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ABSTRACT 

Flash sintering was first demonstrated in 2010, where a ceramic green body was rapidly 

densified within seconds by applying an electric field during the heating process. The ultra-fast 

densification can occur as current abruptly flows through the material and self-heats by Joule 

heating. This process has potentials for large energy savings due to the reduction in furnace 

temperatures and shortened sintering time compared to conventional sintering. In addition, the 

ultra-high heating and cooling rates, along with the impact of electric field and current leads to the 

formation of unique non-equilibrium features in ceramics, which could greatly enhance their 

properties. Despite the potential of flash sintering, there are many challenges in moving this 

technique towards practical applications, such as the microstructure inhomogeneity and lack of 

understanding of the defects characteristics. 

In this dissertation, flash sintering was performed on ZnO to investigate the influence of 

various electrical conditions on the microstructure and defects. Detailed characterization was 

performed on flash sintered ZnO with and without a controlled current ramp, and contrasting types 

of current (DC and AC). These parameters show significant impact on the gradient microstructure 

and defects, and provide a way to tailor the desired characteristics for a wide range of applications. 

On the other hand, flash sintering of ZnO performed with a high electric field and low current 

density resulted in the growth of nanostructures. These nanostructures are unique compared to 

other growth techniques as they contain high density basal-plane stacking faults, and exhibit 

ultraviolet excitonic emission and red emission at room temperature. The nanostructure growth 

mechanism was investigated by varying the current density limit and revealed the formation of 

liquid phases which allowed growth by the vapor-liquid-solid mechanism. These findings present 
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a new exciting route for flash sintering to produce highly defective nanostructures for device 

applications with new functionalities. 
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 INTRODUCTION 

Ceramics are highly desirable materials for a wide range of applications as they have 

excellent mechanical strength and chemical inertness. However, their high melting points and 

brittle characteristics make processing of ceramics extremely challenging and costly compared to 

metals and polymers. They usually require a high temperature thermal treatment process, known 

as sintering, to transform a packed powder compact into a dense bulk form which is mechanically 

strong enough for applications. Sintering has existed since the prehistoric era of civilization for 

firing pottery and it is one of the oldest human technologies. Till now, sintering is still a highly 

important process to produce traditional ceramics and functional ceramics for mechanical, 

electrical, optical, chemical, magnetic, thermal, biological, and nuclear applications. 

The general steps involved in conventional dry ceramic processing are shown in Figure 1.1. 

The process starts from ceramic powder, which is either commercially available or synthesized 

from precursor materials. Typically, powder processing is a necessary step in order to modify the 

powder characteristics, such as the particle size, distribution and shape, and degree of 

agglomeration. The following step is powder compaction, where the powders are loaded into a die 

and pressed using uniaxial force to pack the powder as tightly as possible into a green body. 

Achieving a high green body density is desirable as it will ease the removal of any remaining 

porosity in the next and final step, i.e., the sintering process. Sintering transforms the green body 

into a dense ceramic by heating in a furnace. This process involves high furnace temperatures and 

long holding time to provide thermal energy for mass transport via diffusional processes. Although 

this is a technically simple process, it can be challenging to find the right sintering conditions due 
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to various competing diffusion mechanisms. Thus, sintering has been extensively studied as it is 

the most critical step to achieve the desired final microstructure and properties of ceramics.  

 

Figure 1.1 Steps in conventional ceramic processing. 
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There are two main types of sintering process: solid state sintering and liquid phase 

sintering. Solid state sintering refers to the transformation of the powder compact into its dense 

state purely in solid state, while liquid phase sintering requires a liquid phase present in the powder 

compact which will aid the sintering process. As the dissertation work pertains to solid state 

sintering, sintering will always be referred to as solid state sintering here after. In this introduction 

chapter, the fundamentals of sintering are presented along the advancement of sintering techniques. 

This background will provide useful information in understanding flash sintering, the main focus 

of the dissertation, which will be reviewed in Chapter 2. 

1.1 Sintering and grain growth 

The goal of the sintering process is to densify the material, or in other words, remove the 

porosity from the material. By providing thermal energy, mass transport can occur by diffusion of 

atoms, ions and other charged species through various pathways [1], as shown in Figure 1.2. In 

order for densification to occur, mass needs to be transported from the bulk or grain boundaries to 

the pores, which results in sample shrinkage. This primarily occurs through lattice and grain 

boundary diffusion, and less often plastic flow through dislocations. However, it is also possible 

to move mass along the grain boundaries or surfaces through lattice or surface diffusion, and vapor 

transport. Since these processes are not moving mass to the pore regions, they are non-densifying 

mechanisms and result in coarsening. Both densification and coarsening mechanisms actively 

occur simultaneously during sintering and the final microstructure usually results in a dense 

microstructure with grain growth.    

 



 
 

17 

 

Figure 1.2 Schematic of the diffusion mechanisms involved in coarsening and densification. 

 

To understand how the microstructure evolves during the sintering process, we must 

consider the thermodynamics and kinetics of the process. The thermodynamic driving force of 

sintering is the reduction of free energy of the system, which are provided by the curvature of the 

free surfaces. For both densification and coarsening mechanisms, all the diffusion processes offer 

a way to minimize the free energy by reducing the surfaces or interface areas, or forming necks 

between the particles. On the other hand, the kinetics determine if the process can be completed 

within reasonable magnitude of time. This is dependent on the rate of diffusion, and the type and 

concentration of defects in the solid. Hence, it is important to maximize the driving force and rate 

of the process by adjusting the sintering variables, which will be discussed next.  
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1.2 Sintering variables 

Due to the interplay of multiple diffusion mechanisms, ceramic systems have to be 

meticulously studied through the process parameters. The final goals would vary between different 

applications, but most often, a dense microstructure with a fine grain size is desired. There are 

many sintering variables which can be modified, starting from the raw material itself. The most 

common sintering variables are summarized in Figure 1.3 and can be categorized as a material or 

process variable.  

 

 

Figure 1.3 Sintering variables categorized as material or process variables. 

 

While process variables directly impact the sintering process, material variables can also 

significantly impact the powder packing before sintering and the sinterability of the material. One 

of the most critical material variables is particle size, as it determines the initial surface energy. 

Starting with nanosized powder will provide a larger surface energy as driving force compared to 

micrometer powders. Additionally, having high surface areas will result in higher concentration of 

defects and dangling bonds which provides enhanced atomic mobility [2]. Thus, nanosized 

ceramic powders are very commonly used as starting materials since they can sinter at lower 
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temperatures and achieve finer grain structure after sintering. It is also very important for the 

powder to be free from agglomeration as they can create severe inhomogeneity in the sample.  

On the contrary, process variables rely primarily on the furnace heating profile. The well-

studied process variables are the heating rate, sintering temperature and holding time, as they can 

be easily devised to modify the relative contribution of densification and coarsening. Figure 1.4 

shows the relative rate of densification and coarsening mechanisms with inverse temperature [3]. 

In general, surface diffusion and vapor transport are dominant in the low temperature region, while 

grain boundary and volume diffusion are dominant in the high temperature region. Hence, 

densification can be maximized by reaching higher temperatures and coarsening can be minimized 

by reaching higher temperatures by a faster heating rate. 

 

Figure 1.4 Rate of coarsening and densification vs. 1/T. 
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Using a faster heating rate is an effective method to prevent the initial coarsening at low 

temperatures and maximize the driving force for the densification process. Fast firing was 

proposed by Brook [4] to increase the heating rate by rapidly inserting the green body into a pre-

heated furnace, and thus the heating rate is as fast as thermal conduction allows. However, thermal 

gradients are often observed due to low thermal conductivity of ceramics [5,6]. Another unique 

sintering profile is the two step sintering technique, which was first demonstrated by Chen and 

Wang [7]. This starts off with a high sintering temperature for a short time, followed by a lower 

sintering temperature for a longer time. This helps to minimize grain growth at the later stage of 

the sintering process which keeps the final grain sizes finer. 

Although modifications to the sintering temperature profile can improve the densification 

process, there are still many challenges in predicting the densification behavior for each ceramic 

system. One of them being the densification process is driven solely by the reduction of surface 

energy. Thus, it will still require high sintering temperatures and several hours of holding time, 

which can be highly energy intensive. Moreover, the densification rate is slow, which will always 

contribute to unnecessary grain growth. This is what has motivated the development of advanced 

sintering techniques, which could densify ceramics while maintaining finer grain sizes and using 

a less energy intensive process.  

1.3 Advancement of sintering techniques 

Various new sintering techniques have been introduced and developed to improve the 

processing of ceramics. Figure 1.5 shows the timeline of the development of sintering techniques, 

where a majority of these new techniques came about recently in the past decade [8]. These 

techniques utilize external stress or fields, such as pressure, electric field and electric current. The 
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main benefit of these techniques over conventional sintering is the reduction of energy required to 

process the ceramics by lowering temperature and reducing sintering time. They also offer 

additional sintering variables, which can better control the densification process. 

 

Figure 1.5 Timeline of the development of various sintering techniques. [8] 
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1.3.1 Pressure-assisted sintering 

Using an externally applied pressure has proven to be one of the most effective techniques 

in reaching fully dense samples during sintering. Examples of pressure-assisted sintering 

techniques include hot pressing, hot isostatic pressing and sinter forging. The success of this 

technique in densifying ceramics is contributed largely by the applied pressure which provides an 

additional driving force for densification to occur without any grain growth through activated creep 

and plastic flow mechanisms [3]. These pressure-assisted techniques are especially beneficial for 

ceramic fabrication which requires full density, such as optically transparent ceramics [9–11]. This 

technique is also highly advantageous for materials difficult to sinter through conventional 

methods, such as nitrides and carbides [12,13].  

Although the pressure-assisted process is extremely advantageous, there are many 

challenges in using the process for upscale manufacturing. Producing large scale objects would be 

difficult since it will require extremely high pressures for large surface areas. In addition, complex 

3D-shaped components are very challenging to produce with an applied pressure. As a result, the 

costs to produce ceramic components through pressure-assisted processes are significantly higher 

compared to conventional sintering since batch processing is often limited and will require 

intensive post-machining to achieve the final net shape. 

1.3.2 Electrically-assisted sintering 

Electrically-assisted sintering is another sintering technique which can rapidly densify 

ceramics. The most studied electrically-assisted sintering technique is spark plasma sintering 

(SPS), or sometimes known as electric current-assisted sintering or pulsed electric-current 

sintering. This technique utilizes high electric currents to heat the die while applying a pressure 
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onto the powder compact. Since there is pressure involved, SPS is comparable to pressure-assisted 

sintering techniques, particularly hot pressing (HP). Figure 1.6(a) and (b) shows the schematics 

for HP and SPS techniques, respectively, where both techniques show a very similar experimental 

setup. The major difference between these two techniques is the heating source: SPS utilizes pulsed 

direct current (DC) to heat up the die which contains the powder through Joule heating, whereas 

HP utilizes typical furnace heating elements and heats up the entire chamber through radiation. By 

employing electric current, SPS is highly advantageous over HP due to its ability to achieve very 

high heating rates. The current can be rapidly increased to achieve heating rates up to 1000°C/min 

[14]. Since the powder may be conductive during the heating process, it is also possible for electric 

current-induced effects to occur, such as electromigration which increases point defect 

concentration and enhance mass transport rates [14]. However, since this process is still a primarily 

a pressure-assisted sintering technique, this technique has similar disadvantageous to them. 

 

Figure 1.6 Schematics comparing (a) hot pressing (HP) and (b) spark plasma sintering (SPS) 
techniques. 
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In 2009, a study investigating the impact of a small electric field (< 20 V/cm) on 

microstructure evolution revealed enhancement in the rate of sintering [15]. By increasing the 

electric field beyond a threshold (Figure 1.7), the densification took place much more abruptly 

which led to the discovery of a new state-of-the-art pressureless electrically-assisted sintering 

called “flash sintering” in 2010 [16]. Unlike SPS, the electric current completely flows through 

the ceramic body, which leads to internal Joule heating (Figure 1.8). The first study of flash 

sintering showed rapid densification of nanograin zirconia at 850°C in < 5 s using an applied field 

of 120 V/cm [16]. For comparison, sintering of zirconia (3YSZ) typically requires furnace 

temperatures around 1100 to 1500°C for several hours [17]. This significant reduction in furnace 

temperature and sintering time could lead to accelerated manufacturing and potential energy 

savings, which presents many exciting opportunities for ceramic processing. The next chapter will 

review the literature on flash sintering in more details and discuss the remaining challenges.  
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Figure 1.7 Sample shrinkage as a function of furnace temperature and electric field strength. [16] 

 

 

Figure 1.8 Schematic demonstrating flash sintering experiment. (a) Electric field is applied 
during the furnace heating process and (b) “flash” occurs when current flows through the sample. 
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 REVIEW ON FLASH SINTERING  

Flash sintering is performed by heating a ceramic in a furnace while an electric field is 

applied to the sample. Since most ceramics have a negative temperature coefficient (NTC) of 

resistivity, ceramics become less resistive at higher temperatures and makes it is possible for 

ceramics to conduct current [18]. When the sample begins to conduct current, the “flash” event 

occurs where the sample experiences large thermal runaway due to Joule heating resistively heat 

the ceramics. This is accompanied by a non-linear increase in conductivity, bright light emissions 

and abrupt sample shrinkage within seconds.  

Flash sintering has been successfully performed on a wide range of ceramic materials. 

Zirconia (ZrO2) was the first material densified through this technique [16] and has led to majority 

of the published work based on this material (Figure 2.1). Most of the other flash sintering studies 

are focused primarily on oxides, including zinc oxide (ZnO) [19–40], ceria (CeO2) [41–49], titania 

(TiO2) [50–59], perovskites (SrTiO3, BaTiO3, BiFeO3) [60–75] and alumina (Al2O3) [76–79]. 

Flash sintering has also been successfully demonstrated on various silicates [80–88], nuclear 

materials [89–93] and multiphase composite systems [94–97].  
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Figure 2.1 Cumulative number of published articles for the most common oxide systems studied 
for flash sintering. 

 

 In this review chapter, flash sintering will be discussed in several aspects, including 

experimental details, proposed mechanisms and characteristics of flash sintered ceramics. The goal 

of the review is to provide an in-depth knowledge of the current literature of flash sintering and 

background for the motivation of the dissertation work.  

2.1 Experimental setup 

There are many variations of experimental setups in order to perform flash sintering, as 

there are yet to be any commercial or standardized flash sintering equipment. The basic 

requirement to perform flash sintering would be electrical connections on the opposing ends of a 

ceramic sample to a power supply and it should be placed in a furnace in order to be heated. In 

order to obtain any data from the experiment, such as voltage, current and shrinkage, additional 

monitoring tools are used along with the necessary equipment. The electrical data are usually 
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recorded by connecting the power supply to a computer software such as LabView or an external 

monitoring equipment. The shrinkage can be estimated by either a charge-coupled device (CCD) 

camera or linear variable differential transformer (LVDT), depending on the sample geometry. 

Figure 2.2 shows the most commonly used sample geometry with their corresponding furnace 

setups. 

 

Figure 2.2 Variation of common flash sintering setups based on sample geometry. 
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The dogbone geometry is the most often used in flash sintering studies. A dogbone sample 

usually has holes at the opposite ends of the gauge area, where the wires are inserted through. This 

geometry is highly preferred mainly due to the reduced cross sectional area at the gauge, which 

helps to concentrate the flow of current through. The shrinkage is recorded using a CCD camera 

since the sample is suspended and the shrinkage only occurs in the gauge length. However, this 

geometry has no practical application, as only the neck region of the dogbone is sintered. In 

addition, the complex green body is difficult to produce and has no ability to scale up. Rectangular-

shaped geometry can also be flash sintered using a similar setup to the dogbone sample [18,98–

100]. This geometry is slightly easier to produce compared to the dogbone but still has the same 

limitations for practical applications.  

Cylindrical samples are the most practical geometry and have been successfully flash 

sintered. The electrical contacts are placed on the opposing flat surfaces of the cylinder. This 

geometry is often used in a dilatometer which has a LVDT to track the linear shrinkage. However, 

having a significantly larger cross-sectional area, surface area, and volume than the other 

geometries makes it extremely difficult to sinter uniformly. For comparison, the cross-sectional 

area of typical dogbone-shaped samples (3 mm x 1.58 mm) is approximately 5 mm2 [16], while 

cylindrical sample (6 mm diameter) is approximately 28 mm2 [20]. With such a large increase in 

contact area, there is a very high possibility for high contact resistance and preferential current 

pathways to exist in cylindrical samples which can result in spikes in electrical plots and formation 

of voids and cracks [101,102]. In addition, surface cooling effects could be varied between sample 

geometries, depending on the sample surface area to volume ratio, which can result in a 

microstructure gradient between the surface and the core [103–106].  
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Besides sample geometry, there are several other considerations for the flash sintering 

setup, such as the type and quality of electrical contacts. Platinum (Pt) is most commonly used to 

provide contacts and electrical wire. Although Pt is a costly and may induce blocking effects during 

flash sintering, it is still the best material choice for flash sintering due to its high electrical 

conductivity, chemical stability and resistance to oxidation up to high temperatures. The quality 

of the interface between the sample and electrical contacts can also strongly impact the flash 

sintering process. Usually what is considered a “good” contact is when the interface has limited 

contact resistance and have uniform electric potential across the sample [100]. On the contrary, a 

“bad” contact configuration would have high contact resistance and lead to significantly 

inhomogeneous and asymmetric samples [100]. Most often, the quality of the contact can be 

improved by using conductive paste or suspension on the contact area. Careful material selection 

for this ink or paste is also necessary as it can play a role during the flash sintering process [77,107]. 

Further testing with 4-point conductivity measurements can be performed to investigate and 

mitigate the issue of contact resistance if necessary [108]. 

There are also several other modifications of flash sintering experimental setup which has 

been demonstrated. Figure 2.3(a) shows thermally-insulated flash sintering, where the sample is 

wrapped with alumina felt or embedded in a zirconia powder bed inside the furnace during flash 

sintering [109]. This technique was proposed to avoid excessive heat loss from the sample and has 

shown improvement on the sample densification process. Other modified flash sintering processes 

include sliding contact flash sintering (Figure 2.3(b)) [110] and contactless flash sintering FSPS 

(Figure 2.3(c)) [111]. Both of these techniques were proposed to improve the scalability of the 

process by approaching continuous flash sintering. Flash sintering has also been combined with 

other pressure-assisted techniques, such as sinterforging ((Figure 2.3(d)) [112] and SPS (Figure 
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2.3(e)) [113–117]. The hybrid flash SPS has been well-studied as it allows for flash sintering of 

materials which have higher conductivity, such as borides and carbides [113–117], since SPS 

systems have built-in high current density and low voltages. 

 

 

Figure 2.3 Schematic of modified flash sintering (FS) processes: (a) Thermally-insulated FS, (b) 
sliding electrodes FS, (c) contactless FS, (d) flash sinterforging and (e) flash spark plasma 

sintering. [8] 
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2.2 Three stages of flash sintering 

The flash sintering process can be explained in three main stages [118]. Figure 2.4 shows 

the electrical plots corresponding to the three stages of flash sintering. In general, Stage I is 

attributed to when the power supply is in “voltage control” mode, while Stage II is during the non-

linear rise of current and Stage III is during the holding time in “current control” mode.  

 

Figure 2.4 Three stages of flash sintering. [56] 
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2.2.1 Stage I 

Stage I begins when the electric field is applied across the sample and ends when the current 

begins to increase in a non-linear trend. The Stage I behavior is dependent on the initial sample 

resistivity, which is determined by several experimental factors [119]. Most often, the combination 

of electric field strength and furnace temperature are the dominant factors contributing to the varied 

length of Stage I, which can vary from several seconds up to several hours. The initial sample 

resistivity can also be influenced by powder chemical composition, particle size, green body 

density and furnace atmosphere [120–122]. As this stage pertains to the behavior before the non-

linear increase in conductivity, researchers have referred to this stage as an “incubation” period 

[123,124].  

2.2.2 Stage II 

Stage II is usually a brief stage lasting several seconds when the current rises in a non-

linear trend. During this time, the power supply needs to be switched from a voltage control to 

current control mode in order to prevent the current increasing indefinitely. This action can be 

performed by setting a feedback loop for the power supply when the current has reached the limit 

set. The abrupt current increase and switch to current control forms a sharp spike in the power 

density curve. During this stage, most of the densification process occurs, as the sample 

experiences large thermal runaway by Joule heating and usually emits a very bright light emission. 

The transient behavior of this stage makes it difficult to fully understand what happens during this 

very abrupt moment. 
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2.2.3 Stage III 

Stage III occurs during current control mode. This stage be held for an infinite time, as 

long as the sample remains conductive, which is why it is known as the “steady-state” stage. 

During this stage, the current is completely flowing through the sample and internally heating by 

Joule heating. Since the power supply is no longer under voltage control, the electric field will 

change according to the conductivity of the sample. It is often observed that the electric field during 

this stage will begin to decrease over time, since the sample conductivity increases. This stage is 

usually kept brief to avoid significant grain growth, from several seconds to several minutes, which 

is significantly shorter than conventional sintering. Many in situ characterization studies have been 

preferably performed during Stage III since it can be held more consistently for a longer time, 

compared to Stage I and II [45,55,97]. 

2.3 Proposed mechanisms 

The mechanism of flash sintering was a critical discussion topic since its first report in 

2010. The main motivation for the mechanistic studies is to understand the rapid mass transport 

process during flash sintering. Ceramic sintering is a lengthy process which rely on rate-limiting 

diffusional mass transport. Yet, flash sintering is able to overcome many of those obstacles and 

ceramics can undergo remarkably fast densification at lower temperatures. The flash phenomenon 

has brought up many fundamental questions of how its mass transport process would differ from 

conventional sintering. The investigation of the flash sintering mechanism mainly aims to explain 

three main events:  

1. Rapid densification within seconds 

2. Abrupt non-linear rise of conductivity 

3. Intense light emission 
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Overall, the rapid densification during flash sintering can be sufficiently explained by the 

Joule heating phenomenon, which leads to elevated sample temperatures and ultra-high heating 

rates. While some believed that Joule heating was the only responsible mechanism for the rapid 

densification, others believed there are additional mechanisms activated during this unique 

phenomenon which has led to a strong debate among the community. The main mechanism, Joule 

heating, will be discussed further, along with other proposed mechanisms including nucleation of 

Frenkel-pairs and local surface and grain boundary overheating by Joule heating. 

2.3.1 Joule heating 

Joule heating is a notable phenomenon when current flows through a conductor and 

produces heat and has been the most agreed mechanism for flash sintering. Since most ceramics 

have a negative temperature coefficient (NTC) of resistivity, they become increasingly conductive 

with increasing temperatures [18]. As stated by Joule’s law, the power of heating (P) is equal to 

the product of voltage (V) and current (I): 

𝑃 = 𝑉 × 𝐼 =  
𝑉

𝑅
 

By substituting Ohm’s law (I = V/R), P is equivalent to V2/R, where R is the resistance. Thus, the 

rapid drop in resistance during sample heating would explain the increase in power dissipation 

(Figure 2.5). This leads to a thermal runaway event, where the electrical power is converted into 

heat dissipation of the sample [18]. Such an event will cause a rapid increase sample temperature 

up to several hundreds of celcius above the furnace temperature, which explains the accelerated 

rates of mass transport. 
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Figure 2.5 Plots of power and resistance during flash sintering. 

 

While an increase in sample temperature contributes to higher densification rates, that 

should also include the grain growth process. Often, the sample grain sizes from flash sintering 

are smaller than conventional sintering when sintered to similar final densities [120,125]. Thus, 

the elevated sample temperature is most unlikely not the only reason that Joule heating expedites 

the densification process. Several studies have suggested that the rapid densification during flash 

sintering are mainly contributed by the ultra-high heating rate [98,126]. As current is increasing in 

a non-linear rate, the sample temperature would also increase rapidly. The first estimation of 

heating rate was Grasso modeled using finite element analysis (FEA) and estimated the heating 

rates to be approximately 104 °C/min during flash sintering [127]. This heating rate is orders of 

magnitude higher than typical conventional sintering and most sintering techniques, as shown in 

the heating rate comparison in Figure 2.6 [128]. The impact of ultra-high heating rate during flash 

sintering was compared to various techniques with similar heating rates, such as fast firing and 
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self-propagating high temperature synthesis. The resulting density and grain size from the various 

ultra-fast heating techniques are comparable to flash sintering for 3YSZ [98,126] and ZnO [126].  

 

Figure 2.6 Estimated heating rates for various sintering techniques. [128] 

 

Due to the ultra-fast heating rates involved, a recent flash sintering study discusses the 

possibility of plastic flow to occur which contributes to the rapid densification [129]. In 

conventional sintering, plastic flow is a possible densification mechanism but only if dislocations 

are nucleated and mobile. Since flash sintering experiences ultra-high heating rates to high 

temperatures, it is possible for the plastic flow mechanism to be activated. There have been 
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multiple previous studies which show some evidence of this event, such as superplasticity during 

flash sintering [130], viscosity effects [131] and presence of dislocations after flash sintering 

[56,69,121]. These studies point towards the existence of the plastic flow mechanism during flash 

sintering and it is still currently an active research topic, especially its correlation to the impact of 

an electric field and current (electroplasticity). 

Besides the rapid densification, it is also necessary to correlate Joule heating to the non-

linear increase of conductivity and bright light emission. While the sample conductivity is steadily 

increasing from the furnace heating process, the formation of particle necks and sample 

densification are possible reasons for contributing to the increase in conductivity. While this is a 

feasible explanation, the increase in conductivity can also be contributed by the increase in charge 

carriers at higher temperatures and this will be dependent on the in defect reactions of the ceramic 

system. Both of these are likely the main contributors to the non-linear increase of conductivity 

simply based on a thermal explanation, but it should be noted that this has additional complexity 

due to the impact by electric field- and current-induced effects which will be further discussed 

later in 2.4.1. On the other hand, the bright light emitted by the sample can be simply explained 

by the thermal radiation from the sample [132]. As materials are heated past a certain temperature, 

the electrons are excited and release photons, creating the bright light.  

While this is a universal mechanism of flash sintering, there are many unique 

characteristics observed in flash sintered ceramics, such as microstructure gradients, defects, 

metastable phases and textures which could not be simply explained by the Joule heating effects. 

Thus, the discussion on flash sintering is now categorized into thermal and non-thermal effects to 

isolate the effects of Joule heating and those related to the defects [133]. The non-thermal effects 

are usually material dependent and non-equilibrium features, which can be extremely 
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advantageous in producing ceramics with highly enhanced properties. These effects will be further 

discussed in 2.4. 

2.3.2 Nucleation of Frenkel-pairs 

Formation of Frenkel defects was one of the earliest proposed mechanisms to explain the 

simultaneous rapid mass transport, increase in conductivity and bright light emission [134]. A 

Frenkel defect is the formation of a vacancy-interstitial pair, which can undergo in both cation and 

anions for ionic ceramics. This is schematically shown in Figure 2.7 and can be generally written 

in Kröger-Vink notation as the following: 

𝑀 + 𝑉 → 𝑀∙∙ + 𝑉   

When these pairs form, the densification process is rapidly enhanced when the vacancies move 

towards the grain boundary, while the interstitials migrate towards the pores. With the formation 

of Frenkel pairs, this can also result in the formation of free electron and holes, contributing to the 

increase in conductivity. Additionally, the intense light emission was suggested to be a result of 

electroluminescence from the recombination from electrons and holes [135,136].  

 

Figure 2.7 Frenkel defects forming a vacancy-interstitial pair. 



 
 

40 

However, this mechanism was highly criticized for several reasons. Firstly, the formation 

of single charged ions require a very large applied field, for example, the formation of Frenkel 

pairs for HfO2 was estimated to be around 10 GV/m (108 V/cm) [137]. This strength of field 

required to form the Frenkel defects are significantly higher than the values used in the typical 

flash experiment, which is usually around 50 to 1000 V/cm. Secondly, Frenkel defects are limited 

to ionic compounds with low coordination numbers and significant size difference between cations 

and anions. This is because Frenkel-pair formation conserves mass and charge, thus the created 

interstitials require an unusual position in the lattice which may not be possible for all ceramic 

systems. Lastly, a photoemission study has showed that the optical emission spectra has a strong 

correlation with the sample temperatures and did not show any peaks correlated to the formation 

of Frenkel defects [132]. Overall, the lack of direct evidence makes this mechanism still in question. 

Although Frenkel defects may not necessarily be the dominant reaction, the formation and 

redistribution of various point defects do play a significant role during flash sintering, and will be 

further discussed in 2.4. 

2.3.3 Local surface and grain boundary Joule heating 

Another flash sintering mechanism which has been often discussed is the local surface and 

grain boundary Joule heating. This mechanism differs from the bulk Joule heating process since it 

refers to a localized effect caused by high electric field and current density near the particle 

contacts and grain boundaries. Consequently, local overheating near interparticle contacts are 

believed to occur and thus resulting in rapid densification through liquid phase [138–142]. 

Although this mechanism can potentially explain the rapid densification and increase in electrical 

conductivity, these studies are mainly supported by theoretical models and lacking of any direct 

microstructural evidence, such as liquid films or phases. Studies which have shown the liquid 
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phase formation after flash sintering are only for systems which are known to form liquid phases 

due to their low melting points [23], and thus this is likely not a general effect of flash sintering. It 

is possible that these liquid films are transient [139], or in a grain boundary transition state often 

described as “complexions” [23]. A recent study showed that these grain boundary complexions 

are likely to be formed by the presence of electric fields and currents, and can significantly impact 

the grain boundary diffusivities and mobility [143]. However, these effects are extremely 

challenging to investigate as they require sophisticated characterization tools and their correlation 

to flash sintering mechanism is still unclear and under investigation. 

2.4 Defect characteristics of flash sintered ceramics 

Many studies on flash sintered oxides have reported unusual characteristics such as grain 

size distributions [20,54,69,125,144], sample blackening [47,54,79,100,144,145], grain boundary 

segregation [69,121] and the formation of extended defects [22,56,57,121,146]. These 

observations are correlated to the redistribution of point defects during the flash sintering process 

due to the impact of an electric field and current. It is important to study the nature of these 

defective characteristics as with proper control and optimization can lead to many enhanced 

properties in ceramic materials, such as mechanical, electrical and optical properties.  

2.4.1 Impact of electric field/current on point defects  

Point defects in crystalline ceramics are any imperfections in the crystal lattice as single 

lattice points. This include missing atoms or vacancies, interstitial atoms or substitutional atoms. 

As sintering occurs by diffusion of mass, point defects control the rates of diffusion and will 

determine the rate of sintering and grain growth. The role of point defects is particularly important 

in the presence of electric field and current because most of the ionic and electronic defects are 
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charged species. Defect reactions can occur at elevated temperatures where defects are mobile, 

and they will rely on the flash sintering conditions and defect chemistry of the material. 

In many flash sintered oxides, sample blackening has been observed, including YSZ 

[100,145], TiO2 [54], Al2O3 [79], MgAl2O4 [144] and Gd-doped CeO2 [47]. Examples of sample 

blackening are shown in Figure 2.8, where black or dark colored regions can be observed 

macroscopically. This is induced by a reduction defect reaction which leads to change in oxygen 

stoichiometry. The propagation of these dark regions appear to be dependent on the electrical 

conditions, and the propagation direction relative to the electric field direction varies for ceramic 

systems. In Figure 2.8, the blackened regions initiate from the negative side for 8YSZ while the 

blackened regions appear to start at the positive side for Al2O3 [79,145]. Such differences are 

associated with the material preferred conductivity and also its defects mobility. 

 

Figure 2.8 Sample blackening observed in flash sintered (a) 8YSZ [145] and (b) Al2O3 [79]. 
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Most flash sintering studies which have reported sample blackening focus on investigating 

8YSZ [100,147] because it is a well-known phenomenon to occur in ionic conductors with 

blocking electrodes [148,149]. Figure 2.9(a) shows the schematic of the internal defect reactions 

when an electric field is applied across the 8YSZ sample [150]. The source of electrons is at the 

cathode and it will travel to the anode end. As electrons are extracted out of the system, positively 

charged oxygen vacancies will form and migrate towards the cathode region. Since Pt electrodes 

are blocking for ions, oxygen vacancies will begin to accumulate near the negative electrode and 

a partially reduced (ZrO2-δ) front initiates and propagates towards the middle of the sample. This 

phenomenon during flash sintering not only results in a change in sample color, but also impacts 

the material conductivity and grain boundary mobility. As the partially reduced region forms, the 

material conductivity is increased with electronic contribution [151]. This would reduce the 

electrical resistivity of the material near the cathode side and result in less Joule heating effect, 

which has been captured by thermal imaging [100]. Figure 2.9(b) shows the grain size distribution 

of a fully sintered polycrystalline 8YSZ sample after the application of extreme current for a 

prolonged time [99]. Significant grain growth can be observed near the cathode region, which 

appears contradictory to the temperature gradient. This has been explained by the enhanced grain 

boundary mobility from the impact of a partial reduction on the migration energy barrier 

[99,152,153].  
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Figure 2.9 (a) Schematic showing the redistribution of defects in flash sintered 8YSZ which 
causes a partial reduction. (b) Microstructure gradient which exist in fully sintered 

polycrystalline 8YSZ after extreme current and holding time. [99,150] 

A recent study on flash sintered Gd-doped CeO2 also showed very similar electrochemical 

reduction behavior to the 8YSZ system [47]. While the phenomenon appears consistent in ionic 

conductors, this cannot be a generalized for other ceramic materials due to their contrasting 

conductivity behavior. For example, TiO2 and Al2O3 has shown the opposite direction of sample 

blackening and grain size gradient after flash sintering [20,54,56]. The reduction regions would 

strongly depend on the formation of oxygen vacancies in the sample and also the mobility of 

positively charged oxygen vacancies towards the negative electrode [79]. The contrasting 

observation in semiconductor and insulating materials are interesting observations and still 

currently under investigation.  
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Systems with well-known space charge and segregation behavior are ideal for investigating 

the redistribution of point defects and have been demonstrated in several flash sintering studies 

[69,121,154]. Figure 2.10(a) and (b) shows contrasting grain sizes for flash sintered SrTiO3 on the 

positive and negative electrodes, respectively [69]. The difference in grain sizes can be correlated 

if there are any pronounced space charge events at the grain boundary. Since it is challenging to 

identify any grain boundary segregations from an undoped system, Fe was added as an acceptor 

dopant to more clearly reveal any charge segregation. After flash sintering SrTiO3 with 5 at.% Fe 

dopant, a pronounce Fe segregation was observed near the positive electrode (Figure 2.10(c) and 

(e)). Since Fe is an acceptor dopant, Sr vacancies or Fe would accumulate at the grain boundary in 

an oxidized state [155]. The accumulations of point defects near the positive electrode would 

consequently cause grain boundary diffusional drag and result in smaller grain sizes. This is in 

contrast to the negative electrode which had a less obvious Fe segregation (Figure 2.10(d) and (f)). 

This characteristic space charge would occur in a reduced SrTiO3 state and have less impact on 

the grain boundary mobility. Overall, these space charge behaviors show a gradient in oxygen 

vacancy concentrations and their impact on the microstructure after flash sintering. 
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Figure 2.10 TEM images of the (a) positive and (b) negative electrodes for flash sintered SrTiO3. 
Elemental map of Fe showing the segregation behavior near the grain boundaries after flash 

sintering of Fe-doped SrTiO3 and the corresponding line profiles of Fe near the (c,e) positive and 
(d,f) negative electrodes. [150] 

2.4.2 Observation of extended defects 

Another characteristic of flash sintered ceramics are extended defects, such as dislocations 

and stacking faults. In Figure 2.11, high density of dislocations have been observed in transmission 

electron micrographs of flash sintered 3YSZ, TiO2, and SrTiO3 [56,69,121]. Dislocations are line 

defects in crystalline materials and responsible for plasticity in materials. While they are easily 

found in metals, they are usually less important for ceramic materials due to their rigid bonding 

and difficulty gliding. Since ceramics undergo ultra-fast heating rates to elevated sample 
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temperatures during flash sintering, this could lead to higher sintering stresses and result in 

nucleation of dislocations for plastic flow [129]. While this is also possible event for conventional 

sintered ceramics, it is more likely negligible and ceramics are often found dislocation-free.  

 

Figure 2.11 TEM image showing dislocations present in flash sintered (FS) (a) 3YSZ, (b) TiO2 
and (c) SrTiO3. [150] 

 

Planar faults have also been observed in several flash sintered ceramics [22,56,60]. These 

planar defects are often found as stacking faults, as a result of a pair of partial dislocations which 

form an incorrect stacking sequence of crystal plane. One of the flash sintered system which has 

shown to form high density of stacking faults is the TiO2 system, as shown in Figure 2.12 for 

various electrical conditions. TiO2 is a material which can largely deviate from oxygen 

stoichiometry by forming shear phases, known as the Magnéli phases. These reduced phases are 

formed by the ordering of oxygen vacancies or titanium interstitials to form shear planes, followed 

by ordering of the planes into the shear phases. For flash sintered TiO2, only planar defects were 

observed and Magnéli phase was not detected [56], which would likely point towards a slightly 

reduced state of TiOx where 1.999 < x < 1.9999 [156]. It is also possible to tune the defects density 

by adjusting various flash sintering electrical parameters, such as electric field, current density 
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limit and holding time [56]. Higher defects density was achieved by utilizing a stronger electric 

field, lower current density and shorter holding time. 

 

 

Figure 2.12 TEM showing high density stacking faults (SF) near the positive electrode of flash 
sintered TiO2 with various flash sintering electrical conditions. [56] 
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These defects characteristics in flash sintered ceramics are very interesting and could open 

many new opportunities for defect engineering of ceramic materials. In addition, the electrical 

parameters of flash sintering offer a way to the tailor the defects density of the material, which 

could be highly important in controlling the properties of the material. While such systematic 

studies can be performed to control the defects density, it is still difficult to isolate the events 

during flash sintering to understand how they form during the flash sintering process. Thus, the 

next section will discuss the various in situ characterization methods that can help to probe the 

redistribution of defects in real-time during the flash sintering process. 

2.5 In situ characterization 

Most flash sintering studies typically utilize ex situ characterization techniques on post-

sintered specimens. Although the information gained is useful in explaining several characteristics 

of flash sintering, these characterization techniques could not elucidate the various timestamps of 

events during the three stages of flash sintering. To investigate this dynamic and complex process, 

studies have employed several in situ characterization techniques during flash sintering to 

investigate the phenomenon in real time. Table 2.1 shows a summary of various in situ techniques 

which have been used to investigate flash sintering, along with their purpose and ceramic systems 

studied. 
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Table 2.1 Summary of in situ characterization techniques used for flash sintering. 

In situ technique Purpose(s) Material(s) studied 

Diffraction  Measure lattice expansion 
 Estimate sample temperature 
 Identify texture and chemical/phase 

change 

3YSZ [157–159], 8YSZ 
[160,161], TiO2 [51,53,55], 
ZnO [24,162], CeO2 [45], UO2 
[90], BiFeO3 [163,164], 
Al2TiO5 [95], TiB2-TiO2-TiBO3 
[165], MgAl2O4-8YSZ 
[97,166,167], Li0.5La0.5TiO3 
[168], Li6.25Al0.25La3Zr2O12 
[169] 

Transmission 
electron 
microscopy 

 Observe morphology change in 
particles due to electric field or 
ultra-fast heating 

3YSZ [128,170], 8YSZ [128], 
ZnO [128,171] 

Optical emission  Analyze the optical spectra due to 
photoemission 

3YSZ [135,136], 8YSZ [172], 
SnO2 [172] , Al2O3 [132], 
silicate glasses [81,132] 

Thermal imaging  Map surface temperature 
distribution 

8YSZ [100,173], B6O [174], 
ZnO [21] 

Impedance  Estimate flash temperature 8YSZ [151,175] 

 

A large majority of in situ studies employed diffraction techniques, by performing flash 

sintering experiments at synchrotron facilities, such as Advanced Photon Source (APS) at Argonne 

National Laboratory and National Synchrotron Light Source (NSLS) at Brookhaven National 

Laboratory. In situ diffraction is extremely useful for investigating the flash sintering process 

because it reveals critical information on the lattice structure. Most experiments are performed 

during Stage III of flash sintering since it is steady-state and will allow for measurements to be 

done in a timely manner. There are two main types of diffraction techniques used, as shown in 

Figure 2.13. The first one is the X-ray diffraction (XRD), which is comparable to typical XRD 

scan. Most studies have employed it to study lattice parameter changes and peak broadening due 
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to thermal expansion via Joule heating [158,159], which will allow sample temperature estimations 

to be performed. This in situ technique has also been employed to observe phase changes, such as 

for phase transformations during reactive flash sintering [95,97,166,168,169,176], or observing 

the formation of a metastable phase [157] or texture [51]. An alternative to XRD is energy 

dispersive X-ray diffraction (EDXRD), which utilizes a polychromatic X-ray beam with a fixed 

detector. EDXRD offer several advantages over regular XRD, such as detection of energy at single 

point and can scan across height of specimen at fixed 2-theta. This offers the possibility to 

investigate any inhomogeneous lattice expansion across the height of the samples [45,55], which 

is an important characteristic of flash sintered samples.  

 

Figure 2.13 Schematic showing the difference between in situ X-ray diffraction (XRD) and 
energy dispersive XRD (EDXRD). [38] 
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To demonstrate the use of in situ diffraction during flash sintering, Figure 2.14(a) and (b) 

shows the flash sintering electrical profile for CeO2 and the corresponding interplanar spacing 

profile across the sample before, during and after flash obtained through the EDXRD technique. 

The spacing appears uniform throughout the sample before flash occurred, but showed a 

significant expansion near the cathode during flash which continuously increased during the 

steady-state current hold. The schematic in Figure 2.14(c) explains the abnormal lattice expansion 

by the accumulation of oxygen vacancies and reduction of Ce4+ to Ce3+. As CeO2 is an ionic 

conductor, the characteristics are similar to 8YSZ as discussed in 2.4.1, where the oxygen 

vacancies accumulate near the cathode due to the blocking electrode. After the power supply is 

turned off, the interplanar spacing near the anode returned to its original value but still showed a 

small lattice expansion near the cathode due to the reduction. This study shows the importance for 

in situ diffraction techniques, where real-time observation of lattice changes during flash sintering 

is possible.
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Figure 2.14 (a) Flash sintering plot for CeO2 with labels indicating the timing of the EDXRD 
scans performed and the (b) corresponding lattice parameter profile. (c) Schematic showing the 

reduction near the cathode which resulted in the lattice expansion. [45]



 
 

54 

Another important in situ technique which has been used to investigate flash sintering is 

transmission electron microscopy (TEM). This technique is highly advantageous as it allows for 

direct observations on the particle morphology due to external heat and field. In a recent study, 

various ceramic nanoparticles were heated using an ultra-high heating rate similar to flash sintering 

during TEM observation. Figure 2.15 shows the snapshots comparing heating of 3YSZ 

nanoparticles before and after ultra-high heating rate (1200°C/s) and slow heating rate (5°C/s). 

This study directly shows the rapid densification of the nanoparticles after ultra-high heating rate, 

which justifies it as one of the mechanisms of flash sintering. Other studies investigated the impact 

of an electric field during the sample heating during TEM and saw enhanced shrinkage of an 

agglomerate of nanoparticles [170].  

 

Figure 2.15 Heating profile and the corresponding snapshots of the sintering of 3YSZ 
nanoparticles during in situ TEM before and after (a) ultra-high heating rate and (b) slow heating 

rate. [128] 



 
 

55 

 There are several other in situ techniques which have been used to investigate flash 

sintering, including optical emission spectroscopy, thermal imaging and impedance spectroscopy. 

The optical emission spectroscopy has helped to reveal the origin of intense light emission during 

flash sintering [86,132], while thermal imaging and impedance spectroscopy are mainly used to 

investigate the sample temperature. Overall, in situ techniques are highly impactful for elucidating 

many flash sintering characteristics not observed through ex situ characterization techniques. 

2.6 Motivation and objectives 

Flash sintering offers many advantages compared to conventional sintering techniques, but 

there are still challenges in moving this technique towards practical applications. One of them 

being the inhomogeneity across the sample, due to temperature gradients from experimental 

conditions [177] and non-thermal effects arising from defect redistribution [178]. The interplay of 

both events usually result in microstructure gradients across the sample, and thus, it is necessary 

for systematic and in-depth investigation on controlling the microstructure and defect 

characteristics of flash sintered ceramics. Another challenge for flash sintering is for the 

employment of flash sintering in new applications. Currently, this technique is mostly limited to 

sintering of basic geometries towards achieving full density. In order for flash sintering to expand 

its list of applications, it is necessary to explore the employment of this technique for other 

functions. For example, utilizing its unique ability of producing highly defective flash sintered 

ceramics or producing partially reduced materials or gradient structures. Additionally, many of the 

past flash sintering studies have been heavily focused on the YSZ system [102], which is why it is 

especially important to study other ceramic materials with high technological importance.  
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Based on the challenges, ZnO is selected as the ceramic system for investigation in this 

dissertation. ZnO is an n-type semiconductor material with high versatility in a wide range of 

applications. It has been used particularly for many optoelectronics and luminescence applications 

due to its wide band gap (3.4 eV) and large exciton binding energy (60 meV). The wurtzite crystal 

structure lacks of center of symmetry, which makes ZnO a highly important material used for 

piezoelectric and pyroelectric properties. One of the most unique capability of ZnO is its to grow 

into a diverse arrays nanostructure morphologies, such as nanowires, nanobelts and tetrapods [179]. 

Additionally, the impact of defects in ZnO has been intensively studied due to its ability to tune 

many of its optical and electrical properties. The first report of flash sintering of ZnO using an 

alternating current was first reported by Schmerbauch et al. in 2014. This study also reported 

photoluminescence measurements which revealed enhanced defects mobility during flash 

sintering of ZnO [19]. Following that study, numerous studies by Dr. Luo’s group published flash 

sintering of ZnO using direct current and reported the effects of various electrical conditions on 

the microstructure gradient between the electrode ends [20]. Additionally, a study showed that 

current localization in the flash sintered ZnO sample led to the growth of large microrods near 

cracks [20]. 

To further explore the impact of electrical conditions on the microstructure gradient of 

flash sintered ZnO, Chapter CHAPTER 4 will compare the grain growth behavior and defects 

structures of flash sintered ZnO with and without controlled current ramp. During Stage II of flash 

sintering, ceramics typically undergo the rapid densification during the non-linear increase of 

current. The effect of an abrupt increase in current was investigated by detailed microstructure 

comparison between a flash sintered ZnO samples with a controlled current ramp (linear increase 

of current) and without (non-linear increase of current). This chapter presents a way to better 



 
 

57 

control the flash sintering process, especially during the abrupt increase in current which can lead 

to inhomogeneous microstructures. Since flash sintering using a direct current (DC) and alternating 

current (AC) have been studied separately previously, Chapter CHAPTER 5 will compare the 

microstructure and defects obtained from DC and AC flash sintered ZnO with similar electrical 

and thermal parameters. This chapter helps to contrast the characteristics from DC and AC flash 

sintering for future use in various applications based on their preferred microstructure and defects. 

In Chapter CHAPTER 6, the unique formation of highly defective ZnO one-dimensional 

(1D) nanostructures through flash sintering are demonstrated. One-dimensional ZnO 

nanostructures have high importance in many optical and electronic applications, and most studies 

which grow the nanostructures use an equilibrium processes which results in low defects controlled 

by thermodynamic equilibrium. The nanostructures grown by flash sintering contained high 

density of defects and in Chapter CHAPTER 7, further investigation of the growth mechanism, 

and tunability of these nanostructures and defects were explored by tuning the current density limit. 

This unique application of flash sintering allows it to be used for growing nanostructures with the 

possibility of defect engineering for a wide range of applications. 
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 EXPERIMENTAL 

3.1 Flash sintering of ZnO 

Based upon the description of flash sintering experimental setup in 2.1, flash sintering will 

require a green body, electrical contacts and wires, furnace and power source. ZnO nanopowder 

used to form compacts are obtained from Sigma Aldrich (particle size < 100 nm #544906) and US 

Research Nanomaterials (particle size average 18 nm #US3599). The powder is packed into a 6 

mm diameter stainless steel die and pressed using uniaxial force to produce a cylindrical green 

body with a density of ~55-60%. The green compact is placed in a furnace with the flat ends 

connected to platinum electrodes and wires to an external power source. Power sources which 

were used include B&K Precision 9115 (DC, 80V, 60A), Sorensen DLM 300-2 (DC, 300V, 2A) 

and Pacific Power 118-ACX (AC,150V, 10A, 45-1200 Hz). A Labview program was written to 

control the electrical parameters and record the plots for the flash sintering process. 

3.2 Characterization 

3.2.1 X-ray diffraction 

X-ray diffraction (XRD) is a technique used to obtain crystal structure information in 

crystalline materials by analyzing scattered X-rays. X-rays are generated by accelerating electrons 

onto a metal target and produced X-rays are directed onto the sample. The scattered X-rays are 

collected by a rotating detector to collect signal from a range of diffraction angles. The diffraction 

angle which has higher intensity of scattered signal is dependent on the Bravais point lattice and 

unit cell dimensions, whereas the variation of the peak intensity will depend on the geometrical 

relation of atomic positions in a crystal structure [180]. XRD was used to investigate the phase and 



 
 

59 

lattice parameter information of flash sintered ZnO and was performed on a PANalytical 

Empyrean using Cu-kα radiation (λ = 0.154 nm) at 40 kV and 40 mA. The lattice parameter is 

calculated using Bragg’s law: 

𝜆 = 2𝑑 sin 𝜃 

where λ is the wavelength of the radiation source, d is the interplanar spacing and θ is the 

diffraction angle. ZnO has a hexagonal unit cell and the relationship between interplanar spacing 

and lattice parameter can be described as: 

1

𝑑
=

4

3

ℎ + ℎ𝑘 + 𝑘

𝑎
+

𝑙

𝑐
 

where h, k and l are the corresponding plane Miller indices, and a and c are the lattice parameters 

(a = b for hexagonal). 

3.2.2 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a necessary tool for analyzing ceramic 

microstructure. This technique captures information by accelerating high energy electrons 

(typically ~1 to 30 kV) onto the sample, which causes photons and electrons signal to be emitted. 

Through various detectors in the vacuum chamber which are located strategically, the emissions 

can be captured. For topographical information of the sample, low energy secondary electrons are 

captured by an Everhart-Thornley detector (ETD) [181]. Secondary electrons are created from 

inelastic collisions, and are only impacted by the energy of the incident beam and the surface 

roughness. This technique is highly advantageous over optical microscopy techniques which uses 

light scattering since it can obtain images with depth of field. In this dissertation, secondary 
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electron imaging was captured using Thermofisher FEI Quanta 650 and Quanta 3D FEG to analyze 

the average grain size, grain size distribution, porosity and surface defects such as cracks and voids.  

3.2.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) uses a high energy electron beam to obtain 

images of a specimen, similarly to SEM. A major difference with this technique is that the electron 

beam transmits through by the sample, which can provide much more information about the 

sample up to the atomic scale.  For the electron beam to transmit through the sample, the samples 

often require an area where it is thinned to approximately 100 nm or less, which can be technically 

challenging. For conventional sample preparation technique, the sample is first mechanically 

grinded and polished to about ~60 um, followed by dimpling to create a thinner area near the center 

of the sample. The final step of sample thinning is performed by ion milling, which uses an ion 

beam to further thin the sample near the center to ~100 nm thickness for electron transparency. 

TEM samples can also be prepared through focused-ion beam (FIB) technique, which is performed 

in a SEM using a liquid metal ion source. An area of the sample is cut and lifted out, and mounted 

on a grid for further thinning and polishing. 

The employment of TEM is important for this dissertation work since it allows for 

observations of extended defects which are nanoscale, such as dislocations and stacking faults. As 

extended defects cause diffraction contrast, they can be observed in the bright-field or dark-field 

mode with the use of an objective aperture in the beam. ZnO is known to form basal-plane stacking 

fault (c-axis) and it has low formation energy [182]. Thus, detailed analysis using TEM will be 

able to observe the existence of those defects in flash sintered ZnO. TEM was performed in this 

dissertation using a Thermofisher FEI Talos 200X with an accelerating voltage of 200 kV. 
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3.2.4 Density 

Density is an important measurement for ceramic materials, as the goal of the sintering 

process is to densify the material. Bulk density is defined as mass over volume, which can be 

measured directly through the mass of the sample and geometric volume. The density of the 

powder compacts before sintering are measured through this technique to obtain the green density 

of the samples. After sintering, some porosities become isolated and trapped within the sample, 

while some of the porosities remain open. Both these porosities will lead to inaccuracy of 

volumetric density measurement after sintering and thus, the sample density after sintering is 

usually measured by the Archimedes immersion method. This technique relies on Archimedes’ 

principle, which states the buoyant force of an object in an immersed liquid will equal to the weight 

of the fluid which it displaces. This results in the formula: 

𝜌 =
𝐴

𝐴 − 𝐵
(𝜌 − 𝜌 ) + 𝜌  

where A is the weight of sample in air, B is the weight of sample in the auxiliary liquid, 𝜌  is the 

density of the auxiliary liquid and 𝜌  is the air density (0.0012 g/cm3).  For the density value to be 

more meaningful, a relative density is provided to describe the relationship between the density 

and porosity content. The relative density is calculated as a percentage of the apparent density over 

the theoretical density, which is 5.61 g/cm3 for ZnO.  

3.2.5 Raman spectroscopy 

Raman spectroscopy is a characterization method which investigates the vibration modes 

of the material based upon the inelastic scattering of photons. Most often, a laser source is used to 

excite the molecular vibrations in the sample, resulting in energy shift. This technique is useful in 
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studying flash sintered ceramics since structural disorders and defects can be detected. For this 

dissertation, Raman spectroscopy was performed on a Renishaw InVia Raman MicroSpectroscopy 

with a 532 nm wavelength laser source. To analyze the Raman spectra obtained from flash sintered 

ZnO, the vibrational modes in ZnO needs to be known. Based on group theory, the Raman active 

zone-center optical phonons for a wurtzite symmetry (space group 𝐶 ) is predicted to be A1 + 2E2 

+ E1. The A1 and E1 symmetry are polar modes with both transverse-optical (TO) and longitudinal-

optical (LO) phonons, while E2 symmetry is nonpolar and appears at two frequencies. The 

symmetry of these E2 peaks are important for the analysis as E2
high is correlated to the oxygen atoms 

and the E2
low  is correlated to zinc atoms [183]. The existence of point defects can impact the 

symmetry of E2
low and E2

high peaks and detailed analysis through models such as Breit-Wagner-

Fano (BWF) to predict the dominant defect in the system [184].  

3.2.6 Photoluminescence 

Photoluminescence (PL) is a characterization technique commonly used in characterizing 

semiconductor materials with interesting optoelectronic properties, such as ZnO. This technique 

is similar to the Raman spectroscopy, where the sample is excited by a high energy source such as 

a laser. This technique is different as it is based on the light emission produced by the sample, 

which is caused by the photoexcitation of electrons from the valence to conductance band. Such 

an event causes energy to be emitted in the form of spectral light. ZnO typically shows an emission 

peak near the UV region due to the recombination of excitons, and one or multiple peaks in the 

visible range from defect emissions. PL was performed in this dissertation using a Coherent OBIS 

laser with a wavelength of 375 nm and collected by a SpectraPro HRS-300 spectrometer at room 

temperature.  
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 COMPARISON OF THE GRAIN GROWTH BEHAVIOR 
AND DEFECT STRUCTURES OF FLASH SINTERED ZnO WITH AND 

WITHOUT CONTROLLED CURRENT RAMP 

This chapter contains text and figures published in a journal article titled “Comparison of 
the grain growth behavior and defect structures of flash sintered ZnO with and without controlled 
current ramp” by X.L. Phuah, H. Wang, H. Charalambous, Shikhar K. Jha, T. Tsakalakos, X. 
Zhang & H. Wang, Scripta Materialia, 2019, 162, Pages 251-255. The original article has been 
modified to include information from the supplemental information of the published article.  

The authors would like to acknowledge the support from the U.S. Office of Naval Research 
(Contract number: N00014-17-1-2087 for sintering effort and N00014-16-12778 for TEM). The 
effort at Rutgers University was supported by the U.S. Office of Naval Research (Contract number: 
N00014-15-1-2492). 

4.1 Introduction 

Flash sintering has demonstrated the ability to reduce furnace temperatures up to hundreds 

of degrees below conventional sintering temperature requirements and reduce the dwell time to as 

low as a few seconds [16]. This technique combines furnace heating and an applied electric field 

to achieve rapid densification, which occurs during a non-linear rise in current as the sample 

becomes conductive. Various ceramics have been successfully densified, including yttria-

stabilized zirconia (YSZ) [16,185], TiO2 [50,51,54], CeO2 [45], SrTiO3 [60,61], Co2MnO4 [186] 

and composite materials [94,187]. The mechanism(s) of flash sintering of ceramic materials has 

been extensively studied to understand the non-equilibrium nature during this rapid sintering 

process, including the implementation of various in situ characterization techniques [136,188] and 

development of multiscale modeling tools [18,127,140].  

ZnO, an intrinsic n-type semiconductor, is one of the well-studied materials in flash 

sintering besides YSZ [19,20,31,34–39]. Previous studies of flash sintered ZnO have demonstrated 

that both the applied electrical field and current density significantly influence the grain growth 
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behavior [19]. One of the major challenges of flash sintering is the inhomogeneous microstructure 

due to non-uniform temperature and defect distribution [20,99,189]. The microstructure of flash 

sintered ZnO has been shown to be asymmetrical [20] due to different grain growth mechanisms 

across the samples, including electrochemical and Peltier effects [54,102]. 

Recently, several studies investigated the mechanisms of flash sintering by comparing with 

conventional sintering at different temperature ramp rates. Ultra-fast firing demonstrated the 

ability to increase the rate of sintering by over two orders of magnitude by increasing the heating 

rate [36,126]. On the other hand, another study compared slow flash sintering with conventional 

sintering and observed similarities in densification rate and microstructure [61]. Controlling 

current density ramping rate is a unique approach to control the flash sintering process and 

investigate the effect of such abrupt increase in current. The current ramp control is performed by 

gradually increasing the current density limit rather than allowing for the abrupt rise in current 

density in typical flash sintering experiments.  

In this study, a detailed microstructure comparison was performed on the flash sintered 

ZnO samples, with and without controlled current ramp, to elucidate the effect of the non-linear 

rise in current on the overall sintering process. A transmission electron microscopy (TEM) study 

was conducted for both positive and negative electrode regions in these samples with focuses on 

the grain size distribution, pore morphology and extended defects analysis. Currently there is no 

prior report on the extended defects in the microstructure of flash sintered ZnO. The microstructure 

characteristics in flash sintered samples were also compared with the samples sintered without 

applied field to explore the fundamental flash sintering mechanisms in ZnO.  
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4.2 Experimental methods 

To prepare the green body for flash sintering, ZnO powder (Sigma Aldrich, < 100 nm 

particle size) was uniaxially pressed under 150 MPa load into cylindrical pellets in a stainless steel 

die. The compacts measured approximately 3 mm in height and 6 mm in diameter, with a green 

density of 55-60%. The green pellets were loaded into a stage with platinum electrodes attached 

to the flat faces and heated up to the pre-flash temperature of 700 °C at a heating rate of 10 °C/min. 

A small pressure of 10 kPa was used to maintain consistent electrical contact between the sample 

and electrodes. An electric field of 60 V/cm was applied across the sample once the pre-flash 

temperature was reached. After the onset of flash sintering began, the current density rose until 

reaching the preset limit of 10 A/cm2. The power source was switched from voltage control to 

current control and the current density was held constant for 60 s. Subsequently, the power supply 

was shut down and the furnace was cooled to room temperature. 

For the current ramp sample, a sufficiently higher electric field (120 V/cm) was applied to 

initiate a sufficiently rapid feedback loop of temperature and conductivity for the current ramp 

initiate. The power supply was switched into current control mode, where the electric field rapidly 

dropped to maintain a linear current ramp. A current ramp rate of 0.1 A/cm2/s was maintained until 

the current density limit of 10 A/cm2 was reached, which took approximately 95 s. The current 

was held at 10 A/cm2 for 10 s to ensure the electric energy used in both experiments were 

approximately the same. A sample without an applied field was sintered to 1100 °C at a heating 

rate of 10 °C/min and held for 60 s before cooling.  

Table 4.1 summarizes the experimental conditions for all the sintered ZnO samples. The 

final densities were measured using the Archimedes method. The samples were sectioned to 

prepare plan-view TEM samples, with manual grinding, polishing, dimpling and final polishing in 
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an ion milling system (PIPS II, Gatan). Microstructure characterization was performed using an 

FEI TALOS 200X TEM operated at 200 kV. The average grain size was measured by direct 

measurements of 100 grains from multiple TEM images for each sample. 

 

Table 4.1 Summary of experimental conditions.  

Sample 
Furnace 

Temperature 
(°C) 

Initial 
Electric 

Field  
(V/cm) 

Current 
Density 
Limit 

(A/cm2) 

Current 
Density 
Ramp 

(A/cm2/s) 

Holding 
Time  

(s) 

Final 
Density 

Flash 
Sintering 

700 60 10 - 60 95% 

Current 
Ramp 

700 120 10 0.1 10 95% 

No Applied 
Field 

1100 - - - 60 94% 

4.3 Results and discussion 

The electric field, current density, power density and linear shrinkage plots for flash 

sintering and current ramp are shown in Figure 4.1. The power density plot shows a power spike 

reaching ~600 W/cm3, which is typical for flash sintering and is created during the switch from 

voltage to current control. The majority of the linear shrinkage for flash sintering occurred during 

the non-linear increase in the current density as the sample becomes conductive. During the 60 s 

hold at the current density limit a small linear shrinkage was observed. The small spike in electric 

field and power density observed around 25 s was due to contact resistance, where the shrinkage 

resulted in the temporary reduction of contact with the electrodes. Regardless, the electrical field 

across the sample was sufficient to maintain the desired current during the current control stage. 

On the other hand, the sample under the controlled current density ramp did not experience a power 
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spike and thus consequently experienced a slower heating rate. The conductivity, however, 

increased linearly and reached higher values than that of the flash sintered ZnO at the end of 105 

s. A gradual increase in linear shrinkage over a 105 s time period occurred rather than an abrupt 

densification over approximately 6 s for the flash sintered sample. More minor spikes were 

observed due to a higher probability of contact resistance as a result of continuous changes in 

sample dimensions. 

 

Figure 4.1 Plots of electric field, current density, power density, conductivity and linear 
shrinkage during flash sintering of ZnO with and without a controlled current ramp. 
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Figure 4.2 shows the TEM micrographs of flash sintered and controlled current ramp 

sintered ZnO at both positive and negative regions with their corresponding diffraction patterns. 

The average grain size and porosity analyzed from the micrographs are summarized in Table 4.2. 

To explore the microstructural differences, the positive and negative regions of both the current 

ramp and flash sintered samples are shown. It is notable that both flash sintered and controlled 

current ramp ZnO did not exhibit obvious differences in grain size between the positive and 

negative regions. The flash sintered sample had finer grains (average grain size of ~1.3 µm) at 

both electrodes compared to the current ramp sample (average grain size of ~1.7 µm). This grain 

size distribution was also confirmed by the diffraction patterns, where the larger grain size in the 

current ramp sample produced more distinguished diffraction spots. Another interesting 

observation is that the flash sintered ZnO had several diffraction spots which are very close 

together, as marked by the blue circles. The controlled current ramp sample overall had more 

scattered and distinguished diffraction spots. This suggests that multiple grains with similar 

orientations exist in the sample in the case of the flash sintered sample.  
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Figure 4.2 TEM micrographs of ZnO after (a)-(b) flash sintering and (c)-(d) current ramp on the 
positive and negative ends respectively, with their corresponding diffraction patterns. The blue 

circles mark diffraction spots which are very close together, suggesting subgrain texturing. 

 

Table 4.2 Final density, grain size and porosity of ZnO after flash sintering and current ramp 
sintering. The grain size and porosity are measured from TEM micrographs. 

Sample 
Grain size (µm) Porosity (%) 

+ - + - 

Flash 
Sintering 

1.1 ± 0.2 1.1 ± 0.2 0.34 1.10 

Current Ramp 1.5 ± 0.2 1.6 ± 0.3 0.21 0.99 
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Although there was no obvious difference in grain size between the two electrode regions, 

the pore content and distribution are quite different for the two electrode regions. Specifically, the 

amount of porosity was found to be much higher in the negative region than the positive region 

for both flash sintering and current ramp samples. Additionally, the pore morphology is quite 

different between the two samples and the two electrode regions. Figure 4.3 compares the 

microstructure at a higher magnification for a clear comparison of the intergranular porosity (i.e., 

pores between grains or at triple junctions) and intragranular porosity (i.e., pores within grains). 

The positive region of the flash sintered ZnO, as shown in Figure 4.3(a), has very low porosity 

(0.3%), mostly consisting of intergranular porosity and very few intragranular pores. On the 

negative electrode region, there is approximately 1.1% of porosity, which is also predominantly 

intergranular porosity with some intragranular porosity. The current ramp sample demonstrated a 

similar porosity difference in the positive and negative regions. However, there were many more 

intragranular pores, especially at the positive electrode region, as illustrated in Figure 4.3(c) where 

many entrapped pores have been observed in a single grain. The negative electrode region of the 

current ramp sample (Figure 4.3(d)) had an equal distribution of intergranular and intragranular 

porosity.  
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Figure 4.3 Difference in pore morphology in ZnO after (a)-(b) flash sintering and (c)-(d) current 
ramp at the positive and negative ends respectively. The yellow arrows mark intergranular pores 

and the purple arrows mark intragranular pores. 

 

The comparison of the flash sintering and current ramp ZnO samples at the isothermal 

furnace temperature shows clear differences in grain size and pore morphology. Although using a 

controlled current ramp did not experience as high as the maximum power dissipation of the flash 

sintered sample, it has led to larger grain sizes. Based on sample temperature estimations using the 

blackbody radiation (BBR) model and in situ XRD lattice expansion, the sample temperature 

achieved by the flash sintered ZnO should be higher due to the higher power dissipation. The BBR 



 
 

72 

model has been commonly used to estimate sample temperatures during flash sintering 

[38,118,134,136]. The sample temperature can be estimated through the following equation: 

𝑇 = 𝑇 +
𝑊 𝑉

𝜀𝜎𝐴
 

where Wv is the power dissipation (W/cm3), V is the volume (cm3), ε is the emissivity (assumed 

0.8), σ is the Stefan-Boltzmann constant (5.67 x 10-8 Wm2K-4) and A is the surface area (cm2). 

Assuming isotropic contraction and homogenous temperature of the sample, the sample 

temperature can be estimated using the power density and linear shrinkage data. Figure 4.4 

compares the sample temperature of the flash sintered ZnO with and without current ramp using 

the BBR model. 

 

Figure 4.4 Power density and the corresponding sample temperature estimation based on the 
BBR model. 
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Based on the in situ XRD study by Charalambous et al. [S4], the dependence of sample 

temperature on power density plot was determined, as shown in Figure 4.5. The lattice expansion 

with varying current density limits (0, 5, 10, 15, 20, 25, and 30 A.cm-2) was correlated to the 

conventional lattice expansion during conventional heating. A parabolic function was used to fit 

the steady-state power density to specimen temperature as follows: 

𝑇 = −1.997 ∗ 10 𝑃 + 1.933𝑃 + 810.8 

A discrepancy between the lattice expansion and the temperature approximation using the 

blackbody radiation model is clearly evident. 

 

Figure 4.5 Sample temperature estimated based on power density by in situ XRD lattice 
expansion study [38].  
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Hence, the observed microstructural differences can be attributed to the rate of heating 

experienced by the samples. The power spike in flash sintering allows for a more rapid heating of 

the sample, and hence accelerating the densification process over grain growth. A clear indication 

of rapid heating is the limited grain coarsening and the small concentration of intergranular pores. 

Additionally, during the steady state of the current holding period, the intergranular pores cause 

pore drag which limits the grain growth and produces a finer grain structure for the flash sintered 

ZnO. The intragranular porosity found in the controlled current ramp is an indication of pore 

breakaway during grain growth as the boundary migration velocity exceeds the pore migration 

velocity [1]. This is typically observed when the pore mobility increases as the pore shrinks due to 

densification. The gradual densification process in the current ramp increases the probability of 

pores separating from the boundaries, leading to high intragranular porosity. Once the pores are 

separated, grain growth can occur more easily, which further supports the observation of the larger 

average grain size in the current ramp ZnO. 

In a prior study on flash sintered ZnO, asymmetric grain sizes between the electrodes were 

reported due to potential induced abnormal grain growth at the anode [20]. This study could not 

demonstrate such difference in grain size since the electric field used was significantly lower. 

Nonetheless, the difference in pore content between the electrodes clearly suggests a dissimilar 

densification rate. Similar temperature gradients have been observed in flash sintered TiO2, which 

is another n-type semiconductor, based on in situ EDXRD study [55]. This was attributed to the 

Peltier effect, where an electric current passing through a junction leads to heating and cooling 

effects. Based on the porosity difference between electrodes for both with and without controlled 

current ramp, the Peltier effect could be responsible for the difference in densification rate at the 

positive and negative electrodes. 
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Figure 4.6(a) and (b) shows the TEM images of the flash sintered and current ramp ZnO 

samples compared with a conventional sintered ZnO without applied electrical field (Figure 4.6(c)). 

High density stacking faults which are representative characteristics of the flash sintered and 

current ramp ZnO. The stacking faults shown here are from the positive electrode region. The 

negative regions in both flash sintered and current ramp samples (not shown here) also show 

obvious stacking faults. Stacking faults are planar defects caused by changes of atomic plane 

stacking sequence and are found in multiple grains for the flash sintered sample, as marked by the 

orange arrows in Figure 4.6(a). These stacking faults exist across the grains, i.e., begin and 

terminate at grain boundaries of a single grain. The current ramp ZnO also demonstrated multiple 

stacking faults in a grain, as shown in Figure 4.6(b), along with bands made up of short stacking 

fault segments going across the grain. To identify if the presence of extended planar defects was 

due to an applied field, the microstructure of a ZnO sample sintered without any applied field was 

compared. The sintering temperature selected was higher than the flash sintering ones, since a 

previous in situ energy dispersive X-ray diffraction (EDXRD) predicted the temperature at 10 

Figure 4.6(c), illustrates reasonable densification without any apparent extended defects. It may 

be possible that defects can be annihilated due to more intensive grain growth which occurred in 

the sintered sample without field (average grain size ~3.1 µm). However, high density stacking 

faults remained even after significant grain growth in flash sintered titania [55], which confirms 

the formation of stacking faults due to the applied field. 
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Figure 4.6 Representative micrographs of the extended defects present in the (a) flash sintered 
and (b) current ramp ZnO. The orange arrows indicate stacking faults while the green arrows 

mark a band of short stacking faults. (c) The microstructure of ZnO sintered without an applied 
field is poorly sintered with a larger grain size and does not contain any extended defects. 

 

The flash sintered ZnO samples show microstructural similarities and differences 

compared to flash sintered YSZ ones. The diffraction pattern of flash sintered ZnO demonstrated 

clustered diffraction spots, i.e., several diffraction spots are very close to each other (Figure 4.2), 

indicating possible texturing of subgrains. A similar local texturing phenomenon has been reported 

in flash sintered YSZ [121]. Based on the electron diffraction data, there is a stronger texture in 

the positive electrode region of the flash sintered ZnO compared to the negative side, which may 

suggest the involvement of additional mechanisms at the positive side to assist in the densification 

process. The diffraction patterns of the current ramp ZnO did not show obvious texturing structure, 

which may imply the texturing phenomena are more pronounced in the flash sintering process. 

Another difference in the features of ZnO compared to YSZ is the type of extended defects 

observed. Dislocation arrays were observed in the flash sintered YSZ microstructure [121,146], 

rather than stacking faults as shown for the case of ZnO. In ZnO thin films, the basal-plane stacking 

faults (i.e., (0001) plane stacking) are known to have very low formation energies [190]. As a 
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result, high density of stacking faults can be formed in ZnO thin films due to high point defect 

concentrations and consequently affect the overall electrical conductivity in ZnO [191]. A depth-

resolved cathodoluminescence experiment on flash sintered ZnO has also demonstrated a higher 

increase in native point defects concentration within the grains compared to the grain boundaries 

after flash sintering [34]. This is expected as grain boundaries act as sinks for oxygen vacancies. 

Hence, extended defects such as stacking faults exist in the flash sintered and controlled current 

ramp samples due to an increase in the density of point defects and electrical conductivity 

introduced by the applied electrical field. 

Evidently, the microstructure of ZnO sintered without any applied field did not reveal any 

extended defects compared to the flash sintered or controlled current ramp samples. In addition, 

the controlled current ramp sample also contained bands of short segments of stacking faults, 

which could be a consequence of the gradual increase in conductivity over a longer time during 

the current ramping process. Overall, the extended defects generated during the flash sintering 

process appear to be dependent on the nature of the materials and the defect formation energy for 

the materials. Further investigation of the types of extended defects present in other flash sintered 

ceramics under different sintering conditions and stages are critical for the study of fundamental 

mechanisms related to field assisted sintering.  

4.4 Conclusions 

In summary, the microstructure of flash sintered ZnO samples, with and without controlled 

current ramp were investigated and compared. Flash sintered ZnO produced fine grains by 

minimizing grain growth due to rapid densification during the non-linear increase in current. A 

controlled current ramp leads to gradual densification, resulting in larger grains with mostly 
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intragranular porosity. Consequently, more pores break away from the grain boundaries and 

accelerate grain growth. This comparison study signifies the importance of the nonlinear rise in 

current in order to achieve high density with fine gain structures. The applied field leads to the 

formation of stacking faults in both flash sintered and current ramp ZnO due to the generation of 

point defects during the field-assisted process.  
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 MICROSTRUCTURE AND DEFECT GRADIENTS IN DC 
AND AC FLASH SINTERED ZnO   

This chapter contains text and figures published in a journal article titled “Microstructure 
and defect gradients in DC and AC flash sintered ZnO” by X. L. Phuah, B. Yang, H. Charalambous, 
T. Tsakalakos, X. Zhang & H. Wang, Ceramics International, in press. The original article has 
been modified to include information from the supplemental information of the published article.  

The authors would like to acknowledge the support from the U.S. Office of Naval Research 
(Contract No N00014-17-1-2087 for the sintering effort and N00014-20-1-2043 for the TEM). 
H.C. and T.T. would like to acknowledge the support provided by the U.S. Office of Naval 
Research (Contract No. N00014-15-1-2492). 

5.1 Introduction 

Flash sintering has gained significant attention in recent years due to its ability to densify 

ceramics within seconds [16]. An electric field is applied directly across the ceramic during heating 

which leads to a nonlinear rise in conductivity and current flow through the ceramic. Consequently, 

the sample reaches a temperature above the furnace temperature due to the resultant Joule heating, 

with ultra-fast heating rates on the order of 103 – 104 °C/min [18,36]. Flash sintering has been 

successfully performed on a wide range of ceramics such as yttria-stabilized zirconia (YSZ) 

[16,121], ZnO [20,22,29,30], TiO2 [54–56], CeO2 [45,49] and multiphase systems [96,168]. 

The first demonstration of flash sintering utilized a direct current (DC) power supply to 

provide the electric field and current [16]. Since then, most flash sintering studies have continued 

to use DC power supplies despite the formation of asymmetric characteristics, such as grain size 

gradients and inhomogeneous reduction between the positive and negative electrodes 

[45,54,69,125]. This phenomenon occurs due to the charged characteristics of ionic ceramics, 

which causes redistribution of charged defects and temperature gradients after flash sintering 

[69,150,173,178]. In several cases, these defective features introduced by DC flash sintering has 

shown to enhance its properties, such as mechanical [26,57,146] and optical properties [29,30,192]. 
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 Shortly after DC flash sintering was first demonstrated, studies on alternating current (AC) 

flash sintering were reported [19,103,151,193]. Since the current direction switches direction 

periodically (Figure 5.1), this modification can avoid time-sensitive defect redistribution processes 

near an electrode and thus prevent asymmetric characteristics. Even for AC flash sintering, 

microstructure gradients have been observed from the interior to the surface of the ceramic due to 

the loss of heat via thermal conduction and blackbody radiation, which is inherent to an internal 

heating process [25,103,194]. To date, considerably less attention has been paid to the study of 

defect redistribution in AC flash sintered ceramics and their contrasting properties compared to 

DC flash sintering. 

 

Figure 5.1 Schematic comparing the difference in voltage and current flow between direct 
current (DC) and alternating current (AC). 
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To compare DC and AC flash sintering, ZnO was selected in this work as it has been a key 

material for flash sintering [19,20,22,25,29,30,36,38] and also has many important technological 

applications for electronics, photonics, acoustics and sensing applications [179,195]. The first 

demonstration of flash sintering of ZnO by Schmerbauch et al. in 2014 utilized AC flash sintering 

[19], followed by numerous studies using DC flash sintering [20,22,29,30,36,38,39,173], and most 

recently studies by Liu et al. [25] and Storion et al. [32] reported AC flash sintering of ZnO. Many 

of these works have shown the existence of microstructure gradients in DC and AC flash sintering 

and they were studied separately without direct comparison.  In addition, the studies focusing on 

defects analysis in flash sintered ceramics are very limited [19,29,30]. Thus, this direct comparison 

study between DC and AC flash sintered ZnO targeting the microstructure and defect gradients 

could elucidate the fundamental differences between the two methods. Detailed microstructure 

analysis was performed to obtain the grain size distribution and porosity in various regions of the 

DC and AC flash sintered samples. Raman spectroscopy was employed to investigate the structural 

disorder caused by defects correlated to the Zn and O sub-lattices in flash sintered ZnO. As the 

presence of defects would result in asymmetry in the Raman modes, the data was fitted using the 

Breit-Wagner-Fano (BWF) model to obtain the asymmetry parameter.   

 

5.2 Experimental methods 

5.2.1 Flash sintering 

ZnO powder (Sigma Aldrich, < 100 nm particle size) was uniaxially pressed under 150 

MPa into a cylindrical green body with 3 mm height and 6 mm diameter. The resulting green 

bodies were approximately 55% of theoretical density. Platinum electrodes were in contact with 
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the flat surfaces of the cylindrical green body using a small pressure of 10 kPa to maintain 

consistent electrical contact between the sample and electrodes. Platinum electrodes were 

connected to a DC power supply (Sorensen DLM 150-4) or AC (1000 Hz) power supply (Pacific 

Power 118-ACX) depending on the experiment. The green compacts were loaded into a stage and 

heated up to the pre-flash temperature of 700°C at a heating rate of 10°C/min. An electric field of 

60 V/cm was applied across the sample thickness once the pre-flash temperature was reached. The 

current rapidly increased to the preset current density limit of 10 A/cm2 and the power source was 

switched from voltage control to current control. The current density was held constant for 60 s 

and subsequently the power supply was shut down and the furnace was cooled to room temperature. 

5.2.2 Characterization  

The microstructure was characterized using a Thermo Fisher Quanta 650 FEG scanning 

electron microscope (SEM) on the fractured and polished surfaces. Grain sizes were measured 

using the linear intercept method based on a 300 grain statistical average for each region. The 

porosity area percentage was measured and averaged from 10 images. Raman analysis was 

performed using Renishaw InVia Raman MicroSpectroscopy equipped with a 532 nm wavelength 

laser. 

5.3 Results and discussion 

Figure 5.2(a) shows the plot of electric field (60 V/cm) and current density (10 A/cm2) for 

the DC flash sintered ZnO along with the SEM of the fracture surface at the positive, middle and 

negative regions in Figure 5.2(b)-(d), respectively. Gradient microstructure can be observed, where 

the grain size was measured to be 1.84, 2.29 and 2.62 μm for the positive (+), middle (M) and 

negative (-) regions, respectively. For a more detailed analysis, the grain size distribution of each 
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region is shown in Figure 5.2(e)-(g). Along with the increasing grain sizes from the positive to 

negative electrodes, the broadening of the grain size distribution was also observed. 

 

Figure 5.2 DC flash sintering of ZnO (a) electric field and current plots, (b)-(d) fracture surface 
SEM and (e)-(g) grain size distribution 

 

AC flash sintering of ZnO was performed with the same furnace and electric field 

amplitude as those of the DC flash sintering sample, as shown in Figure 5.3(a). In contrast with 

DC flash sintered ZnO, AC flash sintered ZnO showed a very homogenous microstructure in 

Figure 5.3(b)-(d) among the different regions (E1 and E2 indicate the two opposing electrode 

regions). The grain sizes for E1, M and E2 are 1.42, 1.66 and 1.43 um, respectively. The middle 

region has a slightly larger grain size compared to the electrode ends, but the grain size differences 

are insignificant compared to the DC flash sintered ZnO. Moreover, the grain size distributions 

shown in Figure 5.3(e)-(g) are very similar among the different regions, further showing sample 

homogeneity. 
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Figure 5.3 AC flash sintering of ZnO (a) electric field and current plots, (b)-(d) fracture surface 
SEM and (e)-(g) grain size distribution. 

 
To directly compare DC and AC flash sintering, the average grain sizes and porosity 

percentages are shown side by side in  

Figure 5.4. The gradient in grain size can be clearly observed in DC flash sintered ZnO, 

contrary to the AC flash sintered ZnO which was homogeneous throughout and had finer grain 

sizes. The porosity area percentage was also compared using polished surfaces (SEM images are 

shown in Figure 5.5). The DC sample also showed a gradient in porosity, where the positive side 

had the least porosity (1.0%) and the negative side had the most porosity (3.6%). The AC sample 

showed similar porosity throughout the sample comparable to the negative electrode of the DC 

sample (3.3%, 3.7% and 3.4%). Although the AC flash sintered ZnO sample was more 

homogeneous throughout, the densest region was found at the positive side of the DC flash sintered 

ZnO sample. 
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Figure 5.4 (a) Grain size distribution and (b) porosity percentage compared in the top, middle 
and bottom regions for DC and AC flash sintered ZnO. 
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Figure 5.5 Polished surfaces of (a)-(c) DC flash sintered ZnO and (d)-(f) AC flash sintered ZnO. 

The smaller grain sizes and higher porosity content observed in the AC flash sintered ZnO 

suggest that a lower sample temperature was reached compared to DC flash sintering. In order to 

estimate sample temperature, the blackbody radiation (BBR) model is often used with the 

assumption that all electrical power is converted into radiated heat [134,136]. The BBR model 

states: 

Tsample= Tfurnace
4+

WvV

εσA

1
4
 

where Wv is the power dissipation (W/cm3), V is the sample volume (cm3), ε is the emissivity, σ 

is the Stefan-Boltzmann constant (5.67 x 10-12 W/cm2 K-4) and A is the sample surface area (cm2). 

Based on the power density curves shown in Figure 5.6, the sample temperatures were estimated 

through the BBR method for both DC and AC flash sintering of ZnO and shown in  

Table 5.1. Since the emissivity is not known, the sample temperatures were estimated based on 

emissivity values of 0.5 and 0.9 to obtain a range of temperatures. For comparison, the sample 

temperature estimated through in situ energy dispersive X-ray diffraction (EDXRD) experiments 

for DC flash sintered ZnO is also shown in  

Table 5.1 [38]. Even with different emissivity values, the sample temperature obtained from the 

BBR method is clearly overestimated and conflicting with the grain size difference between DC 

and AC flash sintered ZnO (i.e. higher temperature resulted in smaller grain size and vice versa). 

This inaccuracy is most likely caused by the assumptions of the model, which assumes that heat is 

dissipated through radiation only and the power dissipation is homogeneous throughout the sample. 
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Figure 5.6 Power density curves for DC and AC flash sintering of ZnO. 

 

Table 5.1 Sample temperatures estimated through blackbody-radiation (BBR) model, in situ 
energy dispersive X-ray diffraction (EDXRD) measurements and grain size extrapolation 

method. 

Sample region Sample temperature estimations (°C) 

BBR (ε = 0.5) BBR (ε = 0.9) EDXRD (from ref. 
[38]) 

Grain size 
extrapolation 

DC(+) 1845 1573 1260 1218 

DC(M) 1231 

DC(-) 1239 

AC(E1) 1920 1636 - 1202 

AC(M) 1212 

AC(E2) 1203 



 
 

88 

There are other sample temperature measurement methods, such as thermocouples and 

infrared thermal imaging, which are possible to be integrated. However, measurements with 

sample contact are not possible due to interference with the electric circuit, while non-contact 

techniques are only effective in measuring the surface and local temperatures which could be 

inaccurate for large cylindrical samples. Thus, for this study, we employed grain size extrapolation 

from conventionally sintered samples to estimate the effective sample temperature of DC and AC 

flash sintered samples. Figure 5.7(a) shows the heating profile of the conventionally sintered 

samples, where the temperature was first increased to 700°C at 10°C/min, followed by a rapid 

increase to a higher maximum temperature at 25°C/min, which is the maximum heating rate of the 

furnace. This specified heating profile would more accurately represent the sample temperature 

experienced during flash sintering, rather than a linear temperature increase. As shown in Figure 

5.7(b), the average grain sizes were obtained for the conventionally sintered samples and fitted to 

an exponential equation. This equation will enable sample estimations based on the measured grain 

sizes of the flash sintered samples. The results obtained from the grain size extrapolation method 

are shown in Table 5.1 with the other estimated sample temperatures. As the estimated 

temperatures obtained from this method are much more comparable to the in situ EDXRD results 

[38], the sample temperatures are likely more accurate compared to the BBR method. The grain 

size extrapolated temperatures also revealed a slightly higher sample temperature for DC flash 

sintered ZnO compared to AC flash sintered ZnO. The temperature differences are not very 

significant for the grain size differences observed, mainly because the temperature regime has a 

very steep grain growth rate.   
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Figure 5.7 (a) Heating profile for conventionally sintered ZnO and their (b) average grain sizes. 

 

It is also possible that the grain size differences are contributed by nonthermal effects, such 

as defects redistributions. A study by Conrad and Yang observed differences in grain growth 

behavior due to the influence of DC and AC electric fields on the grain boundary structure [196]. 

Several studies have also shown space charge effects in DC flash sintered ceramics, such as 3YSZ 

[121] and SrTiO3 [69], which have impact on the microstructure gradient. However, this 

relationship is not well understood for ZnO and the microstructure gradients are typically less 

severe compared to other flash sintered oxides. Thus, Raman spectroscopy was employed in this 

study to detect crystal lattice disorder contributed by point defects. Figure 5.8 shows the Raman 

spectra for the DC and AC flash sintered ZnO samples as well as the ZnO sample conventionally 

sintered at 1200°C, which most closely matches the estimated sample temperature of the flash 

sintered samples. The prominent vibrational modes observed in all samples were E2
low at 99 cm-1 

and E2
high at 439 cm-1. The E2 modes are non-polar, where E2

low is associated with the vibrations of 
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the Zn sublattice while E2
high mode is correlated to the O sublattice [197]. Other minor peaks in the 

spectra include E2
high- E2

low at 334 cm-1, A1(TO) at 379 cm-1 and E1(TO) at 410 cm-1. 

 

Figure 5.8 Raman spectra of AC and DC flash sintered ZnO at various regions and 
conventionally sintered ZnO at 1200°C.  
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The symmetry of the E2
low and E2

high peaks is highly sensitive to any variation to the lattice 

structure such as stress, defects and impurities. A Breit-Wigner-Fano (BWF) function has been 

commonly utilized to obtain the line-width, asymmetry parameter and Raman shift [184,198]. The 

BWF function is expressed as: 

I(ω) = I

1 +
2β(ω − ω )

Γ

1 +
2(ω − ω )

Γ

 

where I(ω) is Raman intensity, I0 is the maximum intensity, ω is the Raman shift, ω0 is the Raman 

shift peak frequency at maximum intensity, Γ0 is the full width at half maximum (FWHM) and β 

is the asymmetry parameter (β = 0 gives a symmetric profile). Figure 5.9(a) and (b) show the BWF 

fitting for all the samples for the E2
low and E2

high peaks while the fitted parameters were compiled 

in Table 5.2. 

 

Figure 5.9 Fitting of (a) E2
low and (b) E2

high peaks (open symbols) using Breit-Wigner-Fano 
(BWF) model (line). 



 
 

92 

Table 5.2 Parameters obtained from fitting the Raman E2
low and E2

high peaks. 

Sample 
(region) 

E2
low E2

high 

ω
0
 Γ

0
 β ω

0
 Γ

0
 β 

DC(+) 99.406 1.974 0.00933 438.900 3.783 -0.05566 

DC(-) 99.310 1.956 0.01217 438.893 3.832 -0.05391 

AC(E) 99.349 1.944 0.00626 438.834 3.822 -0.05561 

AC(M) 99.328 1.939 0.00699 438.886 3.841 -0.05629 

NF(1200C) 99.454 1.976 0.00707 439.062 3.938 -0.06007 

 

Based on the relative values of the asymmetry factor, the Raman shift and FWHM values 

were comparable between the flash sintered samples, but the asymmetry factor for E2
low peak was 

higher in the DC flash sintered sample compared to the AC flash sintered sample, especially in the 

negative region. The higher deviation for the asymmetry factor from zero indicates a larger 

distortion of the Zn sublattice, possibly due to a higher concentration of Zn interstitials. The 

redistribution of Zn interstitials towards the negative electrode in ZnO under an electric field has 

been previously reported by Korsunska et al. [199]. Due to the waveform of AC, the redistribution 

of defects did not occur and thus resulted in a similar asymmetry factor compared to the 

conventionally sintered sample.  

For the E2
high  peak corresponding to the O sublattice, all samples showed much larger 

asymmetry factors compared to the E2
low peak. As the E2

high peak is correlated to oxygen sublattice, 

a high asymmetric factor suggests that oxygen vacancies are the dominant defects in sintered ZnO. 

Similar observations have been consistently reported in studies which investigated the defects 

present in conventional and flash sintering of ZnO [30,184,200]. Comparable E2
high asymmetry 
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values were found for AC and DC flash sintered samples at all positions, suggesting that the 

concentration of oxygen vacancies was comparable for both samples. 

Overall, the DC flash sintered sample showed both microstructure gradients and defect 

redistribution, with a fine-grained and dense positive side. This may be an advantageous 

processing parameter for applications which require such gradient structure. For example, the 

development ZnO varistors have shown the necessity for gradient structures to obtain large voltage 

gradients for device minimization [201]. Another potential benefit of the gradient ZnO structure 

include thermoelectric applications, which is able to help optimize both high efficiency and 

enhance lifetime [202]. In addition, the positive region of the DC flash sintered ZnO showed the 

densest microstructure in this study with minimal grain growth and high density defects. This 

region could be ideal for specific applications, such as mechanical properties, as demonstrated in 

previous work by Cho et al. [26]. 

On the other hand, AC flash sintering produced a sample with minimal grain size gradient 

and no defect redistribution. It is clear that AC flash sintering is ideal for processing of 

homogeneous ceramics with similar properties to ceramics produced using traditional methods. 

Moreover, additional parameters in AC flash sintering such as the frequency [203] and waveform 

[65] can be employed to optimize the densification process. Further detailed investigations into 

the impact of these parameters on the material properties of a wide variety of material systems are 

needed in order to scale up AC flash sintering of ceramics. 

5.4 Conclusions  

This study provides a comparison of the microstructure of DC and AC flash sintered ZnO 

samples, along with detailed defects analysis through Raman spectroscopy. The grain size and 

porosity increased from the positive to the negative electrode in DC flash sintered ZnO, while the 
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AC flash sintered ZnO was mostly homogeneous in grain size and porosity. Along with the 

gradient microstructure, DC flash sintered ZnO also showed defect redistribution with a preferred 

accumulation of Zn interstitials near the negative electrode. On the contrary, the defect 

characteristics of AC flash sintered ZnO showed no obvious difference compared to a 

conventionally sintered sample. Based on their contrasting characteristics, DC and AC flash 

sintering can be used for various applications depending on their preferred microstructure and 

defects. 
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 FIELD-ASSISTED GROWTH OF ONE DIMENSIONAL 
ZnO NANOSTRUCTURES WITH HIGH DENSITY DEFECTS 

This chapter contains text and figures published in a journal article titled “Field-assisted 
growth of one dimensional ZnO nanostructures with high density defects” by X.L. Phuah, J. Cho, 
Akriti, L. Dou, W. Rheinheimer, X. Zhang & H. Wang, Nanotechnology, 2020, 32, 095603. The 
original article has been modified to include information from the supplemental information of the 
published article. 

The authors would like to acknowledge the support from the U.S. Office of Naval Research 
(Contract number: N00014-17-1-2087 for sintering effort and N00014-20-1-2043 for TEM). W.R. 
thanks the German Research Foundation for support under grant no. HO 1165/20-1 within the 
priority programme SPP1959 and grant no. Rh 146/1-1 within the Emmy Noether programme. 
Akriti acknowledges support from the Frederick N. Andrews Fellowship. L. Dou acknowledges 
support from Davidson School of Chemical Engineering of Purdue University. 

6.1 Introduction 

One-dimensional (1D) nanostructures have been immensely studied due to their well-

defined crystalline orientation and high surface area to volume ratio. Among the various 1D 

materials studied, ZnO is one of the most widely used in a key technological applications. ZnO is 

a n-type seminconductor with a wide band gap and large exciton binding energy, which are 

excellent properties for optoelectronics and luminescence applications. ZnO also possesses a non-

centrosymmetric hexagonal wurtzite structure, resulting in strong piezoelectric and pyroelectric 

properties. Various types of 1D nanostructures have been reported for ZnO, including nanowires 

[204–206], nanorods [207–210], nanotubes [211,212], nanobelts [213] and nanoribbons [214]. 

Engineering defects into 1D nanostructures can significantly impact the existing properties. 

In previous studies, presence of stacking faults in ZnO nanowires have shown to change the local 

band structure and mechanical properties [215,216]. However, growing defective 1D 

nanostructures is extremely challenging because defects are very likely to migrate to the surface 

and annihilate [213]. Additionally, most of the employed growth techniques are equilibrium 
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processes, which produced defect-free 1D nanostructures [217,218]. Thus, finding new non-

equilibrium techniques to grow defective 1D nanostructures is highly desirable. 

Flash sintering is a new field-assisted sintering technique where bulk ceramics are 

densified with the aid of an electric field and current [16]. At a certain combination of furnace 

temperature and electric field strength, the ceramic will become conductive and flow current 

through the sample. This results in rapid densification of the ceramic within seconds at a much 

lower furnace temperature than conventional sintering temperature. The sample usually undergoes 

ultra-high heating and cooling rates resulting in unique characteristics due to the impact of point 

defects [69,126,127]. As a result, many non-equilibrium features have been observed such as 

dislocations, stacking faults and metastable phases [22,121,157,188].  

In this study, flash sintering of ZnO was performed using an electric field of 600 V/cm 

with a set current density limit of 2 A/cm2. Due to the extremely fast densification and the high 

electric power dissipation, fracture occurred parallel to the electrodes. Along the current path, a 

hot spot with local melting and cavitation occurred. These sintering conditions led to growth of 

high density and well-aligned nanorods on the fractured surface around the hot spot. This 

demonstration presents the unexpected capability of flash sintering to form ZnO nanostructures 

without any additional catalyst, seed, template, single crystal substrate, Zn precursor or reducing 

agent. The non-equilibrium characteristics of flash sintering led to the formation of high density 

of defects in the ZnO nanostructures, which were further investigated by transmission electron 

microscopy and photoluminescence.  
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6.2 Experimental methods 

6.2.1 Flash sintering 

ZnO nanopowder (US Research Nanomaterials Inc) with average particle size of 18 nm 

was uniaxially pressed into cylindrical green bodies using a pressure of 350 MPa. The green body 

dimensions were 6 mm in diameter and 3 mm in height, with an approximate green density of 

60 %. The sample was placed between two Pt coils in a horizontal dilatometer (TA Instruments 

DIL 801) to apply an electric field during the experiment. Due to the complex temperature profile 

of flash sintering, the shrinkage could not be corrected for the thermal expansion of the dilatometer. 

The furnace heated at 25°C/min up to 900°C while an electric field of 600 V/cm was applied across 

the sample via platinum wires and coils (Figure 6.1(a)). The electrical contacts were connected to 

a power supply (Sorensen DLM 300-2). As the sample becomes conductive, current will start 

flowing through the sample and the power supply will be switched from voltage to current control 

mode. For this study, the current density limit was set to 2 A/cm2 and the steady state current was 

held for 60 seconds before turning off the power supply. The furnace was cooled after reaching 

the furnace temperature of 900°C. 
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Figure 6.1 (a) Schematic of the flash sintering setup in a horizontal dilatometer. (b) Plot of the 
furnace heating profile and shrinkage measured by the push rod in the dilatometer. (c) Electrical 

data collected from the power supply during flash sintering. Note the different scale of the x-
axis. 

6.2.2 Characterization  

X-ray diffraction (XRD) was performed on the top and bottom of the specimens, as well 

as the fractured surface using a PANalytical Empyrean using Cu-kα radiation (λ = 0.154 nm). The 

microstructure was characterized by a Quanta 650 FEG scanning electron microscope (SEM) on 

the fractured surfaces and FEI Talos 200X transmission electron microscope (TEM) for the 

nanostructures. The TEM sample was prepared by focused ion beam (FIB) sectioning, followed 

by lift-out and thinning for electron transparency. Photoluminescence (PL) was performed at room 

temperature using a Coherent OBIS laser with a wavelength of 375 nm and collected by a 

SpectraPro HRS-300 spectrometer. 
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6.3 Results and discussion 

6.3.1 Flash sintering of ZnO  

Figure 6.1(a)-(c) show the experimental setup, along with the data collected from the 

dilatometer and power supply. As the sample was heated to 900°C, an electric field of 600 V/cm 

was applied across the sample. After around 30 minutes, fast linear shrinkage by about 8 % (Figure 

6.1(b)) and simultaneously rapid increase in current density occurred (Figure 6.1(c)). The power 

supply immediately switched from voltage to current control when it reached the current density 

limit of 2 A/cm2. During this event, a large power spike was produced, as observed in the power 

density plot. The electric field dropped to maintain the steady state current which was held for 60 

seconds before turning off the power. A sample without an applied field (“no-field”, Figure 6.2) 

achieved only 5 % linear shrinkage after reaching 900°C. Moreover, the shrinkage occurred at a 

much more gradual rate compared to the flash sintered sample. Hence, the additional Joule heating 

and temperature increase from flash sintering helped to rapidly densify the green body. 

 
Figure 6.2 Shrinkage curve of a ZnO sample heated to 900°C without an applied field (“no-

field”). 
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It is important to note that previous flash sintering studies on ZnO utilized a much higher 

current density (upwards of 4 A/cm2) to reach densities above 95% [19,22,36]. In this study, the 

final density of this sample (~ 85%) is much lower compared to the previous reports due to the 

flash sintering conditions specified. The effects of using a higher electric field is typically 

detrimental and undesirable because it will cause the sample to start the flash sintering process at 

a lower furnace temperature [219], thereby limiting its percolation path and creating hot spots 

throughout the sample (Figure 6.3) [124]. The current density used was also significantly lower 

which reduces the sample temperature [38] and consequently the final density. Although this may 

seem to oppose the usual goal of reaching full densities for ceramics, using this particular set of 

conditions resulted in the interesting phenomenon for ZnO, where the samples consistently 

fractured near the middle of the sample parallel to the flat surfaces. 

 

Figure 6.3 Schematic showing the formation of hot spot and sample fracture after flash sintering. 

 

XRD spectra of the positive and negative surfaces, and fractured surfaces were performed 

and shown in Figure 6.4(a) and (b), respectively. All the patterns indicate single-phase wurtzite 

ZnO. To analyze the difference between these spectrums, the lattice parameters were calculated 

for all the surfaces using hexagonal lattice parameter calculation from (100) and (002) peak 

positions. The ratio of the lattice parameters c/a for the four surfaces are shown in Figure 6.4(c). 
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The positive and negative surfaces have very similar ratios of c/a, as indicated by a dashed line for 

reference. On the contrary, the fractured surfaces showed different ratios; the fractured surface 

closer to the positive side had a much lower c/a ratio while the fractured surface closer to the 

negative side had a slightly higher c/a ratio. Changes to the c/a ratio are correlated to the relative 

position of the anion sub-lattice with respect to the cation sub-lattice along the c-axis, which can 

be the result of point defects. Due to the fracture which occurred at a certain point during flash 

sintering, the separation of the sample may have led to the accumulation of contrasting defects on 

each side. 

 

Figure 6.4 X-ray diffraction (XRD) patterns of the flash sintered ZnO sample on the (a) positive 
and negative surfaces, and (b) the fractured surfaces. (c) Plots of the ratio of c to a lattice 

parameter of each surface and (d) relative intensity of (002) to (101) peak areas. 
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The XRD spectra also showed differences in the relative intensity of (002) to (101) between 

the surfaces and thus the calculated intensity ratios (I(002)/I(101)) are shown in Figure 6.4(d). The 

I(002)/I(101) for the positive and negative surfaces showed similar values, while there is a noticeable 

difference on the fractured surfaces. I(002)/I(101) was found to be much higher on the positive 

fractured surface while the fractured side on the negative side is slightly lower. The (002) intensity 

in ZnO studies are well-known to be the result of c-axis growth and likely to have occurred on the 

positive fractured surface. It should be noted that the XRD provides the overall lattice information 

over a large surface area (several mm2) and thus requires further analysis to investigate the 

morphology and defects characteristics. 

6.3.2 Microstructure and defect analysis after flash sintering 

Figure 6.5(a) shows a low magnification micrograph of the entire positive fracture surface, 

indicating many major cracks and a large void (~200 µm). This large void is a major hot spot, 

formed at the current path during flash sintering. Such currents paths are a common phenomenon 

during flash sintering: due to the rapid temperature increase along the initial current path at the 

onset of flash sintering, the conductivity along this path is much higher than the surrounding 

volume and therefore keeping the current in this path. As this hot spot experienced extreme local 

temperatures, it may be high enough to form the liquid or even gas phase. Thus volume changes 

would likely be the reason for the sample to experience large stresses and consequently form cracks 

within the sample. 

Upon closer inspection of the area between the hot spot and the edge of the sample (Figure 

6.5(b)), a gradient in microstructure and growth of nanostructures was observed on the fractured 

surface. Figure 6.5(c) shows a higher magnification of the microstructure gradient which exists 
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between the hot spot and the edge. Figure 6.5(c1) shows the area closest to the hot spot, where 

there was limited growth of short nanostructures and they were mostly found along the grain 

boundaries. Within the grains, there were also areas of liquid phase, which are likely to be 

nucleation sites for the nanostructures. Figure 6.5(c2) is an area between the hot spot and the edge 

of the sample. This area showed a higher density of short nanostructures than Figure 6.5(c1) and 

formed around grain boundaries and within the grains. Figure 6.5(c3) shows the area towards the 

edge of the sample and farthest from the hot spot. This area contained arrays of well-aligned and 

uniform nanorods. 
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Figure 6.5 (a) Low magnification SEM image showing the formation of cracks and a large void 
caused by a hot spot on the positive fractured surface. (b,c) Higher magnification of the area 

between the hot spot and the edge of the sample showing a gradient of microstructure. (c1-c3) 
The gradient of microstructure consisted of short nanostructures near the hot spot and these 
nanostructures grew more frequently and longer towards the edge of the sample. The white 

arrows marked in (c1) shows liquid phases formed within the grains. 

 

These nanostructures only exist near the hot spot of the sample towards the edge of the 

sample in vicinity of the current path. As a comparison to a region far away from the hot spot, 

Figure 6.6 shows a grain size which is only in the range of ~100 nm, which is much smaller than 

the grain size close to the hot spot as seen in Figure 6.5(c1), which is in the range of 2 to 10 µm. 
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Outside of the current path, there was probably limited current flow and much less Joule heating 

comparted to close to the current path, resulting in lower temperature and only slight densification 

and grain growth.  

 

Figure 6.6 (a)-(b) SEM images of the positive fractured surface away from the hot spot region 
towards the middle. 

 

 Figure 6.7(a) shows the surface morphology near the hot spot for the negative fractured 

surface where there is also some growth of nanostructures. Higher magnification image in Figure 

6.7(b) shows nanostructures growing within the grain and at the grain boundaries. This is a similar 

observation to the positive fractured surface. However, the nanostructures grown on the negative 

fractured surface appeared to grow in scattered directions and have a wider range of shapes and 

sizes within the same area, as shown in Figure 6.7(c). Thus, only the nanorods on the positive 

fractured surface was further analyzed. 
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Figure 6.7 (a)-(c) SEM images of the negative fractured surface area near the hot spot showing 
growth of nanostructures. 

 

To further investigate the characteristics of the nanorods grown on the positive fractured 

surface, Figure 6.8(a) shows a SEM image showing their overall distribution. The nanorods appear 

uniform in diameter and length and tend to grow in a certain pattern. Some of the areas contained 

dense clusters while some of the nanorods grew along a line. The clustered areas likely correspond 

to the growth of nanorods on a liquid phase region within the grain while the lines of nanorods 

were grown along the grain boundary. Figure 6.8(b) shows a TEM image of a single nanorod, 

where the dimensions are approximately 380 nm in diameter and 1.6 µm in height. The nanorod 

contained a high density of stacking faults (SF) along the growth direction of the nanorod. The 

SFs appear to be formed in a very periodic manner with an average spacing of 68 ± 13 nm. The 

selected area electron diffraction in the inset indicates that the nanorod is indeed a single crystal 
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and the growth axis is along c-axis, as confirmed by the high resolution TEM (HRTEM) shown in 

Figure 6.8(c). The HRTEM near the stacking fault region is shown in Figure 6.8(d), where the 

local area fast Fourier transform (FFT) contained streaks, verifying the presence of basal-plane 

stacking faults.  

 

Figure 6.8 (a) SEM of the area containing a high density of nanorods showing their distribution. 
(b) TEM of a nanorod which contains high density stacking faults. The inset shows the selected 

area electron diffraction of the nanorod. (c) and (d) High resolution TEM (HRTEM) of (b), 
where (c) is in an area away from the stacking faults while (d) is in a stacking fault region. The 

HRTEM was taken from the [01-10] zone axis. 

Basal-plane SFs are the most common type of stacking faults found in ZnO and the density 

of SFs is highly dependent on the processing method. Growth techniques which resulted in high 

density of SFs in ZnO are other non-equilibrium processes, such as plasma-enhanced chemical 

vapor deposition and rf-plasma assisted molecular beam epitaxy [220,221]. It is also possible to 
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produce stacking faults but in much lower density by equilibrium processes, such as metal-organic 

chemical vapor deposition [222]. The high density of stacking faults observed in this study is 

attributed to the ultrafast field-assisted growth mechanism of ZnO nanorods and the high density 

of point defects after flash sintering [22,191].  

The defect emissions of ZnO nanostructures is a critical aspect to be used in optoelectronics 

and have been thoroughly studied in the literature [223]. Figure 6.9(a) shows the room temperature 

PL spectra for the positive and negative fractured surfaces. For both surfaces, the spectra consist 

of a narrow peak at 375 nm which corresponds to the ultraviolet (UV) emission or near band edge 

(NBE) (~3.3 eV) which is contributed from free exciton recombination. The broad peak at higher 

wavelengths corresponds to the deep level emissions (DLE) based on the presence of lattice defects.  

As the broad peak in the DLE contained multiple peaks, the peaks were fitted using 

multiple Gauss distributions in Figure 6.9(b) and (c) for the positive and negative fractured 

surfaces, respectively. The positive fractured surface spectrum showed a green emission (565 nm) 

peak and large red emission (674 nm) peak. Both of these peaks are generally associated to excess 

oxygen interstitials, and typically seen in samples which have been annealed in air or oxygen 

atmospheres [224–227]. The positive fractured surface also showed a very minor violet emission 

peak (406 nm), which could originate from zinc interstitials [228]. On the contrary, the negative 

fractured surface showed strong green emissions (545 nm) with a minor orange emission (602 nm). 

The green emissions have been correlated with excess oxygen vacancies and observed in samples 

which were annealed in reduced atmospheres [224,227,228].  
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Figure 6.9 (a) Photoluminescence (PL) spectrum of the positive and negative fractured surfaces. 
The deep level emissions were fitted in (b) and (c) using Gaussian distributions for the positive 

and negative fractured surfaces respectively. 

6.3.3 Growth mechanism of defective nanostructures 

The literature on the growth mechanism of ZnO nanorods have been well-studied in the 

past two decades. In relevance to this study, the nanorods most likely grew by vapor-liquid-solid 

(VLS) mechanism. In order to grow by VLS mechanism, a metal catalyst (i.e. Cu or Au) is 

typically used to initiate the axial growth by forming a liquid-solid interface with Zn liquid and 

vapor [229]. This type of growth can also be self-catalyzed by forming Zn/ZnOx liquid droplets, 

followed by reoxidation [230], which is most likely the case for this study since there is no 

involvement of external dopants.  
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Figure 6.10 shows the schematic of the suggested growth mechanism for the nanorods 

produced from this field-assisted technique. For the growth of one-dimensional nanostructures by 

VLS mechanism, gaseous precursors of Zn and O2 are required. Since the current percolated 

through a hot spot region of the sample, extreme local temperature was achieved in this area and 

formed vapor products which was evident by the large void observed. It is expected that a thermal 

gradient exists from the hot spot region to the edge of the sample, as evidenced by the 

microstructure gradient. The phase diagram of Zn-O suggests that the formation of Zn/ZnOx liquid 

is possible around 450 to 900°C and vapor at > 900°C in an oxygen deficient state [231]. Hence, 

it is more likely that liquid phase regions could form farther away from the hot spot region, and 

these liquid phase regions act as the nucleation sites for the nanorods to grow from. With larger 

liquid phase regions formed closer to the edge, this resulted in higher density arrays of nanorods 

observed in Figure 6.5(c3). 

 

 

Figure 6.10 Schematic of field-assisted growth mechanism of ZnO nanorods. 
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 Growth of ZnO structures produced by flash sintering was first evident in a study by Zhang 

et al.[20], where large rods with diameter of > 5 µm grew at the cracks approximately in the middle 

of the sample. Our study shows that by simply altering the flash sintering conditions, high density 

of ZnO nanostructures can be grown. As the previous study utilized a much higher current density 

(15.4 A/cm2) [20], the estimated sample temperature should be significantly higher based on a 

previous temperature estimation study [38]. This increase in sample temperature could impact the 

growth mechanism involved and resulted in the large rods observed. Additional investigation is 

needed to fully understand how the growth mechanism and final morphology of the ZnO 

nanostructures change under other flash sintering conditions. 

 This demonstration suggests that the field-assisted technique offers the unique capability 

of forming highly defective 1D nanostructures. Flash sintering has been shown to form a variety 

of defects in bulk ceramics, which are not typically found in conventional sintering techniques 

[22,56,121]. In most ceramics, these defects are caused by the accumulation of oxygen vacancies 

and shows evidence of oxygen deficiency, such as sample blackening [54,100]. In this study, the 

presence of point defects assisted the reduction of ZnO to Zn/ZnOx liquid phases and Zn gas vapor 

under low temperatures. This has also led to contrasting photoluminescence emissions on the 

fractured surfaces and nanostructures containing high density of stacking faults. This shows 

tremendous potential for this field-assisted technique to grow nanostructures containing high 

density of defects that do not exist in the nanostructures processed using equilibrium processes.  

6.4 Conclusions 

This study demonstrates the feasibility of growing ZnO 1D nanostructures containing high 

density of defects using a non-equilibrium field-assisted growth technique. This technique can 
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produce extreme local temperatures and high concentrations of point defects, which led to the 

growth of nanostructures on fractured surfaces. These ZnO nanostructures grew by a self-catalyzed 

VLS mechanism and had contrasting characteristics on each fractured surface. The positive 

fractured surface contained well-aligned ZnO nanorods which were uniform in shape and size, and 

contained high density of stacking faults. Room temperature photoluminescence showed a strong 

excitonic UV emission with a red emission for the surface containing nanorods. On the contrary, 

the negative fractured surface contained more scattered nanostructures with variant shapes and 

sizes, and exhibited weak UV emission and strong green emission. This technique demonstrates a 

possible method to introduce defects into 1D nanostructures and could potentially be implemented 

for other ceramic systems if it experiences a similar VLS-based growth at elevated temperatures.  
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 FORMATION OF LIQUID PHASE AND 
NANOSTRUCTURES IN FLASH SINTERED ZnO 

This chapter contains text and figures published in a journal article titled “Formation of 
liquid phase and nanostructures in flash sintered ZnO” by X.L. Phuah, W. Rheinheimer, Akriti, L. 
Dou & H. Wang, Scripta Mat, 2021, 195, Pages 113719. The original article has been modified to 
include information from the supplemental information of the published article. 

The authors would like to acknowledge the support from the U.S. Office of Naval Research 
(Contract number: N00014-17-1-2087 for sintering effort and N00014-20-1-2043 for TEM). 
W.Rheinheimer thanks the German Research Foundation for support under grant no. HO 1165/20-
1 within the priority programme SPP1959 and grant no. Rh 146/1-1 within the Emmy Noether 
programme. Akriti acknowledges support from the Frederick N. Andrews Fellowship. L. Dou 
acknowledges support from Davidson School of Chemical Engineering of Purdue University. 

7.1 Introduction 

Flash sintering was first reported a decade ago and has gained significant attention due to 

its unique capability of densifying ceramics within a few seconds [16]. This technique is performed 

by applying an electric field to a green body during the heating process. At a certain combination 

of furnace temperature and electric field, the sample starts to be conductive enough and begins to 

flow current. This causes the sample to experience Joule heating and a thermal runaway, which 

rapidly increases the sample temperature over the furnace temperature. The non-equilibrium 

characteristics of this phenomenon has resulted in many unique features, such as a generation of 

high density of defects and metastable phases [22,56,121,157,232]. 

In a recent study, flash sintering of ZnO performed with high electric field and low current 

density has shown a unique capability of forming nanostructures [29]. ZnO nanostructure growth 

commonly occurs by the vapor-liquid-solid mechanism, which requires the presence of a liquid 

phase as nucleation sites. However, the formation of liquid phase in ZnO has only been observed 

in systems containing metallic oxide additives, where the additive has a low melting temperature 



 
 

114 

such as Bi2O3 (Tm~875°C) [20,233]. In this study, microstructural evidence of the formation of 

liquid phases and nanostructures in flash sintered ZnO is presented under various current density 

conditions, and correlated with the photoluminescence characteristics. The formation mechanisms 

of such liquid phases and nanostructures are discussed.  

7.2 Experimental methods 

Commercial ZnO nanopowder (US Research Nanomaterials Inc, 99.95% purity) with an 

average particle size of 18 nm was pressed into cylindrical green bodies (diameter of 6 mm, 

thickness of 3 mm, green density of ~60%). Flash sintering was performed in a horizontal push-

rod dilatometer (TA Instruments DIL 801), where the green body was placed between two Pt coils 

as contact which were connected to a DC power supply (Sorensen DLM 300-2). While the furnace 

was heating to 900°C at 25°C/min, an electric field of 600 V/cm was applied across the sample. 

The power supply automatically switches from voltage to current control when the current density 

reaches the preset limit during heating. In this study, three samples with a current density limit of 

1, 2 and 3 A/cm2 were compared. The steady state current was held for 60 seconds before turning 

off the power supply. The furnace was cooled at 25°C/min after reaching the furnace temperature 

of 900°C. The microstructure of the fractured surface was characterized by a Quanta 650 FEG 

scanning electron microscope (SEM). Photoluminescence (PL) was performed at room 

temperature using a Coherent OBIS laser with a wavelength of 375 nm and collected by a 

SpectraPro HRS-300 spectrometer. 

7.3 Results and discussion 

The furnace temperature and linear shrinkage measured by the dilatometer are shown in 

Figure 7.1(a) during the entire heating process. At approximately 750°C, both abrupt current flow 
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and shrinkage were observed for all samples. The sample experienced more total shrinkage with 

higher current densities due to the higher expected sample temperature caused by the higher power 

dissipation. Figure 7.1(b) shows the electric field and current density curves between 29 and 31 

minutes of the heating process. When the power supply is turned off after the holding time, a drop 

of sample temperature and a slight dip in the linear shrinkage curves is evident in Figure 7.1(a). 

 

 

Figure 7.1 (a) Furnace temperature and linear shrinkage measured by the dilatometer during flash 
sintering with current density limits of 1, 2 and 3 A/cm2. (b) Electric field and current density 
curves between 29 and 31 minutes, where the power supply switches from voltage to current 

control. 

 

In previous flash sintering studies of ZnO, the minimum current density required to reach 

high relative densities (> 95%) is at least 4 A/cm2 [20,22,36]. Instead, by using a combination of 

very high electric field and low current densities, very fast shrinkage occurred, along with fracture 

approximately midway through the sample and parallel to the electrodes (Figure 7.2(a)). A 

previous study showed a large void and the growth of nanostructures in the vicinity of the void on 
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the positive fractured surface [29]. Thus, in this study, only the positive fractured surface was 

further investigated for each current density. 

 

Figure 7.2 (a) Schematic of sample fracture low magnification SEM of samples with current 
density (b) 1 A/cm2, (c) 2 A/cm2 and (d) 3 A/cm2, showing the overall morphology of fractured 
surface (positive) containing large void. (c) Higher magnification of the area marked by the box 

in (b) showing the various morphology of nano- and microstructure formed. 
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Figure 7.2(b)-(d) show low magnification SEM images of the positive fractured surfaces 

of samples with current density of 1, 2 and 3 A/cm2, respectively. In each of the images, a large 

void with a diameter of several hundred microns was observed, which is the result of a hotspot as 

discussed later. Figure 7.2(e)-(g) show the areas near the void, where the growth of nano- and 

microstructures were observed. These structures had different morphology at each current density. 

For the sample with a current density limit of 1 A/cm2, the nanostructures resembled tetrapods, 

while using a current density limit of 2 A/cm2 formed well-aligned nanorods. On the contrary, 

current density limit of 3 A/cm2 results only in the growth of large rods with diameters of 3 to 5 

μm containing hexagonal facets and tapered pyramidal ends. This contrasting observation suggests 

different growth mechanisms occurring between the low (1 and 2 A/cm2) and high current densities 

(3 A/cm2). 

The low current density samples containing nanostructures were further analyzed to 

investigate the growth mechanism. Figure 7.3(a) shows a gradient of microstructure between the 

nanostructures region and the hot spot. This image revealed that the nanostructures grew on very 

large grains (~3 to 10 μm) and mostly around the grain boundaries. In some areas, the 

nanostructure also grew within the grains but less frequently. Upon closer inspection of the large 

grains without nanostructures, liquid phase regions were observed, as shown in Figure 7.3(b) and 

(c) for samples with current density limits of 1 A/cm2 and 2 A/cm2, respectively.  
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Figure 7.3 (a) SEM showing the gradient in microstructure which exist between the 
nanostructures and the hot spot areas for the 2 A/cm2 sample. The grains with less growth of 

nanostructures showed liquid phase present in the grains and at the grain boundaries for both (b) 
1 A/cm2 and (c) 2 A/cm2 samples. (d) Schematic of the vapor-liquid-solid mechanism. 

 

Growth mechanisms of ZnO nanostructures have been explained by vapor-liquid solid 

(VLS) or vapor-solid (VS) mechanisms. Although the mechanism is difficult to distinguish and it 

is possible for both mechanisms to occur in the present case, the direct microstructural evidence 

of liquid phase shown in the lower current density samples points towards the VLS mechanism. 

The VLS mechanism is usually associated with the use of a metal catalyst, where the Zn vapor 

forms a liquid alloy with metal on the substrate and the supersaturation of the liquid will lead to 

axial growth by precipitation [234]. This can also occur without the use of a catalyst, but would 

first require the nucleation of Zn/ZnOx liquid phase [235,236]. In our study, liquid phases observed 

in Figure 7.3(b) and (c) are likely to act as the self-catalyst sites for the growth of nanostructures 

in the low current density samples, as sketched in Figure 7.3(d).  
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The nanostructures observed for the lower current density samples are different, as shown 

in Figure 7.2(e) and (f). It is most likely that their contrasting morphology is due to local 

fluctuations in temperature and oxygen partial pressure between the samples. The 1 A/cm2 sample 

formed a complex tetrapod-like crystal, which can be grown in similar conditions for nanorods or 

nanowires [237]. The preference for growing in a tetrapod structure is related to the structure of 

the core [238], which is still currently under investigation. The nanostructures in 2 A/cm2 also 

appear to have smaller dimensions, which are likely due to the high areal density of nanostructure 

of growth [230]. 

In contrast, the VS mechanism occurs by direct absorption of gas phase onto the solid 

surface and is likely experienced by the sample with higher current density. Low magnification 

SEM of the 3 A/cm2 sample shown in Figure 7.4 did not exhibit any liquid phase and the growth 

of microstructures occurred very scarcely. VS typically occurs at a much slower rate as the 

nucleation conditions are less favorable without the liquid phase [239]. Additionally, structures 

produced by the VS mechanism has shown more inhomogeneity. This can be attributed to local 

thermal fluctuations at the growth front and mobility differences of atoms absorbed on various 

planes [240,241].  
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Figure 7.4 Low magnification SEM showing the distribution of microstructure growth for the 
sample with current density limit of 3 A/cm2. 

 

To understand the occurrence of nanostructures during flash sintering, first the formation 

of the crack needs to be addressed. As shown in Figure 7.2, cracking is associated with the 

formation of a hot spot. The hot spot is the result of having a preferred current percolation pathway 

which causes local overheating. This phenomenon is typically observed in large cross-sectional 

samples and extreme flash conditions such as high electric fields and current densities [242] The 

formation of a large void as evident in Figure 7.2 would also suggest that thermodynamic 

conditions resulted in the formation of liquid or gas phase of ZnO, i.e., the ZnO was driven off-

stoichiometric and/or the temperature increased to above 2000°C [231]. Due to volume changes 

arising from phase transformations, the formation of cracks and sample fracture are likely to occur. 

While the reason for the cracking remains unclear, it seems clear that it occurred in the beginning 

of flash sintering, when strong temperature gradients and high temperatures develop as 
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nanostructures could not have formed otherwise. Note that the cracking event is not visible in the 

densification curves in Figure 7.1(a). 

Within the crack, the thermodynamic conditions were such that nanorods formed [29]. As 

nanostructures in ZnO are usually associated with point defects, the point defect concentrations 

were analyzed at the positive fractured surface of all three samples by room temperature 

photoluminescence (PL) as shown in Figure 7.5(a). Typical PL spectra for ZnO consist of a UV 

or near band-edge (NBE) peak and one or several broad emission peaks in the visible range from 

deep level emissions (DLE) [243]. The peak at 375 nm corresponds to the UV emission, which is 

based on free exciton emission, while the broad overlapping peaks above 375 nm correspond to 

visible emissions from point defects. The ratio of UV to visible emission showed a decreasing 

trend with increasing current densities, as a higher current density results in a higher point defect 

concentration.  
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Figure 7.5 (a) Room temperature photoluminescence (PL) spectra measured on the positive 
fractured surface for 1, 2 and 3 A/cm2. Deconvolution of the visible emission is shown for (b) 1 

A/cm2, (c) 2 A/cm2 and (d) 3 A/cm2. 

 

To investigate the origin of DLE peaks, deconvolution of the visible region was performed 

for all three samples in Figure 7.5(b)-(d) using Gaussian fitting. Three peaks are identified at about 

406 nm, 560 nm and 670 nm corresponding to 𝑉 , 𝑉°  and 𝑂 , respectively [244,245]. While the 

position of these three peaks changes slightly with varying current limits, the relative intensities 

change strongly. The peak at 410 nm (𝑉 ) disappears completely at 3 A/cm². The peak at 650nm 

(𝑂 ) decreases as well with increasing current limit, but the peak at 550 nm (𝑉° ) increases 

significantly. Accordingly, the PL spectra indicate the following effects with increasing current 
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limit: an overall increasing surface defect concentration, a relative decrease of [𝑉 ] and [𝑂 ] and 

a relative increase of [𝑉° ]. These changes agree well with a reduction of the surface [244] and with 

the occurrence of a liquid phase as observed in Fig. 3 that only exists between 692K and 1179K in 

reducing conditions [231]. 

Based on these defect characteristics, it is likely that a surface reduction of the positive 

crack surface occurred during flash sintering either by electromigration or by nucleation of point 

defects. Electromigration [69,155,246] and a reduction [47,54,247] are well-known for flash 

sintering and seems the most likely source. The electric field in the sample could migrate oxygen 

vacancies away from the positive electrode (i.e. towards the positive side of the crack). Zn 

vacancies could migrate towards the negative electrode (i.e. away from the positive side of the 

crack). 

7.4 Conclusions 

In summary, flash sintering of ZnO under various current densities were investigated. All 

samples experienced a hot spot with a large void and fracture which occurred parallel to the 

electrodes as a result from the volume changes from phase transformations to gas and/or liquid 

phase(s). Samples with current densities 1 and 2 A/cm2 resulted in a field assisted growth of 

nanostructures in the vicinity of the hot spot. The growth occurred by the VLS mechanism due to 

the observation of liquid phases forming within the grains and at the grain boundaries. Increasing 

the current density to 3 A/cm2 results in no liquid phase formation. Instead the inhomogeneous 

microstructures were formed by the VS mechanism. The PL emission indicates an overall increase 

of point defects with increasing current density, a relative decrease of [𝑉 ] and [𝑂 ] and a relative 

increase of [𝑉° ] indicating a reduction of the positive side of the crack during flash sintering. This 
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reduction is likely to be caused by electromigration. This work documents the impacts of electric 

fields and currents during flash sintering on the stoichiometry of ZnO. The results offer new 

pathways to design non-stoichiometric materials with new functionalities, and field-assisted 

growth of nanostructures in ZnO. 
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 SUMMARY AND FUTURE OUTLOOKS 

Overall, this dissertation presents detailed work on flash sintering of ZnO and its growth 

of nanostructures. Flash sintering is an important advanced ceramic processing technique due its 

significant reduction in energy and time compared to conventional sintering. It is also capable of 

introducing non-equilibrium defects due to the ultra-high heating rates, and impact of electric field 

and current. The detailed work in this dissertation studying the microstructure and defects in flash 

sintered ZnO will allow tailored defects density and grain sizes to be achieved for a wide range of 

applications. In addition, the growth of ZnO nanostructures through flash sintering presents a new 

and exciting direction for flash sintering applications. The major findings are summarized below: 

1. A controlled current ramp can be used to linearly increase the current during Stage 

II. This parameter acts as similarly to heating rate and can be used to slow down 

the ultra-fast heating rate during flash sintering for a more controlled densification 

process. While other flash sintered ceramic systems have shown evidence of 

extended defects, this study showed the first evidence of stacking faults in ZnO 

system. 

2. The type of current, whether DC or AC, can significantly impact both the 

microstructure and defects in flash sintered ZnO. DC flash sintering resulted in 

gradient microstructure and defect redistribution, while AC flash sintering was 

mostly homogeneous and had similar defects characteristics compared to 

conventionally sintered sample.  

3. The growth of 1D ZnO nanostructures through flash sintering was demonstrated. 

By applying a high electric field and limiting a low current, ZnO nanostructures 
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grew near the hot spot through the vapor-liquid-solid mechanism. These 

nanostructures are unique compared to other equilibrium technique since they 

contained high density of basal-plane stacking faults and exhibited ultraviolet 

excitonic emission with yellow-red emission at room temperature. 

4. The growth mechanism of ZnO nanostructures during flash sintering was 

investigated by varying the current densities. Formation of liquid phase and 

nanostructures were observed only at low current densities, but not at high current 

densities. The change in current densities impacted the resulting structure 

morphology and also the point defects concentrations. 

For future systematic flash sintering studies, employment of various in situ characterization 

techniques could be helpful in revealing detailed information of the temperature and defect profile 

of the ZnO systems. In situ techniques with ultra-fast temporal resolution will be important to help 

investigation during the transient stage (Stage II) of flash sintering. Direct observation through in 

situ TEM to investigate the impact of external fields, such as simultaneous heating and biasing, 

would also help to elucidate further details on the defect formation and propagation.  

While the ZnO studies in this dissertation focus on optical properties, there are other 

properties which could be enhanced from the presence of extended defects for future opportunities. 

As shown in the recent work by Cho et al., the mechanical properties of flash sintered ZnO was 

investigated and showed a higher flow stress compared to conventionally sintered ZnO. 

Improvement in ceramic deformability was also observed in other flash sintered ceramics, 

including 3YSZ [146] and TiO2 [57]. Ceramics are known to be extremely hard and brittle due to 

their rigid bonds and limited dislocation mobility at room temperature, but this can potentially be 

overcome by high density defects introduced by flash sintering [150]. It will also be important for 
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further investigation of properties for other flash sintered ceramic systems where defects could 

play a significant role. 

 Another important future direction for flash sintering is the upscaling of the process and 

modifications for complex shape materials. Recent efforts have been made into modifying the 

static single sample process into a dynamic continuous process [110] and contactless process 

[111,248,249]. Flash sintering also brings additional engineering questions to the possibility of 

processing complex shape samples due to the electrode configuration and current pathway. Several 

studies have shown the adaptations to various geometries such as thick and thin films [49,250], 

and most recently gear-shaped samples [106]. These demonstrations show great potential for 

combination of the flash sintering process with other techniques and open new avenues for the 

applications of flash sintering. 
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