 80MPa and 100MPa) with increasing
temperature up to 2600 °C. After knowing the onset temperature of the creep for each pressure, a
two-step pressure approach was applied during NFSPS. Nano SiC powders were compacted by
NFSPS under 100 MPa. When the temperature of the punch reaches the onset temperature of creep
for 100 MPa, the pressure is reduced to 50MPa to prevent the creep of the graphite while the

temperature was increased before the onset temperature of the creep under 50MPa.
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Secondly, argon gas flow into the chamber may reduce the temperature of the graphite
punch. Thus, the temperature of the graphite punch during SiC compaction by NFSPS was

compared for Ar gas flow conditions and vacuum conditions.

Lastly, the height of the graphite punch was reduced to 15.5mm (original 20 mm) to prevent

the creep behavior. NFSPS of the nano-SiC powder was conducted to prove this concept.

The crystal structure and lattice parameters of the compacted pellets were evaluated by
XRD. The relative density was estimated by the Archimedes’ immersion method. The fractured or

polished specimens were analyzed by SEM and EDS.

6.2. NFSPS Results and Discussion

Figure 6.3 Images of the graphite tooling setup at the ramping stage during the net shape flash
spark plasma sintering. The image was taken at the moment when the graphite part became
visually red-hot. (a) direct heating setup, (b) hybrid heating setup. (c) Alumina pellet compacted
by NFSPS

The effects of the graphite paper boron nitride coating can be easily seen during the NFSPS

experiments. Figure 6.3 shows the images of the graphite setup at the ramping stage during NFSPS
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when the graphite setup starts to be heated and becomes visually red-hot. For the direct Joule
heating setup, all the electric current flow into the punch and the powder column in the center of
the graphite die induces the Joule heating at the area of the punch first (Figure 6.3(a)). On the other
hand, the graphite die becomes red-hot first in the hybrid heating setup. The most electrically
conductive graphite paper is heated first, then it generates the Joule heating which is transferred to
the graphite die by heat conduction (Figure 6.3(b)). Therefore, we infer that BN effectively
controls the electric current during the NFSPS experiment. Figure 6.3(c) showed the alumina pellet

compacted by NFSPS. Utilizing the graphite die setup helps to fabricate net shape samples.

6.2.1. NFSPS of TZ-3YS and Alumina
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Figure 6.4 The SPS parameter changes during hybrid heating mode NFSPS used with the
constant current mode (a) TZ-3YS, (b) Alumina (Red line: Voltage(V), Blue line: Z-axis
displacement(mm), Black line: electric current (A) and Magenta line: temperature (C))
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During the constant current mode, the electric current quickly increases to the maximum
preset value. Under a constant current, the SPS machine records the change of the voltage induced
by the resistance change depending on the temperature. The optical pyrometer can measure the
temperature within the ranges from 570 °C to 3000 °C, so that the temperature less than 570 °C
was not recorded in the graphs (Magenta line in Figure 6.4). Also, the temperature of the powder

can be much higher than that of the die measured by the pyrometer.

SPS setup resistance was affected by many factors described below.

A. Electric conductivity: graphite parts (punch and spacer) and the powder. Used graphite
punch has NCT or PCT character of the electric resistivity dependence on temperature (Figure

6.1(a)) [110]. Also, the powder showed either NCT or PCT of resistivity (Figure 6.1(b)).

B. Electric contact resistance (ECR): there is vertical ECR which is based on the parallel
gap between the punch and the die, and horizontal ECR which is caused by the gap between the
sample and the punch. Both ECR has NCT of resistivity. The graphite paper electric conductivity

properties can be included in the ECR value.

C. The size of the SPS components: Powder pellet size reduces during SPS, which
increases the electric conductivity of the total processing setup. The punch size can be considered

to be constant if the graphite tooling creep is insignificant during SPS.

D. The porosity of the powder: Increasing temperature reduces the porosity of the powder

resulting in the decreasing electric resistance.

lonic conductor TZ-3YS powder (Figure 6.4(a)) and insulator Alumina (Figure 6.4(b))

were densified under 90 MPa using hybrid heating NFSPS. The constant current mode was
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employed to analyze the thermal-electrical response of the die setup. The TZ-3YS sample took
about 10 sec to achieve the necessary preheating for flash sintering. After pre-heating stage, it took
the powder 26 — 32 sec to become fully dense, which is shown by the plateau of the displacement
data. Therefore, totally about 40 sec was required to consolidate a net-shape TZ-3YS pellet using
NFSPS. The average heating rate was 2105.65 °C/min during the ramping stage. Alumina also
showed similar behavior as demonstrated in Figure 6.4(b). 98 % density was achieved in 51 sec

with a heating rate of 1674.36 °C/min.

In Figure 6.4, two stages can be identified. During stage 1, the electric current increased to
the maximum preset value, resulting in the increase of the voltage. Abruptly, at point A indicated
by the black arrow, the voltage started to decrease due to the increase of the electric conductivity
of the die set and powder. When the electric current reached the maximum preset value, the current
control mode started (Stage 2). During stage 2, the voltage increased or decreased depending on
the material electric resistance temperature dependence. In particular, the graphite, which showed
PCT of resistivity above 827 °C, is the reason for the increase of the voltage. During stage 1 or
stage 2, it is not easy to determine when electric current flows into the powder. At the Point A,

TZ-3YS can be electrically conductive, contrary to alumina.

The absence of the significant drop in the voltage value or even of an increasing voltage
during stages 1 and 2 may indicate that there is no thermal runaway of the powder. This is possibly
due to the high conductivity of the graphite foil and low voltage utilized by the SPS machine.
Therefore, our results may show that thermal runaway may not be required for the consolidation

of fully dense TZ-3YS components.
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In the flash sintering experiments, the thermal runaway didn’t enable the achievement of
the full density (From 52% to 82% for TZ-3YB) [252]). After thermal runaway, when current
reached the preset current limit, the power supply switched to the current control mode within less
than a second from the onset of the flash. The power dissipation in the powders, equal to IR, where
I is the electric current, and R is the resistance, decayed after that point as the resistance of the
specimen continued to fall, quickly reaching a quasi-steady-state rate of power dissipation in the
specimen. During constant current mode in flash sintering, the density of the sample reached the
95% [252]. At the same time, NFSPS enabled the consolidation of a full density sample without

thermal runaway, possibly due to the external pressure assistance.

6.2.2. NFSPS of SiC

Figure 6.5 Optical microscope images of vertical cross-section of (a) whole sample and (b)
1000X of etched nano SiC pellet processed by NFSPS
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Semiconducting nano size SiC powder was densified by NFSPS. Generally, sintering of
SiC requires high temperature, pressure and holding time (> 2050 °C, 69 MPa and >5min) [253].
Using NFSPS, the relative density of 87.04% was achieved within 294 sec employing the forced
mode. Due to the creep of the graphite punch stating around 1900 °C, the higher density was not
achieved. The creep behavior of the graphite is analyzed in last part of this section. Figure 6.5(a)
shows the optical microscope images of a vertical cross-section of the whole sample of nano SiC
pellet processed by NFSPS. An inhomogeneous density distribution is observed possibly due to
the fast densification regime of NFSPS. Etching of the SiC pellet shows a twin boundary in a grain

of SiC (Figure 6.5(b)). A high strain rate of NFSPS can favor deformation twinning.

Figure 6.6 (a) Cropped optical microscope image of a vertical cross-section of nano SiC pellet
processed by NFSPS (From Figure 6.5.), (1) — (3) SEM image of nano SiC pellet at a different
location.

SEM and EDS were used to characterize the grain size and composition of the different

locations inside the SiC pellet (Figure 6.6). Figure 6.6(a) is the cropped OM image (upper right
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portion of Figure 6.5). The center (region 1) of the SiC sample has the largest average grain size
2.5 um compared with 0.5 um average grain size of region 2. Also, twin boundaries can be
observed in the grains. In particular, a twin boundary was initiated at a grain boundary (solid red
arrow in region 1). Another area which is not affected by pressure from other particles remained
twin free (dashed red arrow in region 2), which may indicate the observed twins are deformation
twins. At the edge of the SiC sample (region 3) cracks are observed. The melting temperature of
SiC is around 2700 °C. Due to the non-homogeneous temperature distribution during the NFSPS,
the temperature of the powder can be higher than 2500 °C, even despite the recorded maximum
temperature of the die is 1576 °C. Therefore, the edge of the sample can be melted during
processing and cracked during cooling or ejection of the sample after NFSPS. EDS of region 1 and
2 indicates that the grains are composed of Si (41 at%), C (56.62 at%) and O (1.41at%). At the
same time, EDS of region 3 shows Si (34.2 wt%), C (56.49 wt%), O (8.19 wt%), Ca (0.37 wt%),
Mg (0.21 wt%), and Fe (0.26 wt%). The diffusion of elements from BN or graphite paper can be

a possible source of these impurities.
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6.2.3. NFSPS of Tungsten Powder

Figure 6.7 Optical microscope images of a vertical cross-section of etched nanopowder W pellet

processed by NFSPS, (a) electric current concentration case, (b) electric current deflection case

and (c) boron nitride coating at the center of the graphite paper (red arrow) used for the electric
current deflection case.
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Figure 6.8 The parameter changes during nano W powder consolidation using NFSPS. (blue
solid line: electric current (A), green dot line: temperature, red dash line: voltage (V) and
magenta dash-dot line: Z-axis displacement (mm))

Direct heating setup (Figure 6.2(a)) was used to consolidate the nano size W powder using
NFSPS with the forced mode. Under 50 MPa, nano W was densified to 90.84% with clear
inhomogeneous density distribution between the center and the edge of the sample (Figure 6.7(a)).
In direct heating setup, the electric current flows to the center of the powder which generates large
direct Joule heating with possible electric current effects, which can help fast densification at the
center. Herewith, no electric current can flow through the graphite paper surrounding the punches
and the powder, therefore the external layers of the powder sample are subjected to lower
temperatures. In order to deviate the electric current flow from the center to the entire sample, the
center of the graphite paper located between the punches and the powder was coated by BN (Figure
6.7(c)). Previously, BN coating on a graphite punch was suggested as a thermal homogenizer for
SPS [254]. Using that approach, the density distribution of the W sample became more

homogenized and had a higher relative density (94.15%) under the same pressure (Figure 6.7(b)).
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However, the edge of the sample was still porous compared to the center. Using the graphical area
approximation by ImageJ, the dense portion of Figure 6.8(a) and (b) can be assessed as 17% and
66%, respectively. Increasing the size of the boron nitride coating on the graphite paper and

increasing the holding time may improve the homogenization of the density in the W pellet.

Figure 6.8 shows the NFSPS parameter evolution during the W nanopowder consolidation
using the electric current deflector (BN coating in the center of the graphite paper) (Figure 6.7(b)).
The electric current was applied for 133 sec with 50 MPa. During fast heating (137s to 156s), the
heating rate is around 1513.13 °C/min. The shape of the Z-displacement curve becomes flat at 153

s, yet resulting in a porous structure (94.15%).
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Figure 6.9 The microstructure of current concentration case of nanopowder W pellet processed
by NFSPS: (a) Cropped optical microscope image of vertical cross section (From Figure 7(a).),
(1) — (4) SEM images at different locations indicated by the red color numbers.

The density and grain size distribution of the compacted W pellets with and without electric
current deflector were measured using SEM. For the W sample densified without an electric
current deviator (Figure 6.7(a).), the center region 1 has a more densified structure compared with
that of the edge region 3 with a similar average grain size of 5 um. Clear boundary (Region 2 in
Figure 6.9) between the dense and porous regions is observed. Also, the top and bottom layers of

the pellet have a dense structure with a smaller grain size of 2 um compared with another region.
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If there are only thermal effects influencing the densification, a gradual density distribution from
the center to the edge should be expected. The abrupt change of the density may be from the

intrinsic effects of the electric current due to the concentration of the electric current flow.

Figure 6.10 The microstructure of current deflection case of nanopowder W pellet processed by
NFSPS: (a) Cropped optical microscope image of vertical cross section (From Figure 7(b).), (1)
— (4) SEM images at different locations indicated by the red color numbers.

For the W sample with an electric current deviator, the boundary between the dense and
the porous regions was moved to the edge side (Figure 6.10). The center regions 1 and 2 have a

more dense structure compared with the edge region 3 with a similar average grain size of 7 um.
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Like in the previous case (region 4 in Figure 6.9), the upper and bottom layers of the pellet have

higher density with a smaller grain size of 4 um compared with other regions (Region 1~3).

6.2.4. Limitations and solution for NFSPS process
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Figure 6.11 (a) The NFSPS parameter evolution during the ZrN powder consolidation. (blue
solid line: electric current(A), green dot line: temperature, red dash line: voltage (V) and magenta
dash-dot line: Z-axis displacement (mm)). (b) creep of the punch and (c) sublimation of the
punch during the NFSPS of ZrN powder.

NFSPS method showed fast densification and net shape capability for low and medium
melting temperature metal or ceramic materials. For the high sintering temperature material
(refractory material), the deformation of the graphite tooling becomes problematic. Figure 6.11
represents the densification results of ZrN powder using the NFSPS direct heating mode. The ZrN
powder used in this study becomes fully dense at 1700 °C, 60 MPa, 100 °C/min and 1 min holding
time when processed by the regular SPS method (The data is not shown). However, when ZrN is
densified under 60 MPa using NFSPS, the Z-displacement curve (Figure 6.11(a)) does not show a
flat region with increasing temperature, resulting in the still porous ZrN pellet (96.92 %). This is
due to the creep (Figure 6.11(b)) or sublimation (Figure 6.11(c)) of the graphite punch. The
graphite punch represents the most heat accumulative region during NFSPS. The real temperature
of the punch can be about 2000 °C to 3000 °C even if the pyrometer indicates that the die

temperature is 2000 °C (Figure 6.11(a)).
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Figure 6.12 The creep test of graphite punch by SPS (a) The temperature (arrow to left) and
displacement (arrow to right) change with time for the graphite punch with 3 different pressure
(50 MPa, 75 MPa and 100 MPa), (b) Image of crept punches after the experiment

To prevent the creep and enhance the densification of NFSPS process, the creep behavior
of graphite punch was investigated. As shown in Figure 6.12(a), higher pressure make graphite
creep at the lower temperature: 50 MPa for 2300 °C, 80 MPa for 1878 °C and 100 MPa for 1587 °C.
Figure 6.12(b) shows the crept punches after each creep test under 3 different pressure. With this

information, two-step NFSPS was applied to nano-SiC compaction by NFSPS which will be

discussed later.

167



Argon Vacuum
1600 T 0.7 1600 T 0.7
—_— e —_— (]
1400 r~ - - T punch ” ~¥7 06 1400 F— - —T punch ey 06
o 1200 Displacement \ o 405 ‘E‘ 51200 fr-- Displacement .',,.-"' 1 O.SE‘
2 1000 t 1% 2 ¢1o00 04 g
5 f 103 8 5 S 03§
s 800 i E E 800 , ; £
Z i 102 g £ i 02§
g 600 ) 101 g g 600 . 01 g_
SIS S / f 1o & & 100 pe i } 0 £
200 f ,’\ 1 0 200 e \ A 0.1
0 4==" . . ‘ 02 0 =" 0 ‘ . . 02
0 100 200 300 400 0 100 200 300 400 500
m Time (s) E Time (s)
800 20 800 20
—— Current 1 1% —— Current Y
| 18 4 18
700 . - ~voltage 1 16 700 F- - - Voltage i :C
6w Jg 600} Iy
< 500 | 1122 =500 } e
$ a0 100 2 E a0t 110 8
5 3 $ 5 & . 18 =
5 30 " 1, 5 §w ) [
200 - I 200 | ~ 1
100 f - | 12 o | 20T L 15
0 : : o [ < — o
0 100 200 300 400 0 100 200 300 400 500
Time (s) Time (s)
Thermal expansion Densification Thermal contraction

Figure 6.13 Effect of gas flow during NFSPS. (a) picture of graphite die setup during NFSPS,
Die and punch temperature and displacement change with time under (b) Ar gas flow and (c)
vacuum, Current and voltage change during NFSPS (d) Ar gas flow and (e) vacuum

The influence of Ar gas flow on the creep of graphite punch was investigated. The
continuous flow of the Ar gas into the chamber may reduce the temperature of the graphite punch,
so that the creep can be prevented. PID was governed by the temperature of the die surface, the
temperature of the punch was additionally measured by a k-type thermocouple (top punch at Figure
6.13(a)). As shown in Figure 6.13(b) and (c), the temperature decrease of the punch for Ar flow
case is higher than that of the punch for vacuum case, yet the difference is not significant. Figure
6.13 (d) and (e) shows the current and voltage change during the NFSPS process under Ar gas
flow and vacuum, respectively. Almost similar current, voltage and holding duration were applied

for both cases. Even despite the punch temperature is lower in the presence of Ar gas, the creep of
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the punch was observed. Also, the relative density of the SiC pellet for both conditions is similar

(~ 86%) indicating that Ar flow does not affect much the creep behavior during NFSPS.
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Figure 6.14 The punch temperature and displacement change with time under (a) two-step
pressure NFSPS and (b) NFSPS with a smaller punch. Current and pressure change during (c)
two-step pressure NFSPS and (d) NFSPS with a smaller punch

The two-step pressure NFSPS was used to compact the nano-SiC powders. The
temperature of the punch was measured in-situ by extra thermocouple to determine when the
pressure should be decreased during the NFSPS process (Figure 6.14(a)). The NFSPS process
starts with the pressure of 100 MPa and this is reduced to 50MPa at before 1587 °C, which is the
onset creep temperature for 100 MPa case (Figure 6.14(c)). This method renders higher density
(93%) of the SiC pellet compared with the regular NFSPS approach. However, the creep of the
punch occurred in spite of the two-step pressure application, which can be explained by the stable

displacement during the electric current holding (black line in Figure 6.14(a)). The stable
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displacement does not indicate that densification is finished, instead, it shows that the punch cannot

be moved due to its deformed shape.

The punch with low aspect ratio can resist creep better than the one with high aspect ratio.
The height of the graphite punch was reduced from 20 mm to 15.5 mm to have a low aspect ratio.
Nano SiC powder was compacted under 100MPa in Ar by NFSPS method using the 15.5mm
height punch. As shown in Figure 6.14(b), initially, the slower decrease of the strain rate was
observed indicating that the densification of SiC occurs during the last stage of the sintering under
constantly applied pressure and without obstruction of the deformed punch. Even despite the
temperature and the current applied were lower than during the two-step pressure NFSPS (Figure
6.14(a) to (d)), the relative density of SiC sample was the highest (95%) obtained in this study,
indicating that low aspect ratio punch works well. After NFSPS, the creep of the punch with the

lower aspect ratio was not observed.

In summary, a novel NFSPS approach enabling the achievement of fast densification
similarly to flash sintering based on the spark plasma sintering process is developed. In this method,
the current is concentrated in the sample, and an electrically insulated die is added to easily control
the shape of the sample. Usually, the flash sintering method is applied to materials with a runaway
of their electrical properties. We demonstrated that our novel approach used in different
direct/hybrid configurations is applicable to nearly all materials from insulative ceramics to
conductive metals. High concentration of energy inside the sample and short sintering time makes
NFSPS more energy efficient compared with flash sintering. The developed approach integrates
the advantages of the SPS technology in terms of densification and microstructure control and
improves the SPS industrial applicability by enabling net shaping and significantly reducing the

operation time.
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6.3. Chapter Conclusions

The developed novel NFSPS technique enables fast consolidation (< 1 min) with the net
shaping of metal or ceramic components using a regular SPS machine. NFSPS can be easily carried
out by utilizing the graphite paper coated by BN in the framework of EDS or RS sintering
technologies. Unlike in flash sintering, for NFSPS the pre-compaction and binders are not required
for the fabrication of green specimens. Thermal runaway during NFSPS was not observed possibly
due to the high electric conductivity of the graphite and low voltage mode of the SPS machine.
However, without thermal runaway, full or near full density samples were obtained for metal and
ceramic materials. This means that while flash sintering is mostly based on just regular Joule
heating phenomena, thermal runaway may not be required to achieve fast densification when the
fast heating rate is imposed by the consolidation approach like NFSPS. Higher pressure can be
achieved in NFSPS compared with the results of Zapata-Solvas et al. [83] who used the brittle
alumina film as an insulation layer in a graphite tooling setup under 16 MPa. About 40 sec was
required to make the full density TZ-3YS pellets using NFSPS. However, inhomogeneous density
distribution was observed for SiC and W samples produced by NFSPS. Simple BN coating in the
center of the graphite paper between the powder and the punches improves the density distribution
and the final density by changing the electric current path. The creep of the graphite punch limits
the application of NFSPS to high melting temperature materials. The graphite punch with low

aspect ratio solves the creep problem of NFSPS successfully.

Chapter 6, in part, is a reprint of the material as it appears in Scientific report, 2017. C.
Maniere, G. Lee, and E.A. Olevsky. The dissertation/thesis author was the secondary investigator

and author of this paper.
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Chapter 6, in part, is currently being prepared for submission for publication of the material.
C. Maniere; G. Lee; J. McKittrick; A. Maximenko; E.A. Olevsky. The dissertation/thesis author

was the secondary investigator and author of this paper.
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CHAPTER 7 General Conclusions

7.1. Achieved Goals

The research is conducted to find the influence of the electric current on the efficiency of
current assisted consolidation of powder materials. We found that electric current enhances the
densification kinetics of conductive powders by either changing the densification mechanism itself
or changing the creep parameters like the deformability of materials. We showed also that the
electric current can reduce the surface oxides or slower the grain growth. Finally, we developed a
new method which uses the high concentration of the electric current to accelerate the

consolidation process.

For the first time, the constitutive equation for hot pressing (HP) was modified to have
electric current effects-related terms, resulting in the constitutive equation for spark plasma
sintering (SPS). We used these two equations as the tools for elucidating intrinsic electric currents
effects on the densification kinetics of electrically conductive powders. There are three possible
changes which may be introduced by electric current effects into the SPS-specific constitutive
equation: (i) the change of the creep exponent (n or its reciprocal m (strain rate sensitivity),
indicating the change of the mass transfer mechanism; (ii) change of the frequency (pre-
exponential) factor related to the material’s deformability (this corresponds to the influence of
electroplasticity); and (iii) extra terms introduced in the constitutive equation in addition to the
traditional power-law creep expression (this corresponds to the possible influence of additional

dissipative mechanisms, such as electromigration, oxide reduction, etc.).

The fine ZrN powder compaction by 3 SPS mode experiments conducted under different

electric current density levels, and micro-sized ZrN HP vs. SPS comparative experiments showed
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that the electric current flow can influence the deformability of the powders and enhance the
densification during electric current assisted sintering if it is assumed that there is no change of

deformation mechanism under electric current.

Otherwise, if it is assumed that the electric current flow can change the deformation
mechanism of the powder, the micro-sized ZrN HP vs. SPS comparative experiments indicates
that the densification mechanism is different in HP and SPS. HP is based on the dislocation climb
(m = 0.22), while SPS uses the dislocation glide controlled creep mechanism (m = 0.33). The
electric current effect such as localized heating at defects and defects generation may facilitate the
diffusion of the number of barriers encountered by a mobile dislocation, which assists the removal
of the obstacle. Also, a mobile dislocation that obtains energy from local Joule heating or an elastic

field effect from vacancies generated by an electric current, can overcome obstacles more easily.

A comparative study of SPS and high voltage electric discharge compaction (HVEDC)
methods was conducted to see the effect of high voltage on the consolidation of micro-sized ZrN.
SPS enables higher density and produces more uniform microstructures compared to HVEDC,
which is due to non-homogeneous electric current and corresponding temperature distributions
and short sintering time of HVEDC. A constitutive model of the densification behavior was
proposed and verified based on the experimental data of HVEDC, and showed that the high voltage
application to ZrN powders can change the m value from 0.1 to 1 when we disregard the Joule
heating due to short sintering time (us). This also validates the previous statement that the electric

current affects the densification mechanism of the conductive powders during the sintering.

We showed that the densification mechanism of W consolidated by SPS was between the

dislocation glide and the GBS for regular SPS; The electron backscatter diffraction (EBSD)
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analysis showed the removal of the grain structure orientation of W during SPS, which is related
to GBS mechanism. Generally, the transition from the dislocation creep controlled by the
dislocation climb to the grain boundary diffusional creep is expected for the HP of W powders,

which indicating the mechanism may not be changed by electric current.

The oxide phase in the starting Mo nanopowder gives detrimental effect on the density and
mechanical property of produced pellet. The densification mechanism of Mo nanopowders after
melting of Mo oxide phase is revealed as the dislocation creep controlled by dislocation climb with
lattice diffusion. The melted oxide phase in the grain boundary and porous area between the
particles prevent the grain boundary diffusion mechanism. Two in situ oxide removal
technique(The carbothermal reduction or the particle surface cleaning by electric current) during

SPS results in the decrease of the oxide contents and the increase of the final density.

By hydrogen reduction and milling of MoO3s micro powders, Mo nanopowders (~100 nm)
without surface oxide were successfully synthesized and their densification mechanism compacted
by SPS were revealed as GBS mechanism controlled by grain boundary diffusion mechanism
which confirming that oxide phase in Mo nanopowders blocks the grain boundary diffusion. SPS
method successfully limits the grain growth of Mo nanopowders during sintering. Although the
total reflectivity of PC Mo mirror after exposure is lower than that of SC mirror, this PC Mo mirror
shows lower diffuse reflectivity and higher erosion resistance under same plasma condition.
Making bulk Mo mirror with nanograin size by SPS process will give clear benefit respect to the

cost and life expectancy of the mirror for future optics study in the nuclear reactor.

The net shape flash spark plasma sintering (NFSPS) technigque enables fast consolidation

(< 1 min) with the net shaping of metal or ceramic components using a regular SPS machine.
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Unlike in flash sintering, for NFSPS the pre-compaction and binders are not required for the
fabrication of green specimens. High pressure used in NFSPS can be the reason for fast
densification even without thermal runaway phenomena. It was shown that the creep and
sublimation of the graphite punch limit the application of NFSPS to refractory materials. Reducing

the height of the graphite punch successfully remove the creep problem during NFSPS.

7.2. Engineering & Science Novelty of the Obtained Research Results

a. The new constitutive equation of SPS taking into account the electric current effects
has been developed. The electric current density change during SPS has been estimated
with the consideration of the inter-particle neck area growth. It was shown that high
electric current density can change either the densification mechanism or the
deformability of conductive powders.

b. ZrN powders components have been consolidated using SPS and HVEDC methods.
Theoretically, it was shown for the first time that the densification mechanism can be
changed with applied voltages during the HVEDC process.

c. For the first time, the densification mechanism of W powders which have GBS
mechanism was proved experimentally by EBSD method.

d. The densification mechanisms of the Mo nanopowders with or without the oxide phase
compacted by SPS were revealed.

e. For the first time, Mo metal mirror with submicron grain size was fabricated by SPS;
and the reflectivity was tested before and after the plasma exposure.

f. The developed novel NFSPS technique enables fast consolidation (< 1 min) with the

net shaping of metal or ceramic components using a regular SPS machine. NFSPS is
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the promising densification technigue in terms of energy efficiency and sintering time.

NFSPS can be easily achieved using a regular SPS machine.

7.3. Summary of Research Progress

A flowchart that summarizes the conducted work corresponding to the formulated research
objectives and tasks in Figure 2.1 is given in Figure 7.1. It is safe to conclude here that all tasks

required have been successfully achieved in this study.

Derivation of constitutive equation e - .
. - Utilization of electric current for
for electric current assisted - - .
. . sintering of refractory materials
sintering
I I
v ) ) v
Implement of Consolidation of Consolidation of nano
multiphysics FEM for electrically conductive and micro sized
SPS setup powders powders
I | I I
' !
Determination of constitutive Characterization and analysis of
parameters compacted pellets
| [
]
Determination of electric current High energy efficient and fast
effect on sintering densification with electric current

| |
v

Influence of electric current on efficiency of
field assisted consolidation of powder materials

Figure 7.1 Summary of conducted work in a flowchart
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