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ABSTRACT OF THE DISSERTATION 

NOVEL PROCESSING AND FUNDAMENTALS FOR HIGH TEMPERATURE 

NITRIDE CERAMICS 

by 

Suprabha Das 

Florida International University, 2024  

Miami, Florida 

Professor Zhe Cheng, Major Professor 

The current research focuses on high temperature nitrides, from binary and ternary 

to high entropy. The goals are to study the synthesis and processing of representative 

transition metal nitrides and understand the relationships between composition, processing, 

microstructure, and their properties.  

The first part of the study is focusing on the binary nitride of ZrN. It aims to 

demonstrate the synthesize of ZrN powders by a facile and low-cost urea route without 

using any solvent and understand the formation mechanism including the effects of 

different processing parameters such as metal to urea molar ratio, heat treatment 

temperature, and dwelling time on the product phase and stoichiometry. In addition, the 

synthesized ZrN powder was consolidated into fully dense single-phase bulk ceramic in a 

few minutes with a new flash sintering technique and the microstructure as well as 

properties such as hardness and oxidation resistance of the sintered ZrN were characterized.  

Next, reactive flash sintering (RFS) of ternary metal nitrides TiZrN and TiAlN from 

TiN-ZrN and TiN-AlN mixtures were demonstrated. Phase transformation was tracked 
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using both conventional XRD and in situ synchrotron study. Uniform Ti0.57Zr0.43N solution 

formed in RFS and persisted upon cooling, while (Ti, Al) N solid solution formed at high 

temperature was unstable and went through a very quick phase separation in the cooling 

process.  

Finally, novel bulk high entropy nitrides (HEN) such as, 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N have been successfully synthesized in just a few minutes 

using the RFS technique. The formation of a single-phase nitride solid solution was 

confirmed using both ex situ XRD and in situ synchrotron. Microscopy revealed a dense 

microstructure without noticeable segregation of elements. The bulk HEN display 

attractive mechanical property that combines high hardness with exceptional fracture 

toughness, a very attractive property in ceramics, which is attributed to layered 

microstructure despite cubic crystal lattice. Some other attractive properties include decent 

oxidation resistance and superconductivity.  

This study provides better understanding of these important nitride materials and 

the related new technologies, which might help future industrial applications in many 

fields. 
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Chapter I: Introduction 

High temperature nitrides are a variety of ceramics, with melting point at or above 

~2500 oC.  They include groups IV and V transition metal nitrides. These nitrides are of 

significant interest because to their outstanding properties. For instance, they have very 

high Vickers hardness, good thermal conductivity, low electrical resistivity, and 

outstanding corrosion and abrasion resilience 1–5. Despite the studies already done on high 

temperature nitrides, many problems remain unresolved. For example, traditional nitride 

powder synthesis methods may have severe safety concerns, while the understanding about 

new method such as the urea method is lacking.  On the other hand, high temperature 

nitrides are still susceptible to oxidization and mechanical failures 6. Previous studies show 

that, the control of the composition can influence materials performance 7. For example, 

ternary metal nitrides, which has two metals alloyed at the metal site in their crystal 

structure, display enhanced mechanical and oxidation properties compared to binary 

systems 8–12. 

Apart from ternary nitrides, in the past decade, high-entropy ceramics including 

high entropy nitrides have drawn significant research interest. They typically have five or 

more metallic elements randomly occupying the same cation site and one or two nonmetal 

elements occupying the same anion site. The compositional disorder in the cation sublattice 

leads to increasing molar configurational entropy and accompanied high-entropy effects 

such as sluggish diffusion and severe distortion in their lattice, which may lead to enhanced 

properties.  

All of these motivate the current research on high temperature nitrides, from binary 

and ternary to high entropy systems. The goals are to study the synthesis, processing, and 
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formation mechanism of selected transition metal nitrides and understand the relationships 

between composition, processing conditions, microstructure, and their properties. Such 

study would provide better understanding of these important materials, which might lead 

to future industrial applications in machinery, electronics, and other fields. 

This thesis is divided into 7 chapters. Chapter 1 begins with the basic introduction 

of binary, ternary, and high entropy metal nitrides. Chapter 2 summarizes the literature and 

identifies the limitations in previous studies on binary transition metal nitrides (e.g., ZrN), 

ternary nitrides solid solutions/composites (e.g., TiZrN and TiAlN), as well as high entropy 

nitrides (e.g., (Al,Nb,Ta,Ti,Zr)N).  Chapter 3 focuses on the synthesis of ZrN fine powders 

using the soft urea method. It includes a detailed study of the influence of synthesis 

parameters on the resulting ZrN powder characteristics. It also demonstrates for the first 

time, the flash sintering of synthesized ZrN powder into dense ceramic body. It is based on 

the author’s paper Das S, Dubois D, Sozal MSI, Emirov Y, Jafarizadeh B, Wang C, et al. 

Synthesis and flash sintering of zirconium nitride powder. J Am Ceram Soc. 2022; 105: 

3925–3936. https://doi.org/10.1111/jace.18421. 

 Chapter 4 demonstrates reactive flash sintering of ternary metal nitrides, TiZrN 

and TiAlN. Their phase transformations are studies using both ex situ XRD and advanced 

in situ synchrotron experiment that tracks the structural changes in real time. In addition, 

the products’ microstructure and properties such as oxidation resistance and mechanical 

properties including hardness and fracture toughness were also characterized (it is based 

on the author’s paper Suprabha Das, Andriy Durygin, Vadym Drozd, Md Shariful Islam 

Sozal, Zhe Cheng, Reactive flash sintering of TiZrN and TiAlN ternary metal nitrides, 
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Journal of the European Ceramic Society, Volume 44, Issue 4, 2024, Pages 2037-2051, 

ISSN 0955-2219, https://doi.org/10.1016/j.jeurceramsoc.2023.11.079.) 

Chapter 5 delves into the synthesis of novel bulk high entropy nitride solid solutions 

such as (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, (Al0.20Nb0.20Ta0.20Ti0.40)N and 

(Al0.20Nb0.20Ti0.40Zr0.20)N by reactive flash sintering. Apart from detailed study of phase 

evolution using both ex situ and in situ synchrotron techniques, the microstructure of these 

HENs were characterized at both micro-scale and atomic-scale analysis. In addition, a 

broad range of properties from oxidation resistance and mechanical properties (e.g., 

hardness and fracture toughness)  to high pressure response and super conductivity were 

reported. Finally, chapter 6 summarizes each of the three studies in this dissertation and 

points out the directions for future research in related fields.   
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Chapter II: Literature review 

2.1. High temperature nitride ceramics 

High-temperature nitride ceramics (HTNs) constitute covalently bonded nitrides of 

transition metals from Groups IV and V, including Ta, Ti, Zr, Hf, and Nb. Possessing 

elevated melting points, HTNs exhibit a compelling amalgamation of metal-like traits such 

as high thermal conductivity, and ceramic-like characteristics like substantial hardness and 

modulus. This unique combination enables them to endure extreme conditions where 

conventional structural materials falter. HTNs demonstrate chemical stability in high 

temperatures (surpassing 2000 ℃) and in reactive atmospheres, including environments 

with atomic oxygen. They exhibit resistance to oxidation ablation at elevated temperatures 

and maintain structural integrity in oxidizing environments exceeding 1800 ℃, along with 

exceptional mechanical properties. 

These exceptional physical and chemical attributes position HTNs as promising 

candidates for a new era of high-temperature applications. With potential applications in 

rockets and hypersonic vehicles, HTNs find utility in critical components such as nozzles, 

engines, hypersonic vehicles, cutting tools, furnace elements, and high-temperature 

shielding. 

2.2 Binary nitride, ZrN 

In the high temperature nitrides, zirconium nitride (ZrN) stands out as an interesting 

material with a myriad of unique characteristics that render it promising for a diverse range 

of applications. ZrN is a refractory ceramic characterized by its golden hue. Possessing a 

fcc crystal structure, it showcases covalent bonding attributed to interaction with zirconium 
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(Zr) in its 4d state and nitrogen (N) in its 2p state. This interaction gives rise to Zr–N and 

Zr–Zr bonds only, without the formation of N–N bonds. Non-stoichiometric ZrN is 

represented by ZrN1−x.  

Zirconium nitride, renowned for its exceptional electrical conductivity, high melting 

point, thermal stability, and hardness. Because of its exceptional resistance to wear and 

corrosion as a refractory ceramic, it is a desirable option for a variety of industrial 

applications, including protective layers, coatings, and cutting tools. ZrN's fascinating 

electronic qualities and compatibility with semiconductor processes provide opportunities 

for its incorporation into electronic devices and new technologies. 

The synthesis process plays a pivotal role in determining the products’ composition 

and properties. Therefore, understanding the synthesis methodologies of zirconium nitride, 

exploring both conventional and new techniques, as well as tailoring its processing 

parameters to affect its composition is of vast interest in the scientific community. Hence, 

a comprehensive understanding of these methods is essential for harnessing ZrN's vast 

applications. Moreover, a thorough investigation into the fundamental properties of 

zirconium nitride, including its mechanical, and oxidation characteristics, provides the 

foundation for its application in diverse fields. Therefore, the first part of this literature 

review is a comprehensive exploration of synthesis techniques of zirconium nitride.  

2.2.1. Synthesis of ZrN powder 

Zirconium nitride (ZrN) has been produced through various physical and chemical 

procedures. Nonetheless, methods such as plasma vapor deposition (PVD) or laser 

deposition processes, predominantly serve for coating applications. Ensuring the ZrN 

powders maintain a composition closely aligned with stoichiometry, devoid of impurities 
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from oxide phases and traces of precursors, is crucial. This section focuses on the various 

chemical methods employed for the synthesis of powder ZrN, exploring both traditional 

and innovative approaches and the challenges faced. 

 2.2.1.1. Hydrogenation–nitridation of metal powders 

One of the conceptually simplest methods for synthesizing zirconium nitride 

powders involve the process of nitration of zirconium hydrides or metallic Zr powders. 

Pukari et al. synthesized ZrN by heating Zr metal chips and ingots to a temperature of 733 

K. The hydrogenation process took place over 24 hours in a mixed gas flow of high purity 

H2 and Ar. The obtained ZrH1.92 underwent nitridation at 1300 °C in purified nitrogen gas 

for 5 hours 13. The corresponding reactions are given below: 

Zr+H2ZrH 

ZrH+N2ZrN+H2 

This technique synthesizes ZrN with composition Zr(N0.99O0.01)0.97 (0.11 wt.% O and 0.01 

wt.% C). 

Fokin et al. synthesized ZrN by the reactions of powder or bulk Zr with ammonia 

14. The metal interacted with ammonia and hydro-nitridated while using NH4Cl as an 

activating agent. Ammonium chloride was removed by dissolving the product in pure 

ethanol for 1 h at room temperature.  

Konuma et al. used high purity N2 and H2 gas as plasma gases and radio frequency 

power was applied 15. With the increase in power the temperature of the specimen rose to 

900 - 950 ˚C in the N2-H2 plasma. After nitriding for 49 h, ZrN powder was synthesized 

with impurities of α-Zr. 
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These aforementioned methods require high-purity nitrogen, hydrogen, or 

ammonia (irritant and harmful) gases or produce hazardous reagents like azides, hydrides 

etc. and need prolonged period of 20–50 h. Moreover, micron-sized Zirconium (Zr) powder 

can readily undergo ignition and combustion in the presence of air, especially when 

activating agents (such as NH4Cl) are mixed with the starting Zr metal powder.  

Consequently, handling fine powders necessitates specialized equipment, like glove box 

and an inert atmosphere. As a result of these limitations, the need for a simpler and more 

cost-effective technique to be adopted. 

 2.2.1.2. Mechanochemical synthesis 

Literature documents that the direct reaction of  Zr with N2 can be attained at room 

temperature through ball milling of elemental Zr powder, provided a continuous supply of 

N2 is introduced into the ball miller. This milling process initiates a solid-state reaction 

among distinct species. 

Calka, used an custom made ball miller to mill Zr metal 16. A constant supply of 

high-purity N2 was provided during the milling. After 120 h of ball milling, ZrN was 

synthesized. 

El-Eskandarany et al. employed high-energy reactive ball-milling (RBM) to 

synthesize equiatomic spherical ZrN powders (grain size diameter < 8 nm) 17. The process 

involved milling of elemental Zr powders under N2 gas at ambient temperature. Initially, 

the Zr metal powder agglomerates. On further milling intense disintegration is observed, 

forming smaller particles in ~3-12 h. These disintegrated particles, featuring fresh surfaces, 

initiated reactions with the N2 milling atmosphere in the final stage of milling, resulting in 
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the formation of cubic zirconium nitride powder along with unreacted zirconium powder. 

After milling for 24–48 h,  single phase ZrN with a rock salt structure was achieved. 

Sun et al. utilized a blend of ZrCl4 and Li3N powders, subjecting them to high-

energy ball milling in an argon atmosphere 18. The milling process facilitated a 

mechanochemical reaction between the ZrCl4 and Li3N precursors, resulting in the 

production of LiCl and ZrN with a rock salt structure. The authors also concluded from in-

situ and DSC measurements, as well as thermodynamic and kinetic analyses, that the 

reaction is self-propagating, and with increase in milling time the ignition temperature 

decreases. Fig 2.1. shows the SEM of the synthesized powder. 

 

Figure 2. 1. SEM image of the synthesized powder  (Sun Y et al., J Alloys Compd. 2009)  
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Puclin et al. utilized a three step ball milling process 19. Initially, zircon (ZrSiO3) 

and aluminum mixtures underwent 120 h of low energy milling in vacuum. No chemical 

reduction and X-ray amorphous phases were observed. Afterwards the precursors were 

milled in vacuum at high speed for 120 h, followed by milling under a N2 atmosphere at a 

pressure of 100 kPa for 70 hours. Although ZrN was formed, the abrasive nature of zircon 

led to substantial iron contamination as well as A12O3, ZrSi2 and FeZrSi2. 

Despite significant efforts in the mechanochemical synthesis of ZrN powder, there 

are several drawbacks for this route. The synthesis route, which involves diffusion during 

the milling process, results in prolonged milling times. The final products often exhibit Zr 

impurities that are challenging to remove. Furthermore, there is a notable presence of iron 

and oxide contamination in the products, attributed to extended milling using stainless steel 

tools. The use of nitrogen and/or argon gas for long time increase the complexity and cost. 

 2.2.1.3. Thermal reduction nitridation using reducing agent 

Another method for synthesizing ZrN powder involves the thermal reduction of 

ZrO2 using active reducing agent (such as Mg). Wu et al. conducted a reaction by 

combining ZrO2, NaN3, and metallic magnesium within a autoclave made of stainless steel 

20. The container was tightly closed and subjected to heating from room temperature to 

1000 ˚C for 8 hours. Subsequently, the setup was allowed to naturally cool, and the 

resulting product underwent multiple washings with HCl, H2O, and ethanol to eliminate 

excess unreacted Mg, followed by a drying process. This method involves a one-step 

synthetic process without the need for expensive precursors and apparatuses. 

Chen et al. synthesized ZrN via similar magnesium thermal reduction nitridation of 

ZrO2 as above but in a molten salt (MgCl2·6H2O / NaCl eutectic) environment 21. The 
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mixture was prepared in an alumina mortar, transferred to an alumina crucible, and 

subjected to heat treatment inside a corundum furnace at 1000°C for 3 hours in a nitrogen 

atmosphere. The products were washed with hydrochloric acid and water.  

Fu et al. first prepare ZrO2 powder by dissolving used zirconium-oxychloride in 

distilled water and gradually introduced an ammonia solution. The resulting ZrO2 

precipitate was combined with Mg powder, ground, and then nitrided in a quartz tube 

furnace in flowing ammonia gas at 1000°C for 6 hours. The nitridation process involved a 

temperature range of 800° to 1000°C, with varying nitridation times ranging from 2 to 6 

hours. The resulting nitridation product underwent washing with HNO3 and alcohol to 

eliminate by-products, followed by drying at 85°C for 12 hours to yield nanosized ZrN 

powder 22. 

The synthesis of ZrN via aluminothermic reduction nitridation of zirconium oxide 

under N2 gas flow is another approach, as shown by Yin et al 23. Al metal is the reducing 

agent while CaCaO3 was used as an activating agent and the corresponding reaction is 

given below: 

6ZrO2 +8Al+2CaCO3+3N2  6ZrN+2CaAl4O7 +2CO2 (g) 

The powder mixtures underwent ball milling, followed by drying in a rotary evaporator. 

Subsequently, the dried mixtures were inserted in a BN crucible and ignited in a graphite 

gas furnace under pure N2 gas. Nitridation occurred at 1400°C for 6 hours. Following the 

nitridation process, the resultant products were dissolved with HCl acid and subsequently 

washed using distilled water to acquire the final material. 

Tan et al. employed a sol-gel technique to prepare ZrO2 powder 24. Zirconyl nitrate 

was dissolved in water and ammonium hydroxide, resulting in a sol-gel that underwent 
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centrifugation. After firing at 1000 °C in air for 11 h, the gel converted into zirconium 

oxide. The ZrO2 powders were placed into a reactor in a tube furnace  with flowing NH3 

(N2 source) and CH4 (reducing agent), and the mixture was fired till 1100°C for 3 h.  

Despite the efficiency of these process in synthesizing pure ZrN powder, it involved 

complex and multi-step operating procedures. The need for a reducing agent added 

complexity, and the removal of byproducts proved time-consuming, requiring multiple 

solvents and prolonged time. 

 2.2.1.4. Benzene–thermal method  

ZrN powder has also been synthesized by Gu et al. using benzene as a solvent 25. 

Anhydrous ZrCl4 powder and Li3N and benzene were used a precursor. The mixture was 

added in a stainless steel autoclave and was closed in a N2 filled dry tank. The autoclave 

underwent heating at 380 – 400 °C for 48 hours in an oven and was subsequently cooled 

to ambient temperature. The resulting product mixture underwent multiple washings with 

ethanol, HCl solution, and distilled water to eliminate benzene, LiCl4, and impurities. The 

product was then vacuum-dried for six hours at 50 °C. ZrN synthesized was slightly N2 

deficient. Also, oxide was observed, and amorphous carbon was present from 

carbonization of solvent benzene. The need for starting materials with high purity, the 

potential hazards associated with high pressure autoclave and handling toxic organic 

solvents, and the low efficiency in production collectively hinder the viability of the above 

techniques for industrial mass production. 

2.2.1.5. Self-propagating high-temperature synthesis, SHS 

The process of combustion synthesis, also known as self-propagating high-

temperature synthesis, involves the growth of a combustion front inside the reactant to 
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synthesize compounds. The heat generated during the reaction provides the energy needed 

to propel the combustion.  

Wu et al. used commercial powders of Zr, Si3N4 or BN powders as raw materials 

to synthesize ZrN powder using combustion synthesis 26. The products are formed by these 

two routes. 

11 Zr + 2 Si3N4  8 ZrN + 3 ZrSi2  

3 Zr + 2 BN  2 ZrN + ZrB2  

After 1 h of ball milling, the reactants were dried and then cold-pressed into a cylindrical 

sample. Combustion was performed in an argon-nitrogen chamber. An electric current was 

applied to the sample for 2 s and a small (Ti + C) mixture assisted in the reaction. 

The formulas show that Zr and Si3N4 exclusively generated ZrN and ZrSi2, with no 

precursors or contaminants. On the other hand, unreacted BN impurities were present in 

the reaction between the Zr and BN samples. This demonstrates clearly that nitriding Zr 

using solid Si3N4 as the nitrogen source is practical. 

Malikova et al. used a mixture of non-pressed powders of Zr, ZrO2 and Y2O3 (as  a 

catalyst), at 500 °C and ignited them in air at a relative humidity of 60%, pressure of 1 atm, 

and quenched at 30 s after ignition to prevent re-oxidation of ZrN 27. Air was used as a 

source of nitrogen gas.  However, the product contained Zr, and ZrO2 impurities. The 

highest concentration of ZrN obtained is 66 wt. %. Metal carbides and leftover graphite 

can occasionally contaminate solid combustion products (SCP) when ZrO2 is reduced by 

carbon in N2.  

Tsuchida et al. used a similar approach to synthesize ZrN powder 28. Zr metal and 

graphite was ball milled for 30 min. The activated sample when exposed in air reacted 
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exothermically instantly. The reaction started emitting a red light and propagated 

throughout the mixture with a stronger white emission. The setup was immediately 

protected afterwards to prevent oxidation in air. ZrN was formed along with a trace of 

zirconium dioxide which could not be prevented by changing carbon content in the precursors. 

Zakorzhevskii et al. synthesized ZrN in an SVS-8 laboratory reactor 28. Zr metal 

powder was loaded in a crucible and placed into the reactor filled with nitrogen gas and 

pressurized with N2 to 50 atm. The combusted product was cleaned and  again milled.  The 

product contained ZrN powder with impurities of ZrO2. 

Hector et al. initiated a SHS between lithium nitride and anhydrous ZrCl4 to 

synthesize ZrN 29. LiN3 and anhydrous ZrCl4 were mechanically ground in a nitrogen 

atmosphere and sealed under vacuum. The crucible was heated at 500°C  for 10 mins and 

cooled to RT. The SHS products were LiCl4 coated ZrN. 

Self-propagating reactions are very exothermic and can release large amount of 

nitrogen gas. An explosion may happen if the reactions are contained in a tiny vial. It is 

advised that a blast-proof safety screen be used for all reactions. Other than the safety issue 

the examples above showed that getting pure ZrN is not easy as the products has 

contaminants in all cases which cannot be easily removed.  

 2.2.1.6. Direct carbothermic nitridation (CN) 

Zhao et al. synthesized zirconium nitride nano powders by the carbothermic 

nitridation process with starting materials prepared from internal gelation 30. 

ZrO(NO3)2·xH2O and carbon black was the zirconium and carbon source respectively. 

ZrO(NO3)2·xH2O was dissolved in deionized water to give ZrO2 precursor. HMTA and 

urea was also mixed in deionized water and carbon black was added into  it. By an intricate 
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process of hydrolysis and condensation Zr-O-Zr gel network was formed. Carbon particles 

was added to it and the mixture was dried in flowing N2 gas. Zirconium nitride nano-

powders were successfully prepared by CN reaction of the dried zirconium hydroxide gel 

with carbon black.  

 

Figure 2. 2. TEM image showing crystalline ZrN particles along with amorphous carbon in the outer shell 
(from Naim Katea S, Ceram Int., 2021) 

 

Katea et al. synthesized ZrN from mixture with 2–4 nm sized ZrO2 particles were 

prepared by hydrolysis of zirconium-(IV)-1-propoxide and sucrose in water and heated to 

600 ◦C 31.  A white voluminous gel-like powder precipitate was formed which was sucrose-

Zr-gel samples. The precipitate was  dried and ground to fine powder. The samples were 
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prepared by pressing the powder into an indium foil, which was connected with an Si-

wafer. The samples were heated in a tube furnace at 1500 ◦C under nitrogen gas flow. The 

products consisted of  agglomerated single-crystalline Zr(C,N) particles along with minor 

amounts of r-Zr7O8N4 and m-ZrO2. The single-crystalline Zr(C,N) particle cores had a 4–

6 nm thick distinctive amorphous or nano-crystalline Zr(N,C,O) shell. Fig 2.2 shows the 

TEM image showing crystalline ZrN particles along with amorphous carbon in the outer 

shell 31.  

Yamamura et al. used zirconia and graphite powder as a starting material 32. ZrO2 

powder and graphite powder were mixed and pressed into disks and fired in flowing 

nitrogen gas. The compact transformed first into a nitrogen rich phase,  then almost 

stoichiometric ZrN at 10 h, and finally a carbo-nitride solid solution. 

Based on the aforementioned studies, it can be inferred that one of the most popular 

methods for producing ZrN powders on an industrial scale is carbothermic nitridation of 

zirconia, which is allow cost reactant. With a high chance of producing zirconium nitride 

on a large scale, CN techniques are suitable for a wide range of powder sizes and 

morphologies. 

According to literature, for the conversion of oxide to nitride, carbon black must be 

added and the C/Zr ratio must be carefully regulated. Carbon primarily served as an oxygen 

getter in the CN process, which produced zirconium oxynitride as an intermediate product, 

which is then completed by nitrogen replacing its oxygen atoms. Nevertheless, this process 

still leaves residual carbon powder in the zirconium nitride product, and it is hard to 

remove. 



16 
 

 2.2.1.7. Carbothermal reduction – nitridation methods (CRN) 

Another popular method for producing ZrN is carbothermic reduction nitridation 

of zirconia. It is typically carried out industrially utilizing zirconia as a raw material to cut 

costs. The CRN process typically contains two-step: ZrO2 is first reduced by carbothermal 

means in an Ar atmosphere, and the resulting carbide is subsequently treated in a nitrogen-

hydrogen environment to undergo nitridation. Therefore, carbon not only acts as a reducing 

agent to take away O but also bonds with Zr atoms to form carbide as an intermediate 

product. The pathway of nitride formation is believed to be as follows: 

ZrO2(s) + 3C(s) → ZrC(s) + 2CO(g) 

2 ZrC(s) + 2 N2(g) + H2(g) → 2 ZrN(s) + 2 HCN(g)  

Harrison et al. synthesized ZrN using carbothermic reduction nitridation 33. 

Powders of monoclinic ZrO2 and carbon black were mixed to achieve a C/Zr molar ratio 

of 2.7 and homogenized by ball milling a slurry (in acetone) for 12 h using ZrO2 milling 

media and dried at 363 K. Powders were then subject to a 24 h dwell at 1873 K under 

H2(10%)/N2 atmosphere in a graphite furnace. The product stoichiometry is ZrC0.3N0.65 and 

ZrC which can be further nitrided. Fig 2.3 shows the mechanism of nitriding ZrC to ZrN 

33. 

The traditional method of carbothermic reduction and nitridation takes considerable 

time to finish. To address this, Yugeswaran et al. used transferred arc plasma process to 

synthesize ZrN from zircon sand via the CRN route 34. The mixture of zircon–carbon 

samples were prepared by ball milling with using corundum balls and placed in a graphite 

anode crucible in a reactor filled with N2 gas. After cooling, the molten material is like a 
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slag. Although ZrN was formed, m-ZrO2 impurity lingers even after adding excess C and 

taking other precautions.  

 

Figure 2. 3. Steps for the mechanism of nitriding ZrC to ZrN (from Harrison R, J Eur Ceram Soc. 2015) 

 

In summary for all CRN processes, carbon is essential to the nitridation processes, 

but if the ratio is off, the products frequently contain too much carbon or oxides. This 

makes the process unreliable for mass production. 

 2.2.1.8. Soft urea and modified soft urea method  

Recently, carbothermal reduction method for creating different metal carbides and 

nitrides in the presence of a N/C source has gained considerable popularity. In particular, 

the soft urea method (SUM) is an attractive approach due to its simplicity, scalability, and 

versatility. One interesting feature of "urea technology" is the way urea and a metal 

precursor combine to generate a gel-like beginning material. This method is ammonia-free, 
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provides an easy way to reduce the amount of hazardous gas/solvents used, and does not 

require refining.  

A sol–gel-based soft-urea route was developed by Antonietti et al., aimed to 

demonstrate its applicability and versatility in synthesizing crystalline binary transition 

metal nitrides 35 36 37 38 39 40 41. They mixed various metal chlorides and/or other salts with 

ethanol solvent. The metal precursor reacted with the alcohol forming a gel, releasing a 

significant portion of chlorine as HCl, and forming the corresponding metal precursors. 

The gels were then placed in an oven and treated under a N2 flow at 800°C for 7h. It is 

crucial to note that the heat treatment is a sensitive step in the entire procedure. To prevent 

excess gel foaming and the explosive discharge of solvent residue, the temperature must 

be raised gradually. Additionally, the products must be allowed to cool before being 

exposed to air to prevent oxidation. After processing, the products are stable against 

oxidative atmospheres.  

Yuan et al. synthesized rock salt structured ZrN from ZrCl4, ethanol and urea 42. At 

temperatures higher than 200°C, the reductive urea breaks down into ammonia groups, 

which, upon further heat treatment, ultimately resulting in the synthesis of ZrN. In addition, 

the urea regulates the particle size. Also, there was no requirement for purifications prior 

to or following the nitridation process, and no adverse reactions or byproducts were 

noticed.  

Joseph et al. synthesized zirconium oxynitride via this method from ZrOCl2.8H2O, 

ethanol, and urea (CH4N2O) 43. Fei et al. synthesized ZrN nano powders from both ZrCl4 

and ZrOCl2·8H2O as Zr source via the soft urea pathway at 1400°C 44.  
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It is evident from the aforementioned instances that this procedure is rather 

straightforward because no additional purification is required prior to or during the 

synthesis. In addition, this procedure does not exhibit any solid precipitations, 

recrystallization, undesirable reactions, or significant side products. It is possible to 

maintain very low levels of amorphous carbon, a common byproduct of metal nitride 

production. It is relatively easy, inexpensive, and quick and is very promising for scaling 

up to larger applications 

Although the soft urea technique demonstrates efficient synthesis of binary 

transition metal nitride powders, many concerns remain, particularly about the utilization 

of ethanol as a solvent: It is not involved in the reaction, but its removal (by drying, for 

example) increases the process cost and complexity and makes waste management more 

difficult, particularly in large-scale production. In addition, there is still a lack of 

understanding about the nitride formation process using this route. For example, how 

various parameters influence the product’s composition and their microstructure is not 

clear.  

2.2.2. Sintering of bulk ZrN 

This section focuses on various techniques to sinter bulk ZrN. The sintering 

temperature, pressure, dwell time, and atmosphere all affect the bulk's relative density and 

other characteristics. Because of its high melting point, low mutual diffusion, strong 

covalent bonds, and oxide coating on its surface, ZrN presents significant hurdles when 

sintering using conventional methods. The nitrogen stoichiometry in ZrN lattice is 

influenced by the sintering temperature and atmosphere, which need to be controlled well.  
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The research on ZrN sintering by different techniques—conventional, vacuum, hot 

pressing (HP), hot isostatic pressing (HIP), spark plasma sintering (SPS), and high voltage 

electric discharge—is summarized in the sections below. 

 2.2.2.1. Vacuum sintering 

Pshenichnaya et al. used vacuum sintering to synthesize bulk ZrN from milled 

commercial powders 45, 46. Vacuum sintering at temperatures between 2000 and 2100°C 

produced bulk samples with relative densities as high as 95%. Notably, vacuum pressing 

at lower temperatures resulted in ceramics with higher densities than those in an argon 

environment. On the other hand, the ceramic with the lowest density was created at 1500°C 

in a nitrogen atmosphere. Despite this, the ceramic that was vacuum sintered had a grain 

size of 961 nm, whereas the ceramic that was sintered in a nitrogen atmosphere had the 

smallest grain size, measuring 641 nm. The nitride content did, however, trend towards the 

lower bound of its homogeneity range (i.e., ZrN1-x, x ~ 0.10 at 1700oC and ~0.17 at 

2100oC).  

 2.2.2.2. HP 

Petrykina et al. performed hot-pressing on ZrN0.95 powder under protective Ar 

temperature at 2500 ◦C for 30 mins and obtained a relative density of  ~99% 47. 

El-Eskandarany consolidate Zr metal and ZrN mixture without the use of any 

binding agents 17. ZrN powder was first cold pressed at ambient temperature in an Ar 

environment. This was followed by a hot pressing in vacuum at 1.5 GPa pressure at 1600 

◦C  for 43 ks.  



21 
 

Lee et al. hot pressed commercial ZrN powder at 1900 ◦C at 60 MPa for 60 mins. 

The product relative density was 99.42% 48. 

Tang et al. had attempted to densify ZrN by adding metallic Zr additive to lower 

the sintering temperature to 1700 ◦C. 49. After mixing and drying, the powders were put 

into a graphite die that had been blasted with boron nitride. The hot pressing with flowing 

Ar gas contained two stages, first below 1300 ◦C to remove absorbed gases from the 

powder surface: then at temperature up to 1700 with 30 MPa for densification.  It was 

found though high relative density was obtained; the sintered part has severe nitrogen 

deficient (ZrN0.83). If no Zr metal used, sintering temperature has to be higher at 2000 oC 

to obtain similar density.  

2.2.2.3. HIP 

Alexendra et al. carried out HIP at 1600–1950 °C for 2 h at ~ 190 MPa. The sintered 

product’s relative density was ~ 95.5% 46. The density of ZrN bulk obtained by Park et al. 

through HIP of micron-sized powders at ~1400°C was ~83%, while at 1800°C, it was ~ 99%  50.  

After a 24-hour HIP process, the grain size is 1 mm. 

 2.2.2.4. Spark plasma sintering (SPS) and high voltage electric discharge (HVDEC) 

SPS and HVDEC are the most popular sintering technology using electrical current. 

Applying an electrical current and pressure to the samples produces internal heat, which 

starts the sintering process. High relative density and nanoscale grains are found in the 

resultant ceramic. This sintering process often takes only a few minutes to finish. 

Lee et al. performed both SPS and HVDEC on commercial ZrN powders 51. For 

SPS, the maximum density of ~100% were attained at 1700 °C under 120 MPa and the 

final composition was ZrN0.88O0.10. For HVEDC, the maximum relative density was ~93% 



22 
 

at 3 kV and 200 MPa. SPS shows more homogeneous microstructures while, samples 

consolidated with HVEDC have irregular shaped grains and edges with higher porosity.  

Adachi et al. sintered bulk ZrN using SPS at 1873 K for 1 min in N2 atmosphere 52. 

A 91.3% relative density was obtained with a grain size of 10–20 µm. However, the 

material was nitrogen deficient. In a separate paper, the group again sintered ZrN using 

SPS at 1773 K, 1873 K and 2073 K resulting in a relative density of 82.2%, 91.3% and 

93.4%, respectively 53. Lee et used commercial ZrN for SPS 48. The sintering parameter 

were 1500 °C, 60 MPa for 30 mins. Compared to HP, SPS reduces the time to half and the 

density was 99.81%. 

 

Figure 2. 4. Dependence of density on sintering temperature in SPS of ZrN (from Chernyavskii AS., Inorg 
Mater, 2019) 

 

Although, HVDEC and SPS share some similarity with hot pressing technologies 

48, the capability to accomplish consolidation with lower temperatures, higher heating rates, 

and shorter times and resulting fine grain size are what make these technologies 

advantageous 54. Fig 2.4. shows the dependence of relative density on sintering temperature 

for SPS of ZrN 55. Fig 2.5 shows the SEM images of bulk ZrN consolidated by HIP, SPS, 

HDVEC and conventionally 55. 
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Figure 2. 5. SEM image of bulk ZrN consolidated by a) HIP, b) SPS, c) HDVEC and d) conventionally (from 
Chernyavskii AS., Inorg Mater, 2019) 

 

2.2.2.5. Challenges in sintering bulk ZrN 

Sintering methods like pressure-less sintering and HP require temperature higher 

than 2000˚C and long dwell times (60 mins and longer). The temperature at which SPS 

operates can be lower (e.g., ~1600˚C) but the holding period is still about half an hour. 

Long sintering time leads to grain growth.   

2.3. Ternary Metal Nitrides (TMN) 

2.3.1. Synthesis of TMN thin films 

The majority of research done on TMNs, for example, Ti1-xZrxN and Ti1-xAlxN, 

have been focused on thin films.  The section below summarizes some the earlier studies. 
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 2.3.1.1. TiZrN 

2.3.1.1.1. D.C. unbalanced magnetron sputtering (UBM) 

 Lin et al. synthesized TiZrN thin films on Silicon (001) substrates via unbalanced 

magnetron sputtering 56. The current was set to 0.24 A and high-purity argon and nitrogen 

gas was utilized. The negative bias voltage was set at -80V and the operating temperature 

was 400∘C. The resulting coating thickness was 240-690 nm. 

 UBM sputtering techniques can deposit very high quality thin films and is cost 

efficient. However, if the nitrogen supply is low, binary nitride peaks of TiN and ZrN are 

observed in the XRD of the deposited thin films. Also, impurities of TiNO, TiO2, ZrNO, 

and ZrO2 are observed on high N2 flow while Ti and Zr impurities are observed at 

insufficient N2 gas flow. 

2.3.1.1.2. D.C. reactive unbalanced magnetron sputtering 

 In a separate publication, Lin et al. used reactive D.C. unbalanced magnetron 

sputtering to deposit TiZrN thin films on AISI D2 steel 57. High purity Ti and Zr metal was 

used as sputtering sources. Before deposition, the chamber pressure was 6.7 × 10−4 Pa, the 

temperature was maintained at 450 ̊ C, and the substrate was pre-sputtered with high-purity 

Ar gas. During deposition, high-purity argon and nitrogen gas flow was maintained, and 

the chamber pressure was ~2 × 10−3 Torr. The coating was performed at 450 ˚C with a 

negative bias of 70 V for the substrates. The nitride coating was sputtered for a duration of 

40 to 240 min. TiZrN thin films had a thickness of 3 µm and a Ti inter-layer of 250 nm 

was observed. The coatings were brittle with low wear resistance. 



25 
 

2.3.1.1.3. D.C. reactive magnetron co-sputtering 

 Chinsakolthanakorn et al. deposited TiZrN coatings at room temperature on Si 

wafers with no biasing via reactive DC Magnetron co-sputtering technique using Ti and Zr  

co-sputtered targets 58. The pressure during sputtering was 5.0 x 10-3 mbar with constant 

argon and nitrogen gas flow. The focus of this research was understanding the effect of 

sputtering current on crystal structure and microstructure. As the current was increased the 

microstructure changed from a dense one to highly porous with large variation of Ti, Zr 

and N concentration.  

2.3.1.1.4. R.F. magnetron sputtering 

 Lin et al. used R.F. magnetron sputtering for depositing TiZrN coatings on p-type 

Si wafers from a Ti-Zr alloy target 59. The sputtering was performed at 400°C, 6.7 × 10-1 

Pa. High-purity Ar gas and reactive N2 gas was maintained throughout the sputtering and 

the substrate bias was -60V. The thickness of nano-grain thin film was ~147-403 nm after 

a deposition of 2 h.  

2.3.1.1.5. Plasma beam sputtering   

Milosev et al. deposited TiZrN thin films on CK 45 steel by the plasma beam 

sputtering technique 60. The deposition was performed at 200 °C for 200 s. To solve the 

adhesion issue, an intermediate layer of TiZr was deposited. It was observed that TiZrN 

thin film oxidation resistance was lower than that of binary nitrides, TiN and ZrN.  

2.3.1.1.6. Cathodic arc evaporation 

Musil et al. deposited TiZrN thin films using cathodic arc evaporation on steel substrates 

61. Zr and Ti targets were implemented, and the chamber maintained a N2 pressure of  0.5 

Pa. The elemental distribution was homogeneous with increased Zr concentrations.  
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2.3.1.1.7. Arc ion-plating 

Du et al. deposited TiZrN coating using arc ion plating (like vapor phase 

deposition) on a substrate of Ti alloy 62. A negative bias of 250 V was applied on the 

substrate and an Ar-N2 gas flow was maintained throughout the 1 h processing. Arc current 

at Ti and Zr targets were 80 and 90 A respectively. XRD showed that individual Ti, Zr and 

N peaks were present along with TiZrN peaks. Also, slight oxygen content was observed 

which might be due to contamination during deposition. Excess N was observed along the 

grain boundary. 

2.3.1.2. TiAlN  

2.3.1.2.1. Physical vapour deposition (PVD) 

Jang et al. deposited TiAlN coatings on Ti dental implant by PVD 63. The coating 

was deposited at 400 °C for 70 mins under a constant N2 partial pressure (0.05 Pa). Prengel 

et al. deposited TiAlN coatings on a carbide and cermet cutting tools using PVD 64. The 

deposit had a dense microstructure compared to conventional sputtering and a hardness of 

~21-24 GPa. Zhang et al. also deposited TiAlN using PVD on carbide and cermet cutting 

tools  65. The deposition temperature was ~ 200 °C under a N2 gas pressure of 1.5 Pa for 

100 min.  The coating thickness was ~ 3±0.2 µm and the hardness was ~35.4 GPa.  By 

creating a gradient in composition from the outside to the inside, the PVD procedure is 

used to increase hardness. But this method has drawbacks like surface inhomogeneity and 

the need for higher temperatures, which negatively affect the substrate's microstructure and 

friction coefficient. 
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2.3.1.2.2. Cathodic arc PVD 

Another popular approach to deposit TiAlN coatings is by using the cathodic arc 

PVD. Unlike conventional PVD, in cathodic arc PVD the operation temperature is much 

lower, and the friction coefficient is improved. Santana et al. deposited TiAlN on WC-Co 

substrate using TiAl alloy targets in the presence of N2 gas at 1000 °C 66. The deposit has 

a columnar structure, and the hardness is low for the samples due to hex-AlN impurities. 

For the annealed samples the hardness was even lower as the concentration of hex-AlN 

increased along with other compositions of non-stochiometric AlN. In addition, milling 

may also lead to partial oxidation.  

Staia et al. deposited a variety of compositions of TiAlN coatings on WC substrates 

67. Staia observed that the hardness and Youngs modulus increases with increasing Al 

content. However, when 50% Al concentration is reached (i.e., Ti0.5Al0.5N), all these 

properties start deteriorating. Sliding tests at 500 °C indicated that due to the formation of 

Ti and Al oxide layers during deposition, the coatings friction coefficient increases. 

2.3.1.2.3. PVCVD 

PVCVD is an alternative where steel tools can be coated at a much lower 

temperature without the movement of the substrate. Heim et al. employed this method to 

deposit TiAlN from N2, H2, Ar, TiCl4 and AlCl3 (from Al + HCl) 68 in 4 h. A high quality 

coating was achieved. 

2.3.1.2.4. PVD magnetron sputtering  

Fernandes et al. deposited Ti40Al60N films on AISI D2 steel using PVD  magnetron 

sputtering 69. The deposition was performed in a chamber filled with Kr, Ar and N2 at 480 

°C and 600 mPa for 180 mins.  The bias was at – 90 V and current was set at 10 A. The 
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reactor containing the setup rotated during the deposition to ensure homogeneity. EDS 

results showed nitrogen deficiency in the films composition and lower hardness and wear 

resistance.  

2.3.1.2.5. Radio frequency magnetron sputtering PVD 

Using RF magnetron sputtering to deposit TiAlN films is a popular technique as it 

produces a high quality and uniform thin films. Ait-Djafer et al. deposited hard TiAlN 

coatings using pure Ti and Al sputtering targets in Ar and N2 plasma atmosphere 70. The 

deposition time was 1 h and the film has a thickness of ~ 1µm and a columnar structure. 

TiN and AlN phases were also observed in the XRD. Hermann et al. also utilized similar 

techniques to deposit TiAlN thin films 71. However, the high pressure gases used in this 

technique leads to porous surfaces due to enhanced nitride formation and lack of 

deposition. Also, from scratch test it was observed that the hardness and adhesion co-

efficient were quite low. 

2.3.2 Synthesis of bulk TMN 

Despite  the progress with thin film technologies, there is a lack of research on 

synthesis of bulk Ti1-xZrxN. Not much is known about the relationship between processing 

parameters and their bulk properties. Borodianska et al. was one of the few researchers to 

synthesize bulk Ti1-xAlxN and AlN nanocomposite using SPS from nano-structured Ti1-

xAlxN–AlN powder mixture 72. The precursors were activated in a ball mill filled with 

nitrogen gas. Finally, SPS was performed at 25 MPa for 600 s at a temperature of 1600 °C. 

For lower AlN concentration (< =10 wt. %), the  hardness is comparable to TiN,  while for 

40 wt.% AlN, the hardness was lower. It might be due to the presence of unusable AlN 

from spinodal decomposition at high temperature. 
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Radune et al. also utilized SPS to synthesize bulk TiAlN 73. The TiN-AlN powder 

mixture was ball milled for 100 h, which leads to mechanical alloying and formation of 

Ti1-xAlxN solid solution. Then the solid solution powder was sintered using SPS at 1400 

°C for 10 min. The process was two-step and very long with iron contamination from 

extended milling 74.  

Despite these studies many things are unknown. For example, is it possible to 

synthesize/sinter dense bulk TMNs. If and how would the phase transformation occur in 

bulk TMN ceramics and will it differ from thin films. What is the chemical/physical 

properties for the bulk TMNs.  

2.4. High Entropy Nitrides  

The development of high entropy ceramics (HEC) was sparked by the discovery of 

high-entropy effects in alloys 75–81. HECs typically have four or more metallic elements 

randomly occupying the same cation sites and one or two nonmetal elements occupying 

the same anion sites. High entropy ceramics have broad compositions and diverse 

structures. Fig 2.6.  shows a variety of structures of high entropy ceramics 81 and they now 

comprise of oxides, borides, carbides, nitrides, sulfides, and silicides 82–86.  

 

Figure 2. 6. Symmetrical structures of high entropy ceramics (from Oses C, Nat Rev Mater. 2020) 
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High entropy nitrides (HENs) are unique among high entropy ceramics as they offer 

exciting opportunities to tune mechanical properties beyond those found in traditional bulk 

ceramics 87. Nitrides of transition metals have a mixed bond nature, meaning they have 

metallic, ionic, and partial covalent properties. The fascinating qualities of these materials, 

such as elevated melting temperature in covalent and ionic compounds and very low 

electrical and thermal resistivity for metallic compounds, are partly due to this complex 

bonding 88. Literature suggests two major factors that influence the HEN properties, 

especially mechanical properties. 

The first factor is valence electron concentration (VEC). Specifically, the bonding 

character can be changed by adjusting the HEN composition (metal content), which 

controls VEC, that in turn influences mechanical properties. As nitrogen gives HENs 

higher VECs than their carbide counterparts due to the extra valence electron in nitrogen, 

literature show cubic nitrides with higher VEC give higher toughness than other high 

entropy ceramics such as carbides 89, 90. However, there seems to be some discrepancies in 

terms of the influence on hardness. For example, Fig 2.7. shows the enhanced Vickers 

hardness as well as fracture toughness in HENs compared to other ceramics 91. On the other 

hand, Fig 2.8. shows lower hardness for high entropy nitrides than carbo-nitrides 92.  

 

Figure 2. 7. Vickers hardness and hardness in HENs compared to other ceramics (From Moskovskikh D, Sci 
Rep. 2020) 
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The second factor is configurational entropy.  Some literature suggest that high-

entropy nitrides are consistently harder than their ROM values. This is attributed to 

entropic strengthening, a phenomenon resulting from enhanced compositional randomness 

and higher configurational entropy 93. The non-uniform lattice structure hinders dislocation 

motion and hence increases hardness.  

 

 

Figure 2. 8. Change in hardness as a function of VEC of high entropy nitrides and carbo-nitrides (from Dippo 
OF, Sci Rep., 2020) 

 

2.4.1. Synthesis of HEN  

High entropy nitrides have been widely synthesized as thin films. There are limited 

studies on powder and even fewer on bulk. The next section highlights some of these 

studies. 
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2.4.1.1. HEN thin film synthesis 

Thin films and coatings play a crucial role in enhancing the performance and 

durability of various materials by providing a protective layer against wear, corrosion, and 

other environmental factors. HEN thin films have shown comparable hardness to 

multilayer nitrides as shown in Fig 2.9. 94. 

Plasma vapor deposition, vacuum arc deposition and magnetron sputtering are 

some of the common techniques used to deposit HEN coatings 95–98. Multicomponent 

targets are used in an argon and nitrogen gas atmosphere. Transition metals have high 

tendency to bond with nitrogen and are an ideal choice for targets 99–101. And they form 

stable single phase nitride solid solutions with cubic crystal structures and have high 

hardness. 

 

Figure 2. 9. Comparison of hardness in HEN coatings (from Novikov V, Metals (Basel)., 2022) 

 

The hardness and grain structure of the HEN thin film is strongly dependent on the 

technique used for deposition. Vacuum arc deposition reports some of the highest values 
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99, 102. Li et al. synthesized hard and tough (NbTaMoW)Nx thin films by reactive magnetron 

sputtering at 575 K in argon - nitrogen  atmosphere. These thin films show bcc structure 

(more like metal) at lower nitrogen concentration and convert to fcc structured solid 

solution at higher nitrogen concentration. The coatings show excellent hardness, fracture 

toughness and wear resistance due to the antisite defect of the transition metal on the 

nitrogen sub-lattice and solid solution strengthening 96. Another researcher synthesized 

hard (MoSiTiVZr)Nx HEN coatings also using reactive magnetron sputtering with a 

deposit time of 150 mins 96. Here the thin film crystal structure is initially amorphous due 

to rapid quenching. Later with increase in nitrogen content the solid solution with fcc 

crystal structure is formed. Shen et al. deposited (Al0.34Cr0.22Nb0.11Si0.11Ti0.22)50N50 HEN 

coating by reactive magnetron sputtering 103. After 50 h annealing at 900◦C, 290 nm thick 

oxide layer was formed, and the weight gain was much lower compared to binary nitride 

coatings due to the dense Al2O3 layer and Si-rich amorphous network. 

Although a lot of these coatings are classified as single phase in the literature, they 

often have significant residual binary nitride phases 99, 102, 104, 105.  

2.4.1.2. HEN powder synthesis 

Various techniques have also been adopted to synthesize single-phase solid solution 

HENs powders, including the modified mechanochemical synthesis 24 (2018), milling and 

combustion synthesis 91 (2020), soft urea method 106 (2022), and ammonia nitridation 107 

(2023). HEN (Hf0.2Ta0.2Zr0.2Nb0.2V0.2)N has been successfully synthesized from urea and 

metal chlorides by the modified soft urea method 106. Similarly, (VCrNbMoZr)N was 

synthesized by first mixing the metal chlorides with urea and then ball milling for 30 min 

followed by pyrolysis at 800 °C in an N2 atmosphere 24. Another HEN composition, 
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(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)N0.956 was synthesized by first using a surfactant-assisted 

hydrothermal method to obtain a high entropy oxide and then nitridation in ammonia 

atmosphere 107. Similarly, (HfTaTiNbZr)N was synthesized through initial low-speed 

milling of metal powders, followed by nitrogen injection to the system and combustion 

synthesis.   

2.4.1.3. Bulk HEN synthesis  

Research on the synthesis of bulk high-entropy nitrides (HEN) is a rapidly 

developing topic with a small but promising group of publications. Recent studies 

investigating the synthesis of bulk HEN with an emphasis on new compositions have 

revealed a range of distinct and improved characteristics in the bulk material. 

Jin et al. was one of the first researchers to obtain bulk  HEN, 

V0.2Cr0.2Nb0.2Mo0.2Zr0.2N1−x in a two-step process.  First they synthesized the HEN 

precursor powder from a mixture of metal chlorides with urea via the mechanochemical 

method 108. The mixture was ball milled for 30 mins and then pyrolyzed in nitrogen 

atmosphere for 3 h at 800 °C. Finally, the powder was sintered in nitrogen atmosphere. No 

details of the sintering or the mechanical properties of the newly synthesized bulk material 

was reported in this study. 

Similarly, (HfTaTiNbZr)N was synthesized through a three step synthesis route 109. 

First low-speed milling of metal powders was performed to form multi-metal composite 

powder. This was followed by nitrogen injection to the system to form multiple nitride 

phases through a combustion reaction. Finally, SPS was conducted in nitrogen atmosphere 

to convert the powder mixture into bulk HEN. Although the bulk nitride formed was dense, 

the complete process takes around 13 hours and create oxide impurities. Dippo et al. 
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synthesized (Hf,Nb,Ta,Ti,Zr)N, (Cr,Nb,Ta,Ti,V)N, (Cr,Hf,Nb,Ta,Ti)N, 

(Cr,Hf,Nb,Ti,Zr)N and (Cr,Hf,Ta,Ti,Zr)N using high-energy ball milling for three hours, 

followed by SPS densification for one hour under a pressure of 50 MPa at a temperature 

of 1600-2200 °C. Carbon impurities were found in large quantities in all the HENs 

synthesized along with chromium oxide phases.  

Therefore, all the current work on bulk HENs necessitates long milling time, high 

processing temperatures, or long dwell times, leading to high energy consumption and 

impurities. Because of this there is a need for new technology to prepare bulk HEN with 

reduced time and temperature and minimal impurities. In addition, the bulk properties need 

to be characterized and compared with binary nitrides. 

2.5. Flash sintering (FS) and reactive flash sintering (RFS) 

As we have discussed above, sintering is essential to the process of producing dense 

ceramic from powders. Conventionally, a high-temperature furnace is used, and the green 

body is sintered at very high temperature for a long time. Other than being an inefficient 

process, extensive time and temperature leads to large grain size which may compromises 

some of its mechanical properties 110. Therefore, a modern approach is needed for 

sintering with shorter time and at a lower temperature. 

For the past few decades, electricity has been incorporated in ceramic 

manufacturing to quicken the sintering process and reduce the working temperature. 

These techniques are grouped as field-assisted sintering technologies (FAST). Examples 

of conventional FAST technique include microwave sintering 111 and SPS 112. These 

techniques lower the sintering temperature and time, but the process still takes tens of 

minutes or even hours.   
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Recently, flash sintering (FS) has emerged as a new FAST technique for sintering 

ceramics. As shown in Figure 2.10, this method is much faster, and the sintering 

temperature is lower. In fact, this method can produce fine microstructures in a matter of 

seconds 113. 

 

 

Figure 2. 10. Comparison of  Flash sintering with previously used sintering techniques (from Cologna M, J 
Am Ceram Soc., 2011) 

 

Flash sintering was discovered in 2010 by Cologna et al. and prof. R. Raj 114. The 

goal of the original experiment was understanding the effect of current in sintering of 

zirconia. However, the zirconia was sintered in a matter of seconds when a certain 

temperature was reached when applying the electric field. Since then, this technique has 

been implemented to a variety of ceramic materials. Fig 2.11 shows the effect of electric 

field and temperature on the sintering strain 115. 

Flash sintering offers several key benefits, including diminished energy consumption 

attributed to the lowered sintering temperature and reduced time 116, 117. The lowered 

temperature and reduced time also offer the possibility of finer microstructure 118. It can 
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also sinter material that may decompose in conventional sintering or preserve the meta-

stable phase from high temperature 119, 120. Additionally, the mechanical properties of flash 

sintered products are comparable to or better than those of conventional ones 121, 122. 

Furthermore, FS can consolidate ceramic multilayers or composites 123, 124.  

 

Figure 2. 11. Sintering strain as a function of temperature and electric field (from Biesuz M, J Eur Ceram 
Soc., 2019) 

 

Typically flash sintering has three stages as illustrated by Figure 2.12 125: 

a. Stage of incubation: An electric field is introduced, causing conductivity to grow 

slowly with temperature. The temperature gradually rises with the current density. 

b. Flash stage: There is generally a quick thermal runaway brought on by Joule 

heating caused by dramatic increase in sample effective conductivity 126–128. These things 

come together to form the flash event. Finally, the current density reaches the preset 

maximum, and the power supply switches to current control from voltage control. The 

green body of the ceramic quickly densifies (often in a few seconds), but the grain growth 

is very little. 
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c. Stable stage: The rate of ceramic densification slows down as the current density 

stabilizes. Grain size, however, keeps increasing steadily until the applied field is turned 

off. 

In order for the flash to initiate the sample must exhibit some conductivity; 

otherwise, no Joule heating can be generated even with the application of high electric 

field.  

 

Figure 2. 12. Typical stages in a flash sintering experiment (from Du Y, J Eur Ceram Soc., 2016) 

 

To date, flash sintering has predominantly been applied to oxide ceramics, with a 

notable focus on zirconia. Specifically, 3 mol% yttria-stabilized zirconia (3Y-TZP) stands 

out as the most extensively flash-sintered material within the oxide category 114. A study 

conducted by Cologna et al in 2010 employed initial electric fields exceeding 40 V cm−1, 

leading to rapid sintering of 3Y-TZP at 950 °C in dog bone samples within 5 seconds. Fig 

2.13 shows that flash sintered can achieve similar relative density and microstructure as for 
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conventionally sintering for 3 mol% yttria stabilized zirconia (3YSZ), but with much 

shorter time and lower temperature 129.  

Within the realm of non-oxides, carbides and borides have the highest number of 

reported flash sintering publications. Silicon carbide and boron carbide, in particular, have 

been subjects of FS conducted by numerous research groups 130–133.  

 

Figure 2. 13. Flash sintered and conventionally sintered 3 mol% yttria added to zirconia compared for grain 
size based on their fracture surfaces (bottom row) and polished surfaces (top row (from M’Peko J-C, J Am 
Ceram Soc., 2013) 

 

Advancing beyond binary oxides, carbides, and borides, flash sintering has 

extended its application to ternary and high entropy compositions. In 2018, a new category 

for flash experiments involving both sintering and synthesis (reactions) was introduced: 

"reactive flash sintering" (RFS). This idea came about when dense BiFeO3 ceramics were 

synthesized from binary oxides 134. CaCu3Ti4O12 was subsequently formed by the reactive 

flash sintering from non-crystalline precursor powder 135. Similarly, titania-alumina system 

has also been investigated by flash sintering 136. 
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Our research group has delved into the investigation of ternary borides (Hf1-xZrx)B2 

137, 138. Additionally, our group has undertaken the flash sintering of (Nb1/3Ta1/3Ti1/3)N1−δ 

139. 

Mg0.2Ni0.2Co0.2Cu0.2Zn0.2O, a single-phase rock-salt entropy-stabilized material, 

was the first high entropy oxide synthesized by Rost et al 77. Many more high entropy oxide 

synthesis have since been reported 140–143. Notably, flash sintering research of non-oxide 

high entropy has not yet been conducted.  

However, it can be deduced from the aforementioned studies that there is a lack of 

studies on the flash sintering phenomenon in nitrides across binary, ternary, and high 

entropy compositions. In particular there has not been studies tracing the phase evolution 

during reactive flash sintering process.  
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Chapter III: Synthesis and flash sintering of zirconium nitride powder 

The following chapter is based on the author’s paper Das S, Dubois D, Sozal MSI, 

Emirov Y, Jafarizadeh B, Wang C, et al. Synthesis and flash sintering of zirconium nitride 

powder. J Am Ceram Soc. 2022; 105: 3925–3936. https://doi.org/10.1111/jace.18421. 

3.1. Introduction 

Zirconium nitride (ZrN) is a transition metal nitride of great interest due to its 

excellent physical and chemical properties. For example, it has a Vickers hardness of 15 

GPa 53, a high melting point of 2980 °C 144, good thermal conductivity of 20 W/mK 52, low 

electrical resistivity of ~25 µΩ·cm 52 145, and excellent resistance to abrasion and corrosion 

146. These make ZrN a good candidate for protective ceramic coating on tools for materials 

processing 147 and ultra-high temperature refractories 148. In addition, it is also used as a 

diffusion barrier material in semi-conductor industry 149 150. 

Zirconium nitride has been synthesized by a number of physical and chemical 

processes. Physical procedures like PVD or plasma and laser deposition processes can 

produce well-defined and chemically pure materials, but they are primarily limited to 

coating preparation 35. On the other hand, chemical approaches can be cost-effective and 

adaptable for producing a wide range of metal nitrides especially as powders 151. For 

example direct nitriding of Zr metal 13, reactive ball-milling 17 , and Li3N mediated reaction 

with ZrCl4 25 have been used for synthesizing ZrN powder. However, some of the 

precursors used above (Zr metal powder, Li3N and NH3) are hazardous or have severe 

safety concerns 152 153. 

Carbothermic nitridation of metal oxide is a relatively safer chemical approach for 

nitride powder synthesis 30. It can start from either metal oxide and carbon powder mixture 
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or their precursors, which enable better mixing at molecular scale. For example, Antonietti 

et al. adopted a soft urea method for the synthesis of various metal nitrides, such as TiN, 

CrN, VN, NbN, Ta3N5, Sn3N4, and Ti1-xNbxN 35 36 37 38 39 40 41. Only low-cost starting 

ingredients such as urea (CO(NH2)2), metal chlorides, and ethanol are needed, and metal 

nitride are synthesized after mixing, drying, and heat treatment. However, the alcohol 

solvent does not participate in the reaction, but its removal (for example, by drying) adds 

cost and complexity to the process, and complicates waste management, especially for 

large-scale production. 

Once the nitride powder is synthesized, it can be densified into bulk ceramics for 

different applications. However, due to ZrN's high melting point 144 and the easy formation 

of an oxide shell (ZrO2) even at ~600˚C in air 154, obtaining fully dense ZrN bodies is 

difficult. ZrN has been previously sintered using pressure less sintering 155, hot-

pressing(HP) 156, hot isostatic pressing (HIP) 157, spark plasma sintering (SPS) 158, and high 

voltage electric discharge consolidation 159. Pressure less sintering and hot pressing require 

high temperature above 2000˚C and hours of holding time 156 160. SPS works at lower 

temperature ~1700˚C, but the holding time is still ~30 min 159.  

Recently, flash sintering (FS) appeared as a unique sintering technique to densify 

ceramics using electric current. Compared to traditional SPS, flash sintering is even quicker 

and the current only goes through the sample instead of the graphite die as in SPS.  Flash 

sintering has been used to densify refractory  ceramic such as (Hf0.5Zr0.5)B2 137 139. 

The present study aims to demonstrate facile and low-cost synthesis of ZrN fine 

powders using a modified soft urea route that avoids the use of any solvent. The influence 

of different processing parameters on product characteristics, such as, stoichiometry is 
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studied. In addition, flash sintering of the synthesized ZrN powder was demonstrated using 

a homemade setup for the first time. A nearly fully dense sample was obtained from a green 

pellet under a constant DC electrical field of ~80 V/cm and pressure of ~14 MPa without 

pre-heating in ~200 secs. The flash sintered sample’s composition, microstructure, density, 

hardness, and oxidation properties were also characterized. Finally, the directions for future 

research are also pointed out. 

3.2. Experimental Procedure 

3.2.1. Raw materials and powder synthesis method 

As stated, the synthesis of zirconium nitride powder was carried out through a 

modified soft-urea route. Different from the conventional soft-urea process, no organic 

solvent (e.g., ethanol) was used. Commercial powder of zirconium (IV) chloride (98%, 

cont. 1-2% hafnium(IV) chloride, Alfa Aeser#14891) was used as the metal precursor and 

urea (ultrapure, 99% crystalline, Alfa Aeser #65769) was used as carbon and nitrogen 

source to synthesize zirconium nitride powder.  

ZrCl4 precursor was directly mixed with urea, typically in a 1:4 molar ratio. The 

mixed powders were then ground (in open air or in an argon glove box) using a mortar and 

pestle. If the grinding was in air,  the mixture released heat and gradually absorb moisture 

to form a white slurry. Then, the slurry was transferred into a graphite boat with a graphite 

cap and heat treated in a tube furnace (MHI H18-40HT) at elevated temperature for some 

time such as 1400°C for 2 h with heating and cooling rate of 3°C/min. An inert (N2 or Ar, 

Airgas, UHP Grade) gas flow with a flow rate of 80 cc/min was maintained throughout the 

heat treatment.  
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 In order to understand the reaction process as well as the advantage and limitation 

for the modified soft urea method, the processing parameters were varied systematically. 

For the example of starting recipe, Zr : urea molar ratio of 1:1, 1:2, 1:4 and 1:6 was tried 

while keeping other parameters (e.g., precursor mixing condition, heat treatment 

temperature and time) the same. Another example is about the influence of heat treatment 

temperature; different temperature such as 600, 900, 1200, 1300, 1400 and 1600°C was 

used while keeping other parameters (e.g., precursor ratio, mixing condition, and heat 

treatment time) constant. Table 3.1. summarizes the ID and the exact synthesis conditions 

for various samples in this study. (The samples are listed first by Zr : urea molar ratio, then 

heat treatment temperature, then holding time, and then mixing atmosphere of the 

precursors. Some other parameters that were varied are indicated in the footnotes). The 

ceramic powder, typically golden-brown colored, was collected for further 

characterization. Figure 3.1. and 3. 1b are example photos of the graphite boat with cap 

containing the final products synthesized at 1400°C (N11) and 1600°C (N15), respectively.  

 

Figure 3. 1. Photos of graphite boat and powders (a and b) synthesized from the modified soft urea route 
using Zr : urea molar ratio of 1:4 with 2 h heat treatment in N2 at (a) 1400 °C (N11) and at (b) at 1600 °C 
(N15); (c) Photo of a golden- brown FS pellet. 
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3.2.2. Flash sintering of synthesized ZrN powder 

Flash sintering was performed with the ZrN powder synthesized using the modified 

soft urea method. A homemade setup was used and has been explained in detail in previous 

publications 137 139. The ZrN powder was hand-ground in a mortar pestle for about 10 mins 

to break down agglomeration. Then around 50 mg of the powder was uniaxially cold 

pressed (pressure up to ~2400 MPa) to form cylindrical pellets with diameter of 3.1 mm 

and thickness of ~1 mm. Pressing the powder forms a compact green body and helps the 

flash sintering process. Finally, the pellet was inserted into a hexagonal boron nitride (h-

BN) tube (inner diameter of 3.1 mm, outer diameter of 6 mm and height of 15 mm). Two 

graphite rods (each with diameter of 3.1 mm and height of 7.5 mm) serve as electrodes to 

pass the electric current directly through the pellet, which is contained inside the insulating 

h-BN tube. There are also external structure to provide mechanical support and thermal 

insulation, as explained in previous publications 137 139. A constant DC voltage of 8 V 

(corresponding to a DC electrical field of ~80V/cm for ~1 mm thick green samples) and a 

constant pressure of 14 MPa were applied  between the two graphite electrodes. The flash 

occurred without external pre-heating. The entire process at constant voltage took 200 secs. 

Then the power was shut off and the system was allowed to cool down to room temperature. 

Figure 3.1. c is a photo of a flash sintered pellet embedded in resin after grinding and 

polishing. As mentioned in previous studies 137 139, some shortcomings of this flash 

sintering setup are the lack of a protective environment to prevent oxidation of the graphite 

components, while the temperature measured is much lower than sample actual 

temperature. This is because the thermocouple inserted in the set-up is not in contact with 
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the sample due to limited melting temperature (~1480°C) of the type R thermocouple. 

Further improvement will be adopted in future to address these limitations. 

3.2.3. Materials characterization  

For characterization of synthesized powders and the flash sintered pellet, the X-ray 

diffraction patterns were collected by a Siemens D5000 diffractometer with Cu-Kα 

radiation (λ=1.541874 Å). The microstructure, particle size, and energy dispersive X-Ray 

spectroscopy (EDX) for both the sintered powder and flash sintered pellet were analyzed 

under a scanning electron microscope (SEM JEOL JSM-F100). Thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) for both the powder and 

fractured flash sintered pellet from 25°C to 1400°C in air at 10°C/min heating rate were 

carried out using a SDT Q600. The relative density was calculated from sample weight and 

dimensions. The sintered pellet was mounted in epoxy, polished, and tested for Vickers 

hardness using LECO LM810AT (LECO Corporation). The indentation was performed 

with a diamond tip at a load of 2 N. The test was repeated at 10 different places to ensure 

accuracy of the result. 

3.3. Results and discussions 

3.3.1. Powder synthesis example 

  As stated, Table 3.1 summarizes the different synthesis conditions used (e.g., 

nitrogen source, mixing atmosphere, metal to urea molar ratio, heat treatment temperature 

and holding time, carrier gas) and the resulting products’ phase information. The target 

composition for this research was ZrN. Comparing with the conventional soft urea method 

that involves alcohol solvent, the current work adopted a modification: zirconium chloride 
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precursor was directly mixed with urea without solvent and then the ground mixture 

(typically a slurry after absorbing moisture from atmosphere) was heat treated in a tube 

furnace in flowing nitrogen. The simplified chemical reaction, assuming Zr : urea = 1 : 1 

by mole, is : 

2ZrCl4     +    2 (NH2-CO-NH2)    →     2ZrN    +    8HCl    +    N2↑    +    2CO↑      (1) 

Of course, the actual process will be much more complex involving ZrO2 formation and 

subsequent reactions from ZrO2 to ZrN, as discussed in detail later. 

N11 is an optimal example of the synthesized powders in this study. It was started 

with Zr to urea molar ratio of 1:4, mixed in air, and heat treated at 1400°C for 2 h in N2. 

Figure 3. 2a shows its XRD pattern. Sharp and intense diffraction peaks corresponding to 

single phase ZrN are observed. There is no obvious peak splitting, but there are very minor 

peaks corresponding to tetragonal and monoclinic ZrO2. Since ZrN often forms solid 

solution with ZrC, the (220) and (311) diffraction peaks of the synthesized powder as well 

as expected XRD peak positions for pure ZrN (PDF Card No.: 04-004-2860, lattice 

parameter 4.585 Å) and ZrC (PDF Card No.: 04-004-2979, lattice parameter 4.698 Å) are 

shown in Figure 3. 2b. The obtained XRD peaks are close to the standard pattern for pure 

ZrN. The lattice parameter obtained from the XRD pattern is 4.594 Å. Based on Vegard’s 

law, the composition is determined to be Zr(C0.09N0.91). This is consistent with literature 

that show carbon is often present as a dopant in the nitrogen sub-lattice for nitrides 

synthesized using similar methods 30 24. 
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Figure 3. 2 (a) XRD for sample N11  synthesized using Zr : urea ratio of 1:4, heat treated at 1400 °C for 2 h 
in N2. (b) comparison of (220) and (311) XRD peaks for the as-prepared N11 powder with the expected peak  
for ZrN and ZrC. The composition is determined by Vegard’s law to be Zr(C0.09N0.91) . m and t are for trace 
amount of monoclinic and tetragonal ZrO2

. 

3.3.2. Influence of processing conditions 

As explained in section 3.2.1, the powder synthesis was carried out under different 

conditions  to understand the effects of different processing parameters on products 

characteristics. For example, by keeping other parameters constant, different Zr to urea 

molar ratio was used to study its effect on product stoichiometry such as the carbon and 

nitrogen content. It is assumed that urea is the nitrogen and carbon source in this method 

and varying the Zr to urea molar ratio might change the nitrogen content in the final 

product. Similarly, for the same precursor molar ratio, heat treatment temperature and time 

were changed to understand the kinetics of ZrN phase formation. Other synthesis 

parameters explored include alternative nitrogen precursor (NH4Cl), precursor mixing 

atmosphere, and carrier gas type (N2 vs. Ar) during heat treatment to understand the 
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reaction process. The following section presents detailed study on the effects of various 

processing parameters and their implications for the reaction mechanism. 

3.3.2.1. Zr to urea molar ratio  

 Figure 3.3 shows XRD patterns of samples synthesized using different Zr : 

urea molar ratio of 1:1, 1:2, 1:4 and 1:6, all at 1400°C for 2 h. It is worth noting that the Zr 

: urea molar ratio seems to play a crucial role in ZrN formation. When the ratio is 1:1 

(sample N1), the major phase is m-ZrO2 and the minor phase is t-ZrO2. When it is increased 

to 1:2 (sample N2), the major phases are t-ZrO2 and Zr(C0.02N0.98), while the minor phase 

is m-ZrO2. At 1:4 molar ratio (N11), as discussed before, Zr(C0.09N0.91) was obtained with 

almost no oxide. When the Zr: urea molar ratio is increased further to 1:6 (sample N16), 

no oxides were found but the amount of carbon in the product seems to increase, as 

indicated by the stochiometry of Zr(C0.25N0.75). These indicate when the urea content is too 

low in the starting recipes, there is not enough nitrogen or carbon to avoid oxide formation. 

On the other hand, when the urea content is too high, oxides are removed, but excess carbon 

goes into the lattice. 
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Figure 3. 3. XRD patterns of samples synthesized using the modified soft urea route with different Zr : urea 
molar ratio of 1:1 (N1), 1:2 (N2),  1:4 (N11) and 1:6 (N16). The precursor mixing was in air and the heat 
treatment was at 1400 °C for 2 h in N2. 

 

3.3.2.2. Heat treatment temperature & time:  

 Figure 3.4a shows the XRD patterns of samples synthesized at different 

temperatures for 2 h, with the same Zr to urea molar ratio of 1:4. At 600°C (N3), the major 

phase was t-ZrO2 with no hint of ZrN formation. At 900°C (N4), the major phase is t-ZrO2, 

and the minor phase is m-ZrO2, while ZrN just started to form. When the temperature was 

increased to 1200°C (N6), t-ZrO2 and m-ZrO2 were still present, but the major phase was 

ZrN. When the synthesis temperature was further increased to 1300°C (N8) and above 

(1400°C (N11) and 1600°C (N15)) almost pure ZrN with very little oxide phase was 
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obtained. This indicates that in this synthesis route, the precursor mixture first goes through 

oxide formation followed by reduction/nitridation to form ZrN. The reduction/nitridation 

is a thermally activated process and high temperature (above ~1300°C) was needed to 

remove oxide and complete the nitridation. Supplementary figure S1 shows the calculated 

reaction free energy change for the reaction  

2ZrO2 + 4C +N2 2ZrN+ 4CO                                                  (2) 

 It shows when the temperature is low (e.g., below ~1200 °C), the free energy 

change for the reaction from oxide to nitride is positive. When the temperature is high (e.g., 

1400 °C or higher) the free energy change becomes negative. The exact equilibrium 

temperature depends on the atmosphere such as CO partial pressure (pCO). 

 Figure 3.4b shows the (200) peak for those products synthesized at 1200, 1400 

and 1600°C for 2 h. It shows that, as heat treatment temperature increases, the diffraction 

peak shifts to lower 2θ angle indicating increase in lattice parameter. As mentioned before, 

ZrN and ZrC form continuous solid solution, while ZrC has a larger lattice parameter than 

ZrN. Therefore, the observation means, as temperature increases, the product carbon 

content increase while nitrogen content decrease. Actually, based on Vegard’s law , the 

stoichiometry for the 1200, 1400, and 1600°C was Zr(C0.02N0.98), Zr(C0.09N0.91), and 

Zr(C0.27N0.73), respectively. 

 Figure 3.5. shows the XRD patterns for products synthesized at 1300 and 1400°C 

for different time. When the holding time was only 10 min at 1300°C (N7), apart from ZrN 

significant amount of ZrO2 phases were identified. When the dwell time was increased to 

2 h (N8), most of the oxides was removed and Zr(C0.10N0.90) was obtained. Similarly, at 

1400°C with no holding (N9), significant ZrO2 phases were observed. When the dwell time 
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increased to 10 min (N10), oxides were largely removed. This is expected because at higher 

synthesis temperatures, the reaction kinetics are faster, and less dwell time is needed to 

remove oxides and form nitride. 

 

Figure 3. 4. (a) XRD patterns of samples synthesized using modified soft urea method (Zr : urea molar ratio 
of 1:4) at different temperatures of 600 (N3), 900 (N4), 1200 (N6), 1300 (N8), 1400 (N11) and 1600°C (N15) 
for 2 h in N2; (b) comparison of the (200) peak to illustrate the shift to lower angle (increase in lattice 
parameter), which indicates increase in carbon content or decrease in nitrogen content with temperature.  
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Figure 3. 5. XRD patterns for products synthesized at 1300 for 10 min (N7) and 2 h (N8) and at 1400 °C for 
0 min (N9) and 10 min (N10). 

 

3.3.2.3. Precursor mixing atmosphere  

 To explore if ZrN can be obtained directly instead of first forming ZrO2 and 

then convert to nitride, we explored the effect of precursor mixing atmosphere. The 

hypothesis was, because the precursors were mixed in air, moisture absorbtion leads to the 

formation of a slurry. As a result, ZrCl4 converts to ZrOCl2 and then to ZrO2 upon heat 

treatment. Therefore we explored mixing the precursors in the glove box while keeping 

other parameters the same. Figure S2a compares the XRD patterns of samples synthesized 

at 1200 °C for 2 h with glove box mixing to those with air mixing. The hope was glove 

box mixing would reduce or even avoid oxide formation. However XRD patterns showed 

that both yield monoclinic and tetragonal oxides, indicating similar reaction paths despite 
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different mixing atmospheres. At 1400°C,  nitrides were formed with almost no oxides for 

both methods, as shown in Figure S2b. This suggests that the oxide formation is not due to 

mixing in the air but, maybe, the formation of Zr-O bond when ZrCl4 and urea were mixed. 

It may also be due to inadequate N2 purity or O2 leak into the system or preffered 

association between Zr and oxygen from urea. Further study is needed to clarify this. 

3.3.2.4. Carrier gas type and flow rate 

 

Figure 3. 6. (a) comparison of XRD patterns for samples synthesized using modified urea method (at 1400 
°C for 2 h) in N2  (N11) and Ar (N13), (b) zoomed in (220) peak showing more obvious peak splitting for 
the sample synthesized in Ar, compared with N2. 
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Figure 3.6a shows the XRD patterns of samples synthesized in nitrogen vs. argon 

as the carrier gas inside the tube furnace. XRD shows that argon atmosphere causes peak 

splitting unlike nitrogen atmosphere. Focusing on the (220) peak in Figure 3.6b, a single 

peak centered at 56.62˚ was obtained for nitrogen. When using argon as the carrier gas, the 

peak slits in two, with the smaller peak at 56.78˚ representing ZrN, and the larger peak at 

56.04˚ representing Zr(C0.52N0.48). Such an observation indicates that the nitrogen in urea 

appears not enough to form single-phase nitride. When the atmosphere is low in nitrogen 

concentration, significant amount of carbon rich nitride was obtained. This proves N2 gas 

is necessary along with urea as the nitrogen source to form a single-phase ZrN with low 

carbon content in the lattice. 

3.3.2.5. Role of urea 

 To understand the role of urea, some additional experiments were carried out. 

For example, it was hypotheized that a carbon free nitrogen source like NH4Cl might lead 

to formation of pure ZrN and avoid carbon dissolution in the nitrogen sub-lattice, as 

observed when using urea. Figure S3 shows XRD patte rns for samples synthesized using 

NH4Cl (Zr:NH4Cl molar ratio=1:8) in comparision to urea as the nitrogen precursor. The 

major phases were t-ZrO2 and m-ZrO2 and the minor phase was  ZrN. Indeed, different 

molar ratios for ZrCl4:NH4Cl of 1:4, 1:5 and 1:8 have been used. However as the NH4Cl 

content increase, all three products contained major phases of t-ZrO2 and m-ZrO2 and the 

amount of  ZrN does not seem to increase significantly. This indicates that NH4Cl does not 

appear to be as good a nitrogen source as urea for nitride formation, and carbon seems 

necessary for the modified soft urea method to obtain high purity ZrN. 

3.3.3. Characterization of synthesized powder 
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3.3.3.1. SEM and TEM 

Figure 3.7a and 3.7 b show the SEM image of the ZrN synthesized at 1400°C for 2 h (under 

condition same to N11, same for discussion below). Most of the particles are aggregated 

together as a result of high heat treatment temperature. The grain size is mostly sub-micron. 

EDS shows that the N:Zr atom ratio is 1.01±0.06, which is close to the ratio of ~0.91 

determined by the Vegard’s’ law for this sample. In order to further understand the 

microstructure of the synthesized ZrN powder, the sample was also analyzed using TEM.  

 

Figure 3. 7. (a-b) SEM images of the ZrN powder synthesized with the modified soft urea route  (Zr: urea 
molar ratio of 1:4, heat treatment at 1400 °C for 2 h in N2) 

 

 Figure 3.8a shows a TEM image of an agglomerated ZrN particle consisting 

of non-uniform sub-micron to nanosized grains. Figure 3.8b shows that in selected areas 

the individual ZrN grains appear separated but still highly non-uniform in size. The ZrN 

particles are embedded in amorphous carbon which is the light grey area in the image. 

Some particles have a low atomic mass crystalline region around them, which is ZrO2. In 
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fact, Figure 3.8c shows a ZrN particle with ZrO2 on the upper left-hand side. Figure 3.8d 

and 3.8e are lattice fringe profiles of the region, which show that the left lighter area is t-

ZrO2 with lattice plane spacing of 3.0 Å corresponding to its (101) plane, while the darker 

area is cubic ZrN with lattice plane spacing of 2.3 Å corresponding to the (002) plane. 

 

 

Figure 3. 8. Figure 8 TEM images (a, b, c) of ZrN powder synthesized by modified soft urea route (Zr: urea 
molar ratio of 1:4, heat treatment at 1400 °C for 2 h in N2) showing (a) an agglomerated ZrN particle with 
non-uniform grain size, (b) separated ZrN nano particles in amorphous carbon, (c) a single ZrN particle with 
ZrO2 around it, (d) and (e) are lattice fringe profiles obtained from the region in c. (d) is for the light grey 
area in the upper left showing lattice plane spacing of 3.0 Å corresponding to the (101) plane of t-ZrO2 , and 
(e) is for the lower darker region showing lattice plane spacing of 2.3 Å corresponding to the (002) plane of 
ZrN. 
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3.3.3.2. Oxidation resistance 

Figure 3.9 shows the TGA-DSC plot of ZrN in air up to 1400◦C. No significant 

weight change was observed till 250◦C. There is a gradual increase in weight from 250◦C 

to 525◦C. At 525◦C the measured weight gain is around 9%. This weight change 

corresponds to the exothermic peak at 425◦C. There is a slight weight loss after that, 

presumably due to the burning of residual carbon in the sample. From 650◦C till 740◦C 

significant weight gain is observed, and the total weight gain at 740◦C  is around 14.5%. 

This weight change corresponds to the exothermic peak at 625◦C.  Higher than 740◦C the 

weight starts to decrease, which is attributed to release of N2 and possibly burning of 

residual carbon. Due to the complexity of the system including the presence of excess 

carbon and minor traces of ZrO2 impurities and the range of oxynitride phases possible, 

further study using other techniques such as TGA-MS or high temperature in situ XRD is 

needed to fully understand the detailed oxidation process.  

 

Figure 3. 9. TGA and DSC plots in air up to 1400◦C for ZrN powder synthesized with the modified soft urea 
route  (Zr: urea molar ratio of 1:4, heat treatment at 1400 °C for 2 h in N2). 
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The theoretical weight gain for complete oxidation to ZrO2 should be 17.2% for 

pure ZrN  and 17.4% for Zr(C0.09N0.91). On the other hand, the actual weight gain at 1400◦C 

is only 9.7%. This suggests that the as-synthesized powder contain significant amount of 

free carbon up to ~6-7 wt.%. In fact, the sample was additionally analyzed for carbon 

content using LECO ASTM E1019-18 as a guide. The result shows that the total carbon 

content is around 6.03 wt.%.  Because carbon exists as both as free carbon (see TEM 

images in figure 3.8) and in the lattice occupying the N site, it is difficult to precisely 

determine how much carbon is dissolved in the lattice replacing nitrogen and how much 

exists as free carbon. Nevertheless, the observation of much lower than ideal weight gain 

and the LECO analysis suggest significant amount of excess carbon in the powder, which 

is clearly a limitation for the modified soft urea method. 

3.3.4. Flash sintering of synthesized ZrN powder 

      As mentioned before, flash sintering of the synthesized ZrN powder was performed in 

a homemade flash sintering setup. A constant voltage of 8 V was applied for 200 secs and 

the change in current with time is plotted in Figure 3.10 (Note the time is in log scale). 

Current in the sample increased first very quickly from ~ 4 A (current density 0.5 A/mm2) 

at 0 secs to 100 A (current density 13.3 A/mm2)  at 5 secs, representing the flash 

phenomenon. After that current continues to increase up to 147 A (current density 19.5 

A/mm2) at ~100 secs. Beyond 100 secs the current decrease slightly to 140 A at ~200 secs. 

Figure S4 shows the change of electrical power and nominal temperature with time.  

Consistent with the current, power dissipation increased dramatically from ~29 W at 0 sec 

to 825 W at ~5 secs. It increased further to ~1200 W at ~100 sec. After that the power 
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stabilized and became constrained by the power supply used (voltage limit 8 V). The 

measured temperature from the thermocouple is only up to 1040◦C. However as explained 

before, the real sample temperature must be much higher because the thermocouple tip is 

several millimeters away from the sample. This limitation for our current flash sintering 

setup needs to be addressed in future 137 139. It should be noted that the flash sintering 

phenomenon observed here shares some similarity with the electrical resistive sintering 

(ERS) for metal powders such as Ti and Al 161 162 163 164. But it is also different due to the 

high non-linearity. In particular, if the amount of ZrN powder is doubled to 0.1 g, no flash 

occurred under the same pressure and applied voltage (meaning half of the electrical field 

of ~40 V/cm for ~2 mm thick green samples), while the current stayed below ~1 A even 

after >200 sec.  

Figure 3. 10. Plot of applied voltage and resulting current vs. time (in log scale) for flash sintering of 
synthesized ZrN powder. 
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After flash sintering the sample was taken out by breaking the h-BN tube and the graphite 

electrodes. The obtained pellet was a golden in color after grinding and polishing to remove 

the graphite attached to the surface, as seen in Figure 3.1c. Relative density was calculated 

from the mass and dimension of the pellet to be 95.5% (Archimedes method was not used 

as sample size was too small). The XRD pattern for flash sintered sample (see S5) is very 

close to the powder except that the peaks become narrower indicating grain growth. 

    SEM images of the cross-section in Figure 3.11 show the flash sintered sample is quite 

dense. The grain size is approximately 10 μm. It is noted that the sample is not completely 

uniform, with some area containing more pores as shown in upper left of Figure 3.11a. 

Some other regions were extremely dense as shown in the lower part of Figure 3.11a and 

Figure 3.11b.  SEM also shows the grains seem to contain many dimple-like structures. 

The nature of these is not clear and will be investigated in future. EDS on the flash sintered 

pellet shows that the N to Zr atomic ratio is 0.78± 0.15, while Vegard’s law analysis based 

on XRD also shows stoichiometry of Zr(C0.22N0.78). This indicates that there might be 

nitrogen loss and enrichment in carbon in the sample during high temperature flash 

sintering.  
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Figure 3. 11. (a-b) SEM images of a fractured surface of bulk flash sintered ZrN using powder synthesized 
from the modified soft urea route  (Zr : urea molar ratio of 1:4, heat treatment at 1400 °C for 2 h in N2). 

3.3.5. Properties of flash sintered ZrN  

 Adachi et al reported Vickers hardness of 13.5 GPa53 and  Kathuria reported 13.8 

GPa 165 for bulk ZrN. The Vickers hardness for the flash sintered ZrN was 16.6 ± 0.7 GPa, 

which was comparable to the above values.  

 

Figure 3. 12. TGA and DSC plots in air up to 1400◦C for bulk ZrN flash sintered from synthesized powder 
(Zr: urea molar ratio of 1:4, heat treatment at 1400 °C for 2 h in N2). 
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The thermal oxidation resistance of flash sintered ZrN was measured by TGA-DSC 

up to 1400◦C in air, as shown in Figure 3.12. From 25◦C to 450◦C no change in heat flow 

or weight of the bulk sample was observed. Starting from 450◦C there was a significant 

weight gain of up to 20.2% at  740 ◦C. This weight change also corresponds to the 

exothermic peak at 650◦C . The theoretical weight gain for complete oxidation of pure ZrN 

and ZrC0.2N0.8  to ZrO2 is 17.2% and 17.6%, respectively. The higher-than-expected weight 

gain suggests that at 740◦C there might be residual nitrogen in the oxidation product. The 

measured weight gain at 1400◦C was 18.5 wt.%., The small sample weight loss from 740 

to 1400◦C is hypothesized to be due to loss of nitrogen from the Zr(OxNy) to ZrO2, and 

further study is needed to verify this. Nevertheless, the low onset oxidation temperature of 

around 400◦C for such a dense sample suggest that ZrN might not be a good candidate for 

applications that require excellent oxidation resistance. 

3.4. Conclusion 

 In the current study, a facile and low-cost modified soft urea route without 

using any solvent was used to synthesize ZrN powders. The products are fine powders and 

have low crystalline impurities but contains some carbon lattice dopant as well as free 

carbon. ZrO2 was formed at lower temperature followed by carbothermal 

reduction/nitridation process to form the nitride. It was found that different synthesis 

parameters would influence ZrN formation. For example, a proper Zr : urea molar ratio is 

required to mitigate oxide formation and avoid too high carbon doping in the lattice. 

Enough temperature, dwell time and N2 flow gas are needed to complete the reduction/ 

nitridation, but excess leads to undesirable results such as high carbon content. In addition, 
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synthesized ZrN powder has been successfully flash sintered in a few minutes. The samples 

are dense with grain size of ~10 μm. TGA of the powder and the sintered pellet shows that 

ZrN has limited oxidation resistance with onset oxidation from 400◦C or even lower. To 

fully understand the materials properties, future study aimed at revealing the roles of 

defects especially vacancy in the nitrogen sub-lattice and the detailed oxidation process  

need to be carried out. Nevertheless, the methods and knowledge obtained here might be 

applied to the synthesis and processing of other technical ceramic materials. 
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Table 3. 1. Summary of processing conditions (nitrogen precursor used, precursors molar ratio, synthesis 
temperature, dwelling time and mixing atmosphere) for ZrN powder synthesis by the modified soft urea 
method and the phases of the final product. (The samples are arranged first by precursor molar ratio, then 
heat treatment temperature, then time, and then mixing atmosphere of the precursors. Some other parameters 
that were varied are listed in the footnotes.) * Argon gas instead of nitrogen gas **NH4Cl as N2 source 
instead of Urea 

Sample ID ZrCl4: 

Urea molar 

ratio 

T (◦C) Holding 

time 

Mixing 

Atmosphere 

Actual phase(s) from XRD 

N1 1:1 1400 2 h Air Major m-ZrO2 & t-ZrO2 

N2 1:2 1400 2 h Air Major m-ZrO2 & t-ZrO2 minor 

Zr(C0.02N0.98) 

N3 1:4 600 2 h Air Major m-ZrO2 & t-ZrO2  

N4 1:4 900 2 h Air Major m-ZrO2 & t-ZrO2  

N5 1:4 1200 2 h Glove Box Major m-ZrO2 & t-ZrO2 minor 

Zr(C0.04N0.96) 

N6 1:4 1200 2 h Air Major m-ZrO2 & t-ZrO2 minor 

Zr(C0.02N0.98) 

N7 1:4 1300 10 min Air Major m-ZrO2 & t-ZrO2 minor 

Zr(C0.07N0.93) 

N8 1:4 1300 2 h Air Zr(C0.11N0.89) 

N9 1:4 1400 0 min Air Major Zr(C0.00N1.00) and t-ZrO2 and 

minor m-ZrO2 

N10 1:4 1400 10 min Air Major Zr(C0.17N0.83) minor t-ZrO2 

N11 1:4 1400 2 h Air Zr(C0.09N0.91) 

N12 1:4 1400 2 h Glove Box Zr(C0.25N0.75) 

N13* 1:4 1400 2 h Air Zr(C0.53N0.47) 

N14** 1:8 1400 2 h Air Major m-ZrO2 & t-ZrO2 minor 

Zr(C0.00N1.00)   

N15 1:4 1600 2 h Air Major Zr(C0.27N0.73) 

N16 1:6 1400 2 h Air Zr(C0.25N0.75) 
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3.5. Supplementary 

S1 Calculated reaction free energy change versus temperature for the reaction 2ZrO2 + 
4C +N2= 2ZrN+ 4CO at different partial pressure of CO. 
 

 

 

S2 XRD patterns of samples for which precursors were mixed in the glove box and air 
respectively with Zr: Urea molar ratio 1:4, and heat-treated at (a)1200°C and (b)1400°C 
for 2 h in N2 (air mixing 1200°C N6; air mixing 1400°C N11; glove box mixing 1200°C 
N5; glove box mixing 1400°C N12)  
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S3 XRD patterns of samples synthesized using NH4Cl (Zr: NH4Cl molar ratio 1:8, N14) 
and urea (Zr: urea molar ratio 1:4,  N11),  respectively with heat treatment at 1400 °C 
for 2 h in N2 

  

S4 Plot of temperature and power vs. time for flash sintering of synthesized ZrN powder. 
Note the temperature increase was delayed relative to the sudden increase of power because 
of insensitivity of the thermocouple used at low temperature and the distance between the 
thermocouple tip and the sample, as explained in the experimental section. 
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S5 XRD pattern for flash sintered ZrN pellet after it was crushed into powder. m and t are 
for trace amount of monoclinic and tetragonal ZrO2

. EDS on the flash sintered pellet shows 
that the N to Zr atomic ratio is 0.78 ± 0.15, while Vegard’s law analysis based on XRD 
also shows stoichiometry of Zr(C0.22N0.78).  
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Chapter IV: Reactive Flash Sintering of TiZrN and TiAlN Ternary Metal Nitrides 

The following chapter is based on the author’s paper Suprabha Das, Andriy 

Durygin, Vadym Drozd, Md Shariful Islam Sozal, Zhe Cheng, Reactive flash sintering of 

TiZrN and TiAlN ternary metal nitrides, Journal of the European Ceramic Society, Volume 

44, Issue 4, 2024, Pages 2037-2051, ISSN 0955-2219, 

https://doi.org/10.1016/j.jeurceramsoc.2023.11.079. 

4.1. Introduction 

In the past decade, research on ternary metal nitrides (TMN) has attracted 

significant interest 11, 166.  They are known to exhibit desirable properties such as high 

hardness, abrasion resistance, good chemical and thermal stability, high thermal and 

electrical conductivity (even superconductivity), and oxidation resistance. This makes 

them promising candidates for hard coatings 9, 167, 168 and high-temperature protection 

systems against hostile environments 169. Among TMN, Ti1-xZrxN and Ti1-xAlxN have 

gained special attention due to their enhanced mechanical properties and thermal stability 

as compared to the corresponding binary nitrides 170–174. For example, while TiN and ZrN 

thin films are known for their high hardness and excellent corrosion resistance 175, 176, 

alloying them together to form TixZr1-xN (e.g., x = 0.3 and 0.5) solid solution further 

improves the hardness (due to the solid-solution hardening effect) and even oxidation 

resistance (though mechanism not very clear) 177. Similarly, compared to neat TiN, Ti1-

xAlxN (e.g., x = 0.5 or 0.63) thin films are known to exhibit better oxidation resistance by 

forming an aluminum oxide layer on their surface, which slows oxygen diffusion 178. Ti1-

xAlxN coatings also show increased hardness over TiN because of an age-hardening 

phenomenon that comes from phase separation from meta-stable Ti1-xAlxN solid solution 



70 
 

to separate TiN and AlN phases [16] Due to these advantages, Ti1-xZrxN as well as Ti1-

xAlxN have been used as high-performance coatings for machining and other applications 

180, 181. 

Despite attractive properties of Ti1-xZrxN and Ti1-xAlxN, most studies on their 

preparation have concentrated on thin films 10, 171, 177, 179.  There is no study on bulk TixZr1-

xN, while studies on bulk Ti1-xAlxN either require high sintering temperature/prolonged heat 

treatment time or have contamination issues 74.  

Apart from synthesis, the phase transition in these TMN materials is another 

interesting area that remains to be clarified, especially for bulk ceramics. Theoretically, 

researchers have used density functional theory (DFT) method to evaluate the phase 

equilibrium 10, 182, 183, and both TiN-AlN and TiN-ZrN pseudo-binary systems are shown 

to have a miscibility gap with a critical temperature of 1837°C and 1606°C, respectively 

184, 185. During equilibrium cooling from the single-phase region or annealing of the 

metastable phase, Ti1-xZrxN and Ti1-xAlxN uniform solid solutions are expected to go 

through phase separation (e.g., via spinodal decomposition) into cTiN + cZrN and cTiN + 

cAlN, respectively (c represents cubic phase; cAlN is metastable and would subsequently 

transform to hexagonal or hAlN). The phase separation into fine, often nano-sized domains 

(or phases) with different compositions leads to the aforementioned hardening effect and 

better mechanical properties for these TMNs. Experimentally, techniques such as in situ 

XRD has been used to investigate the phase transformation in these TMNs; but again, all 

related studies have been limited to thin films 168, 170, 171. It is not clear if and how such 

phase transformations would occur in bulk TMN ceramics. In addition, not much is known 
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about the bulk TMN formation processes, such as how fast they are and if there is any 

difference from the well-studied thin films.  

Recently, flash sintering (FS) has emerged as a new field-assisted sintering 

technique for various ceramic materials. In FS, an electric field (often DC) is applied to the 

sample. Current is forced to only go through the sample and it increases drastically in a 

short time due to the large drop in sample (effective) resistance with increasing 

temperature, leading to self-accelerated heating and rapid densification within minutes or 

even seconds 6, 137, 139, 186–190.  Flash sintering may also be applied to a mixture of different 

powders and achieve both fast reaction and densification in one heat treatment 191–193, and 

an example is the reactive flash sintering (RFS) of BiFeO3 from a Bi2O3 and Fe2O3 powder 

mixture 194.   

This study aims to explore if RFS could be used for preparing bulk TMN for the 

TiN-ZrN (both phases conducting) and the TiN-AlN (TiN conducting while AlN 

insulating) systems. In addition, because the flash and the associated reaction would be 

very quick, in situ synchrotron XRD experiments are performed at elevated temperatures 

during RFS and subsequent cooling for real-time characterization of the phase transitions 

for the two systems. Finally, properties such as oxidation resistance, hardness, and fracture 

toughness for the obtained bulk TMNs are evaluated and correlated with the materials’ 

phase composition and microstructure. The similarity and differences in RFS behaviors 

and related phase transitions are also revealed for the two systems and the directions for 

future research are pointed out. 
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4.2. Materials and methods 

4.2.1. Raw materials and mechanical mixing 

The synthesis of TMNs was carried out by RFS from commercial powders of 

zirconium nitride (99.5% metals basis excluding Hf, Hf<3%, Alfa Aeser #12138) and 

titanium nitride (99.5% metal basis, Alfa Aeser #41556). For aluminum nitride, two types 

of powders were used: one has a particle size of 10 µm (≥98%, Sigma Aldrich #241903, 

named micron AlN below) and was used for most RFS (named standard RFS below), while 

the other was nano powder (<100 nm, Sigma Aldrich #593044, named nano AlN below) 

and was used for in situ synchrotron RSF experiments (named in situ RFS below). XRD 

analysis indicates the commercial TiN powder is single-phase and does not contain 

significant crystalline impurities, commercial ZrN contains tetragonal ZrO2 (~4.1 wt.% 

from Rietveld refinement), micron AlN is hexagonal phase, while nano AlN has both cubic 

and hexagonal phases, as shown in Figure S1. According to Rietveld refinement, all 

commercial nitrides have a small (<~5%) nitrogen deficiency. For mechanical milling, 

equimolar TiN-ZrN mixture or TiN-AlN mixture was Spex milled using SPEX Sample 

prep (8000D-115 Mixer/Mill). A stainless steel jar and ball were used to mill the powders 

for 5 mins before RFS, targeting the TMN with nominal composition of Ti0.5Zr0.5N and 

Ti0.5Al0.5N, respectively. 

4.2.2. Flash sintering setup 

    The flash sintering setup was developed in the lab and has been explained in detail in 

previous publications 6, 137, 139. For standard RFS, 90 mg of the Spex-milled equimolar 

precursor powder mixture was uniaxially cold pressed into a cylindrical pellet at a pressure 

of ~ 2400 MPa. The diameter of the cold-pressed pellets was 3.1 mm. Next, a cold-pressed 
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pellet was inserted into a hexagonal boron nitride (h-BN) tube with two graphite electrodes 

touching the pellet at the two ends. Then the assembly was inserted into an outer h-BN tube 

confined by a graphite sleeve. The inner graphite electrodes touched the outer graphite 

electrodes, which also helped prevent the sample from excessive oxidation. Finally, the 

entire setup was placed in an environment chamber (made of aluminum) purged with 

flowing argon gas (UHP grade, Airgas). The copper terminals in contact with the outer 

graphite electrodes had water cooling to maintain their temperature. The Argon purged 

environment chamber helped extend the lifetime of graphite components by minimizing 

oxidation and allowing their reuse. A constant DC voltage of 8 V was initially applied by 

a DC power supply (Hewlett Packard, 6671A, 8 V, 220 A) between the two copper 

terminals with a constant pressure of 15 MPa applied by a pneumatic cylinder. Figure S2 

shows the mechanical drawing and photos of the setup including the environmental 

chamber used. After standard RFS, the system was cooled to room temperature followed 

by the removal of the sample. Table 4.1. summarizes  sample ID, standard (reaction) flash 

sintering conditions, the products’ phase composition and relative density, as well as the 

results of thermal oxidation and mechanical tests for different samples. It should be noted 

that voltage higher than 8 V was not used due to the limit of the power supply, while voltage 

lower than 8 V led to lower (max) current and power, which would slow down solid 

solution formation and densification. 

4.2.3. Materials characterization 

Except for in situ RFS, all other materials characterization such as ex situ XRD, 

microstructure analysis by SEM and EDS, as well as oxidation resistance and mechanical 

properties (hardness and fracture toughness) were all obtained from standard RFS 
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specimens. A Smart Lab SE X-ray diffractometer with Cu-Kα radiation (λ=1.54059 Å for 

Kα1) was used to collect X-ray diffraction patterns. XRD was taken on crushed powders. 

The microstructure and elemental distribution of standard (reactive) flash-sintered pellets 

were analyzed using a scanning electron microscope (SEM JEOL JSM-F100) fitted with 

energy-dispersive X-Ray spectroscopy (EDS). Thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) for fractured pieces from standard (reactive) flash-

sintered pellets were carried out using a TA instrument SDT Q600 from 25◦C to 1400◦C in 

air with a 5◦C/min heating rate to evaluate the resistance to thermal oxidation. Some 

standard (reactive) flash sintered samples were mounted in resin and ground and polished 

down to 0.1 µm polycrystalline diamond slurry. Then, the polished samples were tested for 

Vickers hardness and fracture toughness using LECO LM810AT (LECO Corporation). A 

load of 2000 gf and a diamond tip were used, and the indentation test was performed along 

the ~3 mm sample diameter to ensure representation and accuracy of the result. Cracks 

from the indentations were observed using SEM and the measured crack lengths were used 

to calculate fracture toughness. 

As to in situ synchrotron RFS experiments, they were carried out to capture changes 

in materials’ phase composition, crystal structure, and lattice constants and provide insights 

about the underlying physical/chemical processes during RFS for both TiN-ZrN and AlN-

TiN systems. Specifically, synchrotron angle dispersive XRD experiments (including both 

ex situ and in situ ones) were performed at sector 16 of the Advanced Photon Source (APS) 

in Argonne National Laboratory (ANL). To prepare for the in situ synchrotron RFS 

experiments, the setup was modified to allow for X-ray penetration. As described, an 

environment chamber that allows the conduction of in situ RFS experiments under a 
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controlled atmosphere was used. The size of the chamber was ~ 60 cm × 25 cm × 25 cm 

and it fitted the space available on the general-purpose table at the beamline 16-ID-B at the 

APS synchrotron facilities, as shown in Figure 4.1. X-ray transparent high-temperature 

resistant polymer (Kapton®) film was used as the window material for the environment 

chamber. In addition, to let the incident X-ray and the diffracted beam pass through the 

sample, the sample diameter was reduced from ~3 mm in the standard RFS design to ~1.5 

mm, while the sample height was ~2 mm (Note: For X-ray penetration, a hole was opened 

on the side through the graphite outer sleeve and the h-BN outer tube as shown in Figure 

S2(d)). Also, for in situ RFS experiments, the powder mixture was directly loaded into the 

sample assembly and not pre-compacted into a pellet due to the very small sample size. A 

different DC power supply with a higher voltage limit but a lower current limit (Hewlett 

Packard, 6031A, 20 V, 120 A) was used for all in situ synchrotron RFS experiments, due 

to expected increase in sample resistance from reduced sample diameter. The wavelength 

of the monochromatic X-ray synchrotron radiation was 0.4246 Å. The X-ray beam was 

focused to ~2 μm × 4 μm size. A high-frequency area PILATUS 1M detector providing a 

minimum acquisition period of 8 ms was used to collect the 2D diffraction patterns. XRD 

patterns were recorded every second during the in situ RFS experiments. 
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Figure 4. 1. (a) A photo of the setup including the environmental chamber used for in situ synchrotron XRD 
study of the reactive flash sintering (RFS) process. Note the sample assembly had been installed, pressure 
was applied, and the front panel was removed to show the inside of the chamber. (b) A photo showing the 
reactive flash sintering setup installed on the 16ID-B General Purpose Table located at Sector 16 of the 
Advanced Photo Source (APS) facility in Argonne National Laboratory (ANL) for the in situ synchrotron 
RFS study: (1) flash sintering setup, (2) 2D X-ray detector, (3) X-ray focusing setup, (4) power supply used 
in the RFS experiment, (5) water chiller for the chamber. 

 

4.3. Results and discussion 

4.3.1. Reactive flash sintering behaviors for TiZrN and TiAlN 

Figures 4.2 and 4.3 show the changes in current with time for standard RFS of the 

samples of std-TZN (from TiN-ZrN mixture targeting Ti0.5Zr0.5N) and std-TAN (from TiN-

AlN mixture targeting Ti0.5Al0.5N), respectively. As stated, for both cases, the initial 

constant DC voltage applied was 8 V, the applied mechanical pressure was 15 MPa. For 

std-TZN, since both starting TiN and ZrN are highly conductive (room temperature bulk 

conductivity of ~37000 S/cm 195 for TiN and ~20000 S/cm 196 for ZrN), flash or the rapid 

increase in current happened instantaneously – within the first second of turning on the DC 

power source:  As shown in Figure 4.2, at 0.58 s, the current was already 134 A, 

corresponding to a current density j of 17.8 A/mm2 (note: sample diameter ~3.1 mm; same 

below) and power dissipation of 1069 W.  Current increased further to 179 A (23.7 A/mm2) 
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at 1 s and 195 A (25.8 A/mm2) at 2.3 s. Current reached the maximum set value of 200 A 

at ~23 s, corresponding to j of 26.5 A/mm2 and the system reached peak power of ~1600 

W. After that, the power stabilized near the maximum value under 8 V DC with a gradual 

drop in current over time to 193 A (25.6 A/mm2) at 350 s when the power supply was 

turned off and the entire assembly was allowed to cool to room temperature. (It should be 

mentioned that we choose not to provide the (maximum) power density and electrical field 

values here because the exact resistance/power/electrical field distribution in the system is 

still uncertain at this moment due to the complexity of the system containing the sample, 

multiple graphite/copper electrodes, as well as the contacts between different 

parts/materials.) 

 
Figure 4. 2. Plot of applied voltage (dotted line) and resulting current (solid line) vs. time for RFS 
of the std-TZN sample from TiN and ZrN powder mixture (both conducting, 1: 1 molar ratio). Note 
the maximum current of 200 A corresponds to a current density of 26.5 A/mm2. 
 

In comparison, for the std-TAN sample, the flash did not happen instantly, as shown 

in Figure 4.3:  With the same 8 V DC and 15 MPa pressure, the starting TiN-AlN powder 

mixture appeared much less conductive since AlN is insulating. As a result, the incubation 
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stage became much longer:  At 0.54 s, the current was only 0.337 A (0.045 A/mm2), and 

the total power was only 2.7 W. Initially, the current increase was slow: only to 4.21 A 

(0.56 A/mm2) at 47 s. Then the current suddenly spiked up: within 3 s, it increased 

dramatically by more than 40 times to 171 A (22.6 A/mm2) at 50 s, corresponding to the 

flash event. Accordingly, power jumped from 34 W to 1368 W in the same three-second 

time frame, demonstrating the immense rate of a power surge during RFS for the TAN 

sample. After this, the current continued to increase, but at a slower rate until reaching the 

same maximum set value of 200 A (26.5 A/mm2) and a maximum power of ~1600 W. At 

that point, the power supply automatically switched to constant current mode and the 

voltage dropped gradually to 7.47 V at 400 s (power of 1494 W) when the power supply 

was turned off and the entire assembly was allowed to cool to room temperature. Overall, 

the RFS experiment for the std-TAN sample included three distinct stages: incubation, 

flash, and post-flash steady state, as in typical flash sintering. 

 

Figure 4. 3. Plot of applied voltage (dotted line) and resulting current (solid line) vs. time for RFS of the std-
TAN sample from TiN and AlN powder mixture (TiN conducting, AlN insulating, 1: 1 molar ratio). Note 
the experiment started in the constant voltage mode and the power supply switched to constant current mode 
when the current reached the set limit of 200 A (26.5 A/mm2). 
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Apart from std-TZN and std-TAN, for comparison purpose, standard flash sintering 

was also carried out for binary nitrides of TiN and ZrN, individually, using the same setup 

with the same parameters (i.e., initial 8 V DC, 15 MPa pressure, 200 A current limit, ~350 

s total time). The resulting current-time plots are shown in Figures S3(a) and (b), 

respectively. (AlN could not be flash sintered using the current setup due to its insulating 

property, even at elevated temperatures.)  Both std-TN (from TiN) and std-ZN (from ZrN) 

samples behaved similarly to the std-TZN sample, showing instant flash, but the max 

current was ~193 A (25.6 A/mm2) - lower than the 200 A limit. As a result, there was no 

switching to the constant current mode.  

After standard (reactive) flash sintering, all pellets were extracted from the h-BN 

tube and separated from the graphite electrodes, ground to remove graphite attached to the 

surface, and characterized using various techniques. 

4.3.2. Phase transformation during reactive flash sintering of TiZrN and TiAlN 

4.3.2.1. Characterization by ex situ XRD 

Figure 4.4 shows the XRD patterns for the std-TZN sample before and after 

standard RFS. Before RFS, the 5 min Spex-milled sample was a mixture of TiN and ZrN 

with a trace of t-ZrO2. After RFS, the sample turned into a single-phase nitride solid 

solution with no obvious peak splitting. The diffraction pattern matches the same NaCl-

type crystal structure as TiN and ZrN with a calculated lattice parameter of 4.3896 ± 0.0009 

Å. Based on Vegard’s law and assumptions that the lattice parameter for stoichiometric 

TiN is 4.241 Å (PDF Card: 04-002-1925) and ZrN is 4.585 Å (PDF Card: 04-004-2860), 

the composition after RFS was estimated as Ti0.57Zr0.43N, which was reasonably close to 
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the target composition.  Minor impurity phase of t-ZrO2 (PDF card: 01-081-1546) was 

detected after RFS, most likely due to the ZrO2 impurity already present in the commercial 

ZrN powder, as shown in Figure S1. Graphite (PDF card: 04-041-0362) was also detected 

in the sample after RFS, which was attributed to contamination from the graphite electrodes 

attached to sample after high temperature RFS. The XRD result confirmed the presence of 

a single-phase region at elevated temperature for the TiN-ZrN system 184, while rapid water 

cooling in current RFS setup from the single-phase region preserves the meta-stable single-

phase solid solution in bulk ceramics to room temperature. 

 

Figure 4. 4. XRD patterns of the std-TZN sample (from TiN-ZrN equimolar mixture targeting Ti0.5Zr0.5N) 
before and after standard RFS. The sample formed a single-phase solid solution with composition of 
Ti0.57Zr0.43N (as determined by XRD and EDS) after RFS. Impurities such as ZrO2 and graphite were also 
present after RFS. The insert is the zoomed-in section showing the (200) diffraction peak. The expected peak 
positions for pure TiN and ZrN are also marked. 
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Figure 4.5 shows the XRD patterns for the std-TAN sample before and after 

standard RFS. Before RFS, the 5 min Spex-milled sample was a mixture of TiN and h-

AlN. After RFS, unlike TZN, the peaks for TiN remained largely the same, except the 

peaks shifted slightly to lower angle, especially for the high index planes. Analysis 

suggested the lattice parameter expanded slightly from 4.2442 ± 0.0006 Å for the Spex-

milled mixture to 4.2555 ± 0.0003 Å for the RFS sample. In addition, the sample after RFS 

contained minor impurity of TiO (PDF Card: 04-007-4073), Ti0.9Al0.1C (PDF Card: 04-

021-6313), as well as graphite contamination. The appearance of TiO was attributed to the 

partial oxidation of TiN in low pO2 atmosphere. The origin for Ti0.9Al0.1C is not clear: It is 

hypothesized to come from conversion of Al-doped titanium nitride to corresponding 

carbide during extended heating (up to 400 s in this case) at high temperature (e.g., > 

~1600oC, see later discussion on thermal simulation) in the RFS process, and further study 

is needed to understand it.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 5. XRD patterns of the std-TAN sample (from TiN-AlN equimolar mixture targeting Ti0.5Al0.5N) 
before and after standard RFS. Note TiN peaks shifted slightly to the left (lower angle) after RFS, while h-
AlN seems to have disappeared. Impurities of TiO (likely due to partial oxidation of doped TiN) and 
Ti0.9Al0.1C (likely due to conversion from nitride to carbide upon extended holding at high temperature) are 
also present after RFS. 
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4.3.2.2. Characterization by in situ synchrotron X-ray diffraction 

Despite the ex situ XRD study, several important questions about phase transformation 

remain, especially for the bulk TiN-AlN system. For example, first, it is not clear if (Ti, 

Al)N solid solution had ever formed during the RFS process. As mentioned, the calculated 

phase diagram for the cTiN - cAlN system shows a continuous solid solution with a 

miscibility gap below a critical temperature of ~1837oC 184. However, that phase diagram 

is of limited use since at room temperature, cAlN is stable only at high pressure, while 

hAlN is the thermodynamically stable phase under ambient pressure and is used as the 

starting material (i.e., micron AlN, which is all hexagonal phase, see Figure S1) for 

standard RFS. Second, due to the limitation of the current flash sintering setup, the actual 

sample temperature could not be measured. (Thermocouples had the challenge of the tip 

getting melted, while infrared measurement suffered from the large temperature gradient 

from the center to the outside in the FS sample assembly.) As a result, it was not clear if 

the sample ever reached or exceeded the critical temperature. Third, even if the critical 

temperature was reached, whether the sample stayed as separated phases due to slow 

diffusion/limited reaction or the sample first formed a solid solution and then went through 

subsequent decomposition back into TiN and other phases is not clear. To answer these 

questions, at least partly, the phase transformation during RFS was also studied in real time 

using synchrotron-based in situ XRD, and the results are presented below. 

 Electrical characteristics for in situ RFS 

In situ synchrotron study was carried out for RFS of the TiN-ZrN or the TiN-AlN 

powder mixtures (both at 1: 1 molar ratio) using the setup described earlier. As mentioned, 

the sample diameter was reduced from 3.1 mm for standard RFS to 1.5 mm to let the 
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incident X-ray and the diffracted beam pass through the sample. Also, the powder mixture 

was directly loaded into the sample assembly and not pre-compacted into a pellet due to 

the very small sample size. These two adjustments are expected to make the in situ RFS 

sample more resistive than the standard RFS samples and a higher voltage would be needed 

to overcome this resistance increase and initiate the flash. Therefore, a different DC power 

supply with a higher voltage (Hewlett Packard, 6031A, 20 V, 120 A) was used in the in 

situ RFS experiments to overcome the samples’ higher resistance compared to the standard 

RFS samples. In addition, as the voltage to trigger the flash was unknown, the in situ 

sample was subject to a linear DC voltage ramp at 0.1 V/s starting from 0 V instead of a 

constant voltage (i.e., 8 V DC) in standard RFS. It should be mentioned that these changes 

resulted in some discrepancies, especially in terms of maximum current densities (see 

below), between in situ RFS and standard RFS. Optimization of the processing parameters 

including for in situ synchrotron RFS will be part of future studies. 
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Figure 4. 6. Plots of (a) current and total resistance and (b) voltage and power versus time for the in situ TZN 
sample (from TiN-ZrN equimolar mixture) with the RFS processing monitored in real time by synchrotron 
at the APS facility in ANL. The voltage was linearly ramped up from 0 V at a rate of 0.1 V/s, while the power 
spiked up non-linearly from ~40 s, reaching the max power of ~1.3 kW with a max current of ~92 A (52 
A/mm2) at ~140 s, and then stabilized. 

 

Figures 4.6 and 4.7 show the electrical characteristics (voltage, current, power, and total 

resistance) versus time plots during the in situ RFS experiment, monitored by in situ 

synchrotron, for the TiN-ZrN and the TiN-AlN powder mixtures, respectively. For in situ 

TZN (from TiN-ZrN equimolar mixture, see Figure 4.4.6), as stated, unlike the standard 

RFS carried out at constant voltage of 8 V (Figure 4.2), the linear ramp of the voltage from 

0 V at 0.1 V/s did not lead to flash instantaneously. Instead, the current increased first 

slowly as voltage increased. Then from ~45 s at a voltage of ~4.5 V, current started to rise 

much faster. Total current increased from ~0.03 A at 1 s (0.017 A/mm2)  to 5.7A at ~45 s 
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(3.2 A/mm2) and 91.9 A at ~140 s (52 A/mm2), while system’s total resistance dropped 

from ~2.5 Ω at 1 s  to 0.83 Ω at ~45 s and 0.15 Ω at ~140 s (see Figure 4.6(a)). 

For in situ TAN (from TiN-AlN equimolar mixture, see Figure 4.7), like before 

(Figure 4.3), there was an incubation stage, but it was longer with the flash occurring at 

~123 s at an applied voltage of ~12.3V. The resistance dropped first gradually from ~87 Ω 

at 26 s (data before 26 s not reliable due to very low and unsteady current) to ~42 Ω at 100 

s, while total current increased from ~ 0.03 A (0.016 A/mm2) to ~ 0.21 A (0.118 A/mm2). 

Then, at ~123 s, the abrupt flash occurred with the resistance dropping by ~100 times in 

less than two seconds - from 15.7 Ω at 122.8 s, to 0.166 Ω at 124.2 s, while the total current 

increased from 0.78 A (0.441 A/mm2) at 122.8 s to 74.43 A (42.14 A/mm2) at 124.2 s. 

Afterwards, the resistance was relatively stable with value of 0.17 Ω. Accordingly, total 

power dissipation jumped from 0 W at the beginning to 0.074 W at ~26 s to 2.4 W at 100 

s. Near 123 s, power increased drastically in less than 3 s from 9.5 W at 122.8 s to 921 W 

at 124.2 s. Power continued to increase a little more to ~1250 W at ~138 s when the power 

supply reached max current of 91.1 A (~52 A/mm2) and stabilized afterwards. The longer 

incubation with higher critical voltage (or electrical field) for in situ TAN than the std-

TAN (shown in Figure 4.3) is attributed to the fact that the starting AlN powder used for 

the in situ TAN synchrotron RFS experiment had a much smaller average particle size 

(~50 nm) than the 10 µm AlN powder used for standard RFS, with the hope that nano AlN 

might promote the reaction with TiN. Later at ~170 s, the current & power dropped to 

essentially zero, accompanied by a large increase in voltage, which was attributed to a 

mechanical failure of the thin (~1.5 mm diameter) graphite electrodes, and the experiment 

was stopped.  
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Figure 4. 7. Plot of (a) current and total resistance, (b) voltage and power versus time for the in situ TAN 
sample (from TiN-AlN equimolar mixture) with the RFS processing monitored in real time by synchrotron  
at the APS facility in ANL. The voltage was linearly ramped up from 0 V at a rate of 0.1 V/s, while the power 
displayed incubation before ~123 s, flash at ~123-124 s. After ~125 s, as the voltage continued to ramp up, 
current kept increasing but slowly, reaching a max power of ~1.3 kW with current of 91.1 A (~52 A/mm2) at 
~138 s. At 170 s, the electrode fractured, and the current dropped to zero, after which the experiment was 
stopped. It should be mentioned that the zig-zagged shaped data for resistance in (a) before ~120 s were 
purely an artefact from the power supply due to limitation with electrical control, while the black dash line 
is for guidance only, showing the behavior of gradual and then sudden drop in resistance with time. 

 

It should be noted that Figure 4.7 includes the nominal total resistance calculated 

from total current and voltage. The zig-zagged behavior is purely an artefact from the 

power supply used (due to imperfect electrical control) and not the actual resistance of the 

sample. On the other hand, the overall trend of initially slow drop followed by dramatic 

drop in resistance shown in Figure 4.7 is consistent with the typical flash behavior. 

However, in this study the four-probe approach was not used to accurately measure the 

actual sample resistance due to complications that the sample was small and was enclosed 
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in the multi-layer sample assembly. Further experiment as well as simulation will be 

carried out in future to enhance our understanding of the real resistance change in sample 

during RFS. 

 In situ synchrotron for RFS of TZN 

Figures 4.8(a) and (b) show 2D X-ray scans of the sample assembly containing the TiN-

ZrN equimolar mixture before and after in situ RFS, respectively. It shows the sample (in 

dark blue due to low X-ray penetration) shrunk ~46% in thickness after RFS. In addition, 

selected integrated 1D diffraction patterns collected at representative time are plotted in 

Figures 4.8(c) and (d). At the very beginning, similar to conventional XRD in Figure 4.4, 

diffraction peaks for both TiN and ZrN were observed. In addition, about halfway between 

pure TiN and ZrN (111) peaks, there was a minor bump, labelled as (TiZr)N-1, at 9.59o. It 

is attributed to the solid solution between TiN and ZrN, most likely formed via mechanical 

alloying due to the short, but intensive Spex milling. From the beginning to ~150 s, as the 

voltage ramped up linearly, peaks for TiN and ZrN shifted gradually to lower angle due to 

thermal expansion. At 150 s, there was one minor peak labelled as (TiZr)N-2 and one bump 

labelled as (TiZr)N-3 between the (111) peaks for TiN and ZrN: (TiZr)N-2 represents a 

(Ti, Zr)N solid solution that is rich in Zr, while TiZr)N-3 represents a (Ti, Zr)N solid 

solution that is rich in Ti. From ~202 s, the peaks for TiN and ZrN largely disappeared, 

while the peaks for (TiZr)N-2 and (TiZr)N-3 became much stronger. The two remaining 

peaks gradually merged (see patterns from ~240 to ~332 s) to form a single phase solid 

solution, labelled as (TiZr)N-4, close to the target composition of (Ti0.5Zr0.5)N (see Figure 

4.8(d) for detail). After cooling to room temperature, the solid solution experienced 

separation again into two phases: one Zr rich at lower angle and the other Ti rich at higher 
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angle. It is noted that these peaks are shifted slightly to lower angle (representing slightly 

larger lattice parameter) compared with TiN and ZrN, probably due to partial replacement 

of nitrogen by carbon after ~410 s holding.  

Figure 4.8(e) shows the change of lattice parameters of TiN, ZrN, and (Ti, Zr)N solid 

solution with time during in situ RFS. The first four strongest diffraction peaks ((111), 

(002), (220), (311)) were used for lattice parameter calculation. For both TiN and ZrN, 

consistent with expectation, their lattice parameters increased with time as the sample 

heated up. Using the literature average coefficient of thermal expansion (CTE) for ZrN of 

7.8×10-6/K 197, that the lattice parameter for ZrN expanded from 4.585 Å at ~0 s to 4.636 

Å at 150 s would give an estimated temperature of ~1500oC for the sample at 150 s.  

Similarly, using average CTE of 9.35×10-6/K for TiN 198, that the lattice parameter for TiN 

expands from 4.241 Å at ~0 s to 4.304 Å at 150 s would give an estimated temperature of 

~1600oC. For (Ti, Zr)N, it is noted that the lattice parameter for only the final single phase 

solid solution after ~332 s was shown. This was due to the uncertain and changing 

composition for the multiple solid solutions (2 or more, see Figures 4.8(c) and (d)) that 

exist between ~150 and 332 s and the significantly reduced peak intensity. The reason for 

the continued lattice expansion for (Ti, Zr)N solid solution after ~332 s is not clear. It might 

be due to continued thermal expansion or partial replacement of nitrogen by carbon in the 

sample upon extended heating and further study is needed to verify this. 

In theory, in situ synchrotron XRD should enable a decent measurement of the actual 

temperature during RFS. Unfortunately, in this study, precise temperature determination 

could not be achieved from experimental data. The above temperatures estimation from 

TiN and ZrN lattice parameters (~1500-1600oC at ~150 s) is very rough due to the lack of 
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accurate CTE values over the entire temperature range. In addition, the nature and 

concentration for defects within the material, which may also influence lattice parameter, 

is unclear. Preliminary COMSOL simulations of temperature for both the standard RFS 

and in situ RFS had also been carried out, as shown in Figure S4. They show the expected 

trend such as the rise and drop in temperature under different configurations, but the exact 

values are of limited use due to the various assumptions made in the absence of reliable 

data about actual physical properties (e.g., electrical resistivity, thermal conductivity, 

emissivity) for the various materials/components and their junctions encountered in such a 

complex system. It should be mentioned that, previously, researchers have successfully 

performed accurate temperature measurement during flash sintering based on lattice 

parameters using in situ synchrotron.  Those studies used the energy dispersive diffraction 

(EDD) technique and a small diffraction volume within the specimen could be selected and 

analyzed. In addition, platinum was also inserted into the specimen as a reference 199–204.  

Further studies will be needed to check if and how similar techniques could be adopted in 

the current configuration for precise temperature measurement.  

Nevertheless, the combination of standard ex situ XRD and the in situ synchrotron 

studies suggest that the formation of (Ti, Zr)N solution from TiN and ZrN at elevated 

temperature is an energetically favorable process that follows the phase diagram 184. Note 

that phase separation was observed for the in situ TZN sample from the in situ synchrotron 

RFS experiment (see the two separate peaks at ~9-10 o in Figure 4.8(c) RT after cooling), 

but a uniform solid solution was preserved in the std-TZN sample (Figure 4.4). Such a 

discrepancy is hypothesized to be related to the cooling rate: in the in situ synchrotron 

experiment, the sample might have reached higher temperature and cooled slower than the 
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standard RFS experiment, which would allow adequate time for diffusion and phase 

separation of the (Ti, Zr)N solid solution into an equilibrium mixture of a Ti-rich and a Zr-

rich phases. Further study is needed to verify this. 
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Figure 4. 8. (a and b) 2D X-ray scans of the flash sintering cell assembly loaded with TiN-ZrN equimolar 
mixture before (a) and after (b) in situ RFS. (c) Selected integrated 1D in situ synchrotron XRD patterns of 
the TiN-ZrN mixture during RFS. The numbers on the right show time in seconds after the beginning of the 
experiment. (TiZr)N-1 represents the solid solution formed in Spex milling; (TiZr)N-2 and (TiZr)N-3 
correspond to solid solutions formed during the heating stage of the RFS; (TiZr)N-4 corresponds to the final 
single phase nitride solid solution. (d) Zoomed-in sections for selected patterns at different time showing 
gradual changes in the (111) peak for TiN, ZrN, and related (Ti, Zr)N solid solutions in the 2θ  range of 8.5-
10.5 degrees. Note the gradual disappearance of individual TiN and ZrN peaks and the appearance and 
merging of peaks for (Ti, Zr)N solid solutions. (e) Change in lattice parameter of the parent TiN and ZrN as 
well as the final single phase (Ti, Zr)N product with time during in situ RFS. 
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 In situ synchrotron for RFS of TAN 

For the TiN-AlN system, Figures 4.9(a) and (b) show representative 2D X-ray scans 

collected before and after in situ RFS, while Figure 4.9(c) shows selected integrated 1D 

diffraction patterns collected at different times. Before ~120 s, the XRD patterns contain 

the peaks for cTiN, hAlN, as well as cAlN (from the nano AlN used for in situ RFS), and 

they largely remain the same due to negligible power dissipation in the incubation stage. 

Then, within a few seconds of the flash event (~120-125 s), a new set of peaks appeared to 

the left (lower angle) of TiN peaks.  

The reason for the appearance of these new peaks is not clear. One possibility is non-

uniform temperature distribution. But the difference in 2θ, e.g., 9.88˚ vs. 9.69˚ at 125 s, 

would mean a temperature difference of ~2100oC (again assuming CTE for TiN is 9.35×10-

6/K), which is too large to be practical within the 1.5 mm diameter sample.  

Another possibility is synchrotron X-ray radiation hit the sample at different physical 

locations. However, it is also not convincing due to the small focus (~2×4 µm2) of the 

synchrotron radiation compared with the mm-scale sample dimension.  

A third possibility is the new peaks were from a new phase of Al-doped TiN. From unit 

cell volume point of view, this is not inconceivable because under ambient pressure, the 

most stable crystal structure for hAlN has a unit cell volume 40.878 Å 3 or 20.44 Å3 per 

AlN formula at room temperature, while cTiN has a unit cell volume of 76.773 Å3 or 19.20 

Å3 per TiN formula. Therefore, as a first approximation, for the pattern collected at 125 s, 

the peak at 9.88o would correspond to lattice parameter of 4.270 Å, while the peak at 9.69o 

would correspond to lattice parameter of 4.353 Å. The shift in 2θ of ~0.19o (from 9.88o to 

9.69o) would correspond to a lattice parameter difference of 0.083 Å or ~1.9% increase 



93 
 

from TiN, which is small compared with the lattice parameter difference in the TiN-ZrN 

system (i.e., 4.241 Å for TiN vs. 4.585 Å for ZrN, or 8.1% difference). In addition, as 

stated, for the synchrotron study, the starting AlN power did contain the metastable cAlN, 

which might make it easier for doping of Al into TiN.  

However, it should be noted that the above third explanation appears to be contradictory 

to the literature showing cAlN as well as cTi1-xAlxN having lattice parameters smaller than 

TiN at room temperature 74, 179, 205. Whether the contradiction could be explained by the 

temperature difference, i.e., room temperature for literature versus high temperature in the 

current in situ RFS study, remains to be studied. 

Nevertheless, after the flash, as time progressed (see 150 s), the original TiN peaks 

gradually weakened and merged into the adjacent peak at lower angle (likely for Al-doped 

TiN), and the merged peak shifted to even lower angle, indicating continued lattice thermal 

expansion. When the system suddenly lost power at ~170 s (due to electrode mechanical 

failure), the Al-doped TiN peaks shifted back to higher angle (see 173 s vs. 150 s), 

representing lattice contraction due to cooling as well as possible phase separation (i.e., 

separation of Al nitride phase from the main TiN phase). After finally cooling to room 

temperature, the peaks were still to the left (or lower angle) of the TiN peak (e.g., (111) 

peak at 9.86o after RFS versus 9.92o before), probably representing residual Al still remain 

in the cubic TiN lattice.  

Figure 4.9(d) shows the change of lattice volume for cTiN and hAlN with time during 

in situ RFS. (Lattice volume instead of lattice parameter used here since hAlN is not cubic) 

Consistent with Figures 4.3, 4.7, and 4.9(a-c), during the incubation (first ~120 s) before 

the flash, there was essentially no change in lattice volume for either cTiN or hAlN. After 
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the flash, lattice volume for TiAlN, likely Al-doped TiN, displayed a sudden increase 

compared with pure cTiN, which was followed by a slow, continued increase, possibly due 

to thermal expansion. Upon sudden cooling (likely due to electrode failure) after ~170 s, 

the Al-doped TiN lattice parameter dropped due to shrinkage as well as possibly separation 

of hAlN.  

 

Figure 4. 9.(a and b) 2D X-ray scans of flash sintering cell assembly loaded with TiN-AlN equimolar mixture 
before (a) and after (b) in situ RFS. (c) Selected integrated 1D in situ synchrotron XRD patterns of the TiN-
AlN mixture during in situ RFS in the 2θ range of 6.5 and 12.5 degrees. The numbers on the right show time 
in seconds after the beginning of the experiment. Note the appearance of peaks to the left of TiN from ~125 
s, which are attributed to Al doped TiN. (d) Change in unit cell volume of TiN, hAlN, and TiAlN solid 
solution with time during RFS. 
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4.3.3. Microstructure of  TiZrN and TiAlN from reaction flash sintering 

Figures 4.10(a) and (b) show the SEM images for the fractured surface of an std-

TZN sample. The relative density of the sample is ~94.0 % from dimension and weight, 

and the SEM images show the sample was indeed relatively dense with few pores. EDS 

showed that the Ti : Zr atom ratio in the reactive flash sintered pellet was 1 : 0.753 or 0.57 

: 0.43, which was remarkably close to the ratio of 1 : 0.754 calculated by Vegard’s’ law 

from XRD-derived lattice parameters. The metal-to-nitrogen atom ratio could not be 

obtained reliably, due to instrument limitation of the EDS system. Nevertheless, the line 

scan image in Figure S5 shows the presence of all 3 elements, while EDS elemental 

mapping shows uniform distribution of Ti, Zr, and N, as in Figure 4.10(c). 
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Figure 4. 10. (a and b) SEM images for a fractured surface of an std-TZN sample from standard RFS, (c) 
EDS elemental maps of the sample showing the uniform distribution of Ti, Zr, and N. 

 

Figures 4.11(a) and (b) show the SEM images for the fractured surface of an std-

TAN sample. Almost no pores are seen, which is consistent with a measured relative 

density of ~99.6%. EDS analysis shows that the Ti : Al atom ratio after RFS is 1: 1.002, 

which agrees with the starting equimolar TiN-AlN mixture. Figure 4.11(c) and Figure S6 

show EDS mapping and line scan for the sample, respectively, which suggest relative 

uniform distribution of Ti and N, while Al was sometimes associated with presence of 

c 
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oxygen. This is explained as amorphous Al2O3 that might have formed during the cooling 

stage of RFS.  

In comparison, Figures S7 and S8 show the SEM images of standard flash-sintered 

TiN (named std-TN) and ZrN (named std-ZN), respectively. After flash sintering, porosity 

for std-TN appeared higher than std-TZN, while std-ZrN was quite dense.  

 

 

Figure 4. 11. (a-b) SEM images for the fractured surface of an std-TAN sample from standard RFS. (c) EDS 
elemental maps of the sample showing uniform distribution of Ti and N and the association of Al and O. 

4.3.4. Properties of reactive flash sintered TiZrN and TiAlN samples 

4.3.4.1. Oxidation resistance 

As stated, the thermal oxidation resistance of std-TZN and std-TAN samples from 

standard RFS was evaluated by TGA-DSC from room temperature up to 1400◦C in the air 

with a heating rate of 5◦C/min and compared with similarly flash sintered TiN and ZrN. 

(Again, AlN was not flash sintered due to high resistivity). Figure 4.12 shows the TGA 
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plot for fractured pieces of all four samples in air. For std-TZN, there was little weight gain 

before ~600◦C. The onset temperature for rapid oxidation was ~650◦C, while the 

corresponding exothermic peak was at 707◦C (see DSC curve in Figure S9). After that, 

there was a gradual weight gain till ~850◦C, followed by an even slower weight gain till 

~1250◦C, and finally slight weight loss afterward. The weight gain upon oxidation was due 

to the formation of oxides from the nitride (solid solution), while the weight loss was 

attributed to the loss of lattice nitrogen from the sample. The total weight gain for the std-

TZN sample is ~20.5%, matching reasonably with the theoretical weight gain of 21.5% for 

the complete oxidation reaction of 

2Ti0.5Zr0.5N + 2O2  TiO2 + ZrO2 + N2                                                            (1) 

 

 

Figure 4. 12. Comparison of TGA plots for std-TZN and std-TAN samples from standard RFS with flash 
sintered binary nitrides of TiN and ZrN in air up to 1400 ◦C. 

 

That the oxidation behavior for std-TZN is remarkably close to binary nitrides of 

TiN and ZrN without much delay indicates simply forming a random solid solution would 

not significantly improve the oxidation resistance for nitrides. 
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In comparison, the std-TAN sample from standard RFS showed significantly better 

oxidation resistance: There was little weight gain till at least ~850◦C. Rapid oxidation, as 

indicated by changing slope in the TGA plot was at ~1250oC, while the exothermic peak 

occurred at a much higher temperature of ~1325◦C (see Figure S10). Despite the absence 

of a uniform solid solution, oxidation onset for TAN was delayed by at least ~200◦C 

compared to TiN. This is consistent with earlier studies on TiAlN thin films that form a 

protective Al2O3 oxide layer upon oxidation.  

4.3.4.2. Mechanical properties 

Mechanical properties such as Vickers micro-hardness were measured by 

indentation method for both the ternary metal nitrides from standard RFS and binary 

nitrides from standard flash sintering, and the results are also summarized in Table 4.1. 

Vickers hardness for the std-TZN sample was 10.5 ±1.7 GPa, despite its high relative 

density. Such a value is lower than that flash sintered ZrN giving a hardness value of 

14.2±0.9 GPa, which is comparable to literature 6.  Hardness for flash-sintered TiN was 

rather low at 8.0±1.5 GPa, probably due to high porosity, since literature shows TiN 

hardness in the range ~18-25 GPa 6, 206. The exact reason for the absence of solid solution 

hardening effect for bulk std-TZN sample from standard RFS is not clear:  It might be 

related to nitrogen loss in high-temperature sintering, leading to more metallic behavior 

and lower hardness. In comparison, reactive flash sintered std-TAN gave a higher hardness 

of 17.8±1.2 GPa, possibly benefiting from phase separation of the high temperature (Ti, 

Al)N solid solution into fine, phase separated regions.  

It should also be mentioned that the measured hardness for std-TZN and std-TAN 

were lower than reported values for TiZrN thin films (~17-24 GPa) 207 and TiAlN thin 
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films (25-35 GPa)  66, 208. This is probably due to the much larger grain size (> ~20 µm) for 

the samples after standard RFS comparing with submicron or even nano grained thin films.  

Finally, fracture toughness K1c was obtained following the method by Anstis and 

co-workers 209 from the formula 𝐾ଵ௖ = 0.016 ൫ಶ

ಹ
൯

଴.ହ
( ು

೎భ.ఱ) in units of MPa∙m1/2, where E is 

the elastic modulus (GPa), H is the hardness (GPa), P is the indentation load (N), and c is 

the crack length (m) (See supplemental Table S1 and S2 for E, H, P, and c values used). 

The measured K1c values for standard (reactive) flash-sintered ternary (or binary) metal 

nitrides are listed in Table 4.1. K1c for standard flash-sintered TiN and ZrN were 4.6±0.6 

MPa∙m1/2 and 2.2±0.8 MPa∙m1/2, respectively, which are comparable to the literature 157, 

210. For std-TZN, K1c was 5.1±2.0 MPa∙m1/2, while for std-TAN, it was 4.4±1.0 MPa∙m1/2.  

4.4. Conclusions 

Reactive flash sintering (RFS) of TiZrN and TiAlN using binary nitrides (i.e., TiN, 

ZrN, and AlN) as starting powders had been demonstrated for the first time. During 

standard RFS of TiZrN under constant voltage, the flash occurred instantaneously due to 

the high conductivity of both TiN and ZrN. Upon fast cooling, a bulk, single-phase (Ti, 

Zr)N solid solution was obtained, suggesting the formation of a uniform solid solution at 

elevated temperature. In comparison, for standard RFS of TiAlN, there was an obvious 

incubation before the flash due to the high resistivity of AlN in the starting powder mixture, 

but the flash was quick and dramatic. Upon cooling, unlike TiZrN, there was no obvious 

indication of (Ti, Al)N solid solution formation. 

Preliminary in situ synchrotron experiments had also been carried out at the APS 

facility in ANL to monitor RFS in real-time. It captured the gradual formation of (Ti, Zr)N 

solution during in situ RFS, which, upon cooling, decomposed into two separate phases, 
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all consistent with both the phase diagram and ex situ study. For the TiN-AlN system, in 

situ RFS seemed to suggest the formation of a single phase cubic (Ti, Al)N solid solution 

with lattice parameter larger than TiN formed at elevated temperature, and it decomposed 

very quickly back to cTiN and other minor, possibly amorphous, phases when heating was 

suddenly lost.  

As to materials characterization, TiZrN and TiAlN from standard RFS were highly 

dense with relative density of  ~94.0 % and ~99.6% respectively. Because TiZrN formed 

a single-phase solid solution after standard RFS, the distribution of Ti and Zr elements was 

uniform. For TiAlN, Ti and N were uniformly distributed while the association of Al with 

oxygen was observed. TGA-DSC revealed the onset oxidation temperature for TiZrN was 

comparable to TiN and ZrN, while it was higher by ~200oC for TiAlN. This indicates the 

formation of single-phase solid solution alone does not offer significant improvement in 

oxidation resistance, while the formation of Al2O3, even as separate phase, would benefit. 

Mechanical properties such as hardness and fracture toughness for both samples were also 

measured. It is noted that unlike thin films, bulk TiZrN did not show improved hardness 

over binary nitrides, which is hypothesized to be due to nitrogen loss upon high-

temperature sintering, leading to more metallic behavior and lower hardness. The hardness 

for TiAlN was higher, presumably due to strengthening by phase separation from the solid 

solution. Overall, hardness for bulk ternary nitride from RFS was lower than reported for 

thin films, possibly due to their much larger (> ~20 µm) grain size, while fracture toughness 

for the ternary nitrides were comparable to parent binary nitrides. 

Finally, it should be mentioned that much of the study was preliminary. For 

example, there had not been optimization of standard RFS, which might limit the 
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performance of the obtained materials. Both in situ RFS experiment with real time 

synchrotron monitoring and simulation should also be improved based on the lessons 

learned, which would help verify the observations concerning phase transformation and 

determine the temperature more accurately. Further studies relating fine-scale 

microstructure analysis with mechanical properties is also needed to fully understand the 

effects of composition and the RFS parameters on materials properties for such bulk ternary 

metal nitrides. 

Table 4. 1. Summary of standard RFS experiments including sample ID, the precursors used and their molar 
ratio, maximum current reached (all with initial 8 V DC), total time, products’ final phase(s), relative density 
(from sample weight and dimension),properties such as oxidation onset temperature, fracture toughness, and 
Vickers hardness. For comparison purpose, the results for standard flash sintering of binary nitrides of TiN 
and ZrN, respectively, are also listed. 

 

 

a Micron AlN 
b Theoretical density from PDF card: 04-015-1412 for (Ti0.57Zr0.43)N 
c Theoretical density of 4.27 g/cm3 from Rule of Mixture for cTiN (PDF 04-002-1925) + 
hAlN (PDF 00-025-1133) equal molar mixture 
 
 
 
 
 
 
 
 
 
 

Sample 

ID 

Precursors Molar 

Ratio 

Max 

Current 

Total 

Time 

Major 

Phase(s) 

Minor 

Phase(s) 

Relative 

Density 

Oxidation 

Onset 

Temp (˚C) 

Total 

Weight 

Gain 

Fracture 

Toughness 

(MPa·m1/2 ) 

Vickers 

Hardness

(GPa) 

std-TN TiN - 193 A 350 s c-TiN - 86.7% 600 28.5% 4.6±0.6 8.0±1.5 

std-ZN ZrN - 193 A 350 s c-ZrN t-ZrO2 97.7% 625 16.8% 2.2±0.8 14.2±0.9  

std-TZN TiN+ZrN 1 : 1 200 A 350 s c-(Ti0.57Zr0.43)N t-ZrO2 94.0%b 650 20.5% 5.1±2.0 10.5±1.7 

std-TAN TiN+AlNa 1 : 1 200 A 400 s c-TiN TiO, 

Ti0.9Al0.1C 

99.6%c 850 19.0% 4.4±1.0 17.8±1.2 
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4.5. Supplementary 

 

Figure S1 X-ray diffraction patterns of starting commercial binary nitride powders of ZrN, 
TiN, micron AlN, and nano AlN. 

 

Figure S2 (a and b) Engineering drawing (a) and photo (b) of the newly designed 
environmental chamber for the (reaction) flash sintering process (including for the in situ 
synchrotron XRD study). (c and d) Schematics (c) and photos (d) showing the sample 
assembly that was used for in situ synchrotron RFS experiments. Note that, compared with 
the standard RFS sample assembly design (see 211), side holes were opened through both 
the h-BN outer tube and the graphite outer sleeve to facilitate XRD penetration, while 
Kapton film was used to seal both sides of the environmental chamber to reduce air 
exposure while maintaining X-ray transparency. 
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Figure S3 Plots of applied voltage and resulting current vs. time for standard flash sintering 
of the (a) std-TN (from TiN powder) sample and (b) the std-ZN (from ZrN powder) sample, 
respectively. Note in both cases, the power supply remained in the constant voltage mode 
and did not switch to constant current mode since the maximum current was 193 A (25.6 
A/mm2) - lower than the 200 A limit set before the experiment. 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Figure S4 Plots of maximum sample temperature (at the sample center) vs. time from 
preliminary COMSOL® simulation for (a) standard ex situ RFS (3.1 mm diameter, 
constant 8 V DC) and (b) in situ RFS (1.5 mm diameter, ramping DC from 0 V at 0.1 V/s) 
for the TiN-ZrN system. Note although the trends appear reasonable, the exact temperature 
values are of very limited use due to the absence of reliable physical data for the various 
materials/components/contacts in the systems.  
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Figure S5 EDS line scan spectra of an std-TZN sample from standard RFS showing the 
uniform distribution of Ti, Zr, and N. 

 

  

 
 

 

Figure S6 EDS line scan spectra of an std-TAN sample from standard RFS showing relative 
uniform distribution of Ti, Al, N as well as the occasional association of Al with O, 
representing local aluminum oxide impurity. 
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Figure S7 (a-b) SEM images for the fractured surface of an std-TN sample from standard 
flash sintering of TiN. 

 

 

 

 

 

 

Figure S8 (a-b) SEM images the fractured surface an std-ZN sample from standard flash 
sintering of ZrN . 

 

 



108 
 

 

Figure S9 TGA-DSC plots of the std-TZN sample (TiN-ZrN equimolar mixture, standard 
RFS) in air up to 1400◦C. 

 

 

Figure S10 TGA& DSC plots of the std-TAN sample (TiN-AlN equimolar mixture, 
standard RFS) in air up to 1400◦C 
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Table S1 Values of elastic modulus E (GPa), hardness H (GPa), indentation load P (N), 
crack length c (m), and fracture toughness K1c (MPa∙m1/2) for the std-TZN sample from 
standard RFS. 

c 

(µm) 

P 

(N) 

E a 

(GPa) 

H 

(GPa) 

K1C 

(MPa∙m1/2) 

74.83 19.7 441.6 10.5 3.15 

38.96    8.39 

47.21    6.29 

70.74    3.43 

38.12    8.67 

73.10    3.26 

62.23    4.15 

57.11    4.72 

64.30    3.95 

 

a E for c-TiN 212and c-ZrN 213 from literature; E for TiZrN calculated from Rule of Mixture 
for equimolar mixture of c-TiN + c-ZrN  
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Table S2 Values of elastic modulus E (GPa), hardness H (GPa), indentation load P (N), 
crack length c (m), and fracture toughness K1c (MPa∙m1/2) for the std-TAN sample from 
standard RFS.   

c 

(µm) 

P 

(N) 

E b 

(GPa) 

H 

(GPa) 

K1C 

(MPa∙m1/2) 

31.17 9.8 387.5 17.8 4.19 

36.09    3.36 

31.04    4.22 

28.72    4.74 

35.80    3.41 

26.37    5.39 

28.79    4.72 

28.62    4.77 

28.00    4.93 

25.60    5.64 

30.17    4.40 

38.56    3.05 

28.95    4.69 

39.98    2.88 

25.09    5.81 

24.64    5.97 

39.88    2.90 

 

b E for c-TiN 212 and h-AlN 214 from literature; E for TiAlN calculated from Rule of Mixture 
for equimolar mixture of c-TiN + h-AlN  
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Chapter V: Reactive flash sintering and characterization of bulk high entropy nitrides 

5.1. Introduction 

In the past decade, research on high-entropy materials has sparked considerable interest 

and made significant progress. The concept of mixing multiple elements to create a cocktail 

of properties originated from high-entropy or multi-principle element alloys in 2004.215216 

Those alloys usually consist of five or more elements, and their configuration entropies 

when forming random solid solutions are >1.5R (where R is the gas constant). This unique 

combination led to many new stable alloys with enhanced mechanical properties and other 

desirable characteristics (e.g., superconductivity) 217–219.   

 The discovery of high-entropy effects in alloys inspired the development in other 

materials, especially ceramics 75–81. High-entropy ceramics are ceramics that contain four 

or more metallic elements occupying the same cation site randomly.  They may also have 

one or two nonmetal elements occupying the same anion site. Over the years, the range of 

high-entropy ceramics has expanded to include borides, carbides, nitrides, oxides, sulfides, 

and silicides 82–86. 

 Among high entropy ceramics, high entropy nitrides (HENs) are unique due to the 

nature of their bonding: not as ionic as oxides, but not as covalent as carbides or borides.  

The study on HENs actually started as early as 2004 on thin films such as (AlCrTaTiZr)N 

prepared by techniques such as reactive DC sputtering 220, 221. The disorder in the cation 

sublattice of HENs leads to entropy stabilization, which allows the formation of single-

phase solid solutions, often with an FCC crystal structure, while limiting intermetallics or 

binary nitrides formation.  Such HENs, similar to high entropy alloys, 222 offer properties 

such as improved hardness and strength, due to severe lattice distortion 223. In addition, that 
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HENs contain multi-principle elements means the composition space is quite large, which 

may result in properties beyond what is commonly expected and enable new applications 

beyond surface coatings for high temperature and environmental protection and diffusion 

barriers for the semiconductor industry 76, 82, 84, 91, 224, 225. 

 Up till recently, HENs have predominantly been synthesized as thin films using 

techniques such as plasma vapor deposition, vacuum arc deposition, and magnetron 

sputtering 95–98.  Various techniques, including modified mechanochemical synthesis 24, 

milling and combustion synthesis 91, soft urea method 106, and ammonia nitridation 107, 

have also been adopted to synthesize single-phase solid solution HENs powders. The first 

reports on bulk HEN came in 2018: Wen et al. used 6 h ball milling of binary nitrides 

followed by hot pressing at 1600 or 1800oC and 30 MPa for 60 min in vacuum to synthesize 

bulk (Hf0.2Nb0.2Ta0.2Ti0.2Zr0.2)N 225.  Meanwhile, Dioppo et al. used spark plasma sintering 

(SPS) to synthesize (HfNbTaTiZr)N 92 at 2200oC for 1 h under 50 MPa 92. Although the 

processes are effective, they still take hours long and consumes significant energy.  

Therefore, there is the need for novel facile synthesis of HEN, especially of new 

compositions. 

 The current research aims to demonstrate fast synthesis of bulk high entropy 

nitrides using a reactive flash sintering (RFS) approach. A range of HEN with nominal 

compositions such as (Al0.2Nb0.2Ta0.2Ti0.2Zr0.2)N, (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, 

(Al0.20Nb0.20Ta0.20Ti0.40)N and (Al0.20Nb0.20Ti0.40Zr0.20)N have been studied. The phase 

formation and evolution for RFS of these HEN were characterized through ex situ XRD 

and, for selected composition, in situ synchrotron during RFS. Microstructural and 

microchemical analysis was conducted using various techniques. Additionally, properties 
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such as oxidation resistance, hardness and fracture toughness, high-pressure mechanical 

properties, and superconductivity for these bulk HENs are characterized. The relationship 

between the composition, microstructure, and properties of the HEN systems and the 

directions for future research are discussed. 

5.2. Experimental Procedure 

5.2.1. Raw materials and mechanical mixing 

Commercial binary metal nitride powders were used for RFS of high entropy nitrides. 

The binary nitrides include aluminum nitride (nano powder <100 nm, Sigma Aldrich 

#593044), niobium nitride (Alfa Aeser #12146), tantalum nitride (99.5% metal basis, Alfa 

Aeser #13093), titanium nitride (99.5% metal basis, Alfa Aeser #41556), and zirconium 

nitride (99.5% metals basis excluding Hf, Hf<3%, Alfa Aeser #12138). XRD of 

commercial powders were performed to check for crystalline impurities. Commercial AlN 

contains h-AlN (86.3 wt.%) as well as aluminum metal impurity (13.7 wt.%); NbN and 

TiN are both cubic single-phase with no noticeable impurities; TaN contains hexagonal ε-

TaN (𝑃6ത2𝑚, 59.9 wt%) as well as δ-TaN (𝑃6ത2𝑚, 40.1 wt.%), while ZrN contains ~4.1 

wt.% of tetragonal ZrO2 impurity (from Rietveld refinement).  

The commercial powders were mixed according to designed compositions. Both 

equimolar and some slight Ti-rich compositions (for cost considerations) have been 

explored, targeting nominal compositions such as (Al0.2Nb0.2Ta0.2Ti0.2Zr0.2)N, 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, (Al0.20Nb0.20Ta0.20Ti0.40)N, and (Al0.20Nb0.20Ti0.40Zr0.20)N. 

The nitride powder mixtures (typically 1 g for each batch) were Spex-milled using SPEX 

Sample prep (8000D-115 Mixer/Mill) in a stainless-steel (SS) jar in air with a single SS 
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ball for 5 mins before RFS to reduce particle size and ensure uniformity. XRD of the Spex-

milled powder showed no contamination from the stainless-steel container. 

5.2.2. Reactive flash sintering set-up 

The setup for reactive flash sintering has been described previously 6, 211, 226, 227. 

Typically, approximately 90 mg of precursor powder mixture is dry pressed at ~2400 MPa 

into a cylindrical pellet with ~3.1 mm diameter and ~1.5 mm thickness. A pellet is then 

inserted into a hexagonal boron nitride (h-BN) tube with two graphite electrodes contacting 

the two ends. To minimize sample oxidation and enable reuse of the graphite components, 

the entire sample assembly is placed inside a custom-built aluminum environmental 

chamber purged with argon gas (UHP grade, Airgas). RFS was carried out using a DC 

power supply (Hewlett Packard, 6671A, 8 V, 220 A).  Pneumatic cylinder applied a 

pressure of ~15 MPa to maintain electrical contact. Water cooling is adopted to maintain 

the temperature for the copper terminals in contact with the graphite outer electrodes. After 

RFS, the system cools to ambient temperature and the sample is removed from the h-BN 

tube and separated from the graphite electrodes. The sample is ground to remove graphite 

residue attached to the surface, before being subjected to different analytical techniques for 

further characterization. The RFS parameters and final products’ compositions for various 

samples are summarized in Table 5.1. 

5.2.3. Materials characterization  

X-ray diffraction patterns were obtained on powders ground from the RFS pellets using 

a Smart Lab SE X-ray diffractometer with Cu-Kα radiation (λ = 1.54059 Å for Kα1). To 

examine the microstructure and elemental distribution of the RFS pellets, a scanning 

electron microscope (SEM, JEOL JSM-F100) fitted with energy-dispersive X-ray 
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spectroscopy (EDS) was used. High-angle annular dark-field (HAADF) scanning 

transmission electron microscopy (STEM) and EDS elementary mapping images were 

recorded using a Hitachi HD2700 aberration-corrected STEM machine. Oxidation 

resistance for bulk RFS samples were evaluated by thermogravimetric analysis-differential 

scanning calorimetry (TGA-DSC) using a TA Instrument SDT Q600 on fragments of RFS 

pellets between ~25 and 1400°C in flowing air with a heating rate of 5°C/min.  

For mechanical properties, the RFS pellets were mounted in resin, ground, and polished 

down to 0.1 µm polycrystalline diamond slurry. Vickers hardness and fracture toughness 

of the samples were measured using LECO LM810AT (LECO Corporation). A diamond 

tip with a 2000 gf (19.8 N) load was used to make indentations on the surface along a 3.1 

mm diameter to ensure accurate and representative results. Fracture toughness was 

determined by following the ASTM approved method by Anstis and co-workers from the 

formula 𝐾ଵ௖ = 0.016 (ಶ

ಹ
)଴.ହ( ು

೎భ.ఱ) in units of MPa∙m1/2, where E is the elastic modulus 

(GPa), H is the hardness (GPa), P is the indentation load (N) and c is the average crack 

length (m) originated from indentation measured using SEM. 

Apart from conventional characterizations, synchrotron based XRD was utilized in this 

study to better comprehend the changes in composition, crystal structure, and lattice 

constants of the phases that took place during RFS to synthesize high entropy nitrides.  The 

synchrotron angle-dispersive XRD tests were conducted at sector 16-ID-B, HPCAT, of the 

Advanced Photon Source (APS) in Argonne National Laboratory (ANL). The experiments 

involved both in situ and ex situ characterization, and their specifics are provided below.  

To accommodate the in situ synchrotron XRD measurements, similar to previous study 227, 

adjustments were made to the flash sintering sample assembly to allow for X-ray 
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penetration. The environmental chamber was placed on the general-purpose table of 

beamline 16-ID-B at the APS synchrotron facilities as shown in our previous study 227. The 

openings for the aluminum RFS environment chamber were sealed with X-ray transparent 

high-temperature resistant polymer (Kapton®) film. The sample diameter was decreased 

from 3.1 mm in the standard RFS design to 1.5 mm (samples height ~2 mm) to allow the 

incident X-ray and the diffracted beam to pass through the sample. All in situ synchrotron 

RFS tests employed a separate DC power source (Hewlett Packard, 6031A, 20 V, 120 A). 

Monochromatic X-ray synchrotron radiation with a wavelength λ = 0.424590Å was used, 

and the X-ray focus area was 2 μm x 4 μm. To gather the 2D diffraction pattern, a high-

frequency area PILATUS 1M detector with a minimum acquire period of 8 ms was used. 

XRD patterns were captured every second during the in situ synchrotron investigation of 

RFS for HEN targeting (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N. 

High-pressure angle dispersive XRD studies were also carried out using the same 

synchrotron radiation. Symmetrical diamond anvil cells (DAC) with diamond anvils of a 

culet size of 300 μm were used to generate pressure. The sample was loaded into a 70 μm 

hole in a stainless-steel gasket (TS302) pre-indented to a thickness of 50 μm, along with a 

small ruby chip at the center of the sample chamber. Pressures were calculated using the 

ruby (R1) fluorescence method. Silicone oil (Sigma–Aldrich) with a viscosity of 1000 cP 

was used as the pressure-transmitting medium. The pressure was increased incrementally 

at room temperature up to 35.6 GPa, and XRD patterns from the sample were collected at 

every step during compression. The collected 2D diffraction images were integrated using 

Dioptas software. 
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Finally, magnetic property was conducted using a Superconducting Quantum 

Interference Device (SQUID, Quantum Design), while electrical transport properties were 

measured using a four-probe method in a Physical Property Measurement System (PPMS, 

Quantum Design), down to 2 K, as achieved by liquid helium.  

5.3. Results and discussions: 

5.3.1. RFS of HENs 

Figure 5.1 illustrates the changes in current over time during RFS of HEN 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N. As stated, a constant 8 V DC and 15 MPa were applied, 

and the entire RFS experiment lasted for 350 s. Except for AlN (near insulating with 

conductivity of ~ 5×10-12 S/cm at room temperature 214), all other starting binary nitrides 

in the mixture were conducting, with room temperature conductivity of ~17,000 S/cm for 

NbN 228, ~ 8000 S/cm for TaN 228, ~ 37000 S/cm for TiN 195, and ~ 20000 S/cm for ZrN 

196. As soon as 8 V DC was applied, the flash occurred immediately: at 0.57 s, the current 

was already ~ 25 A, corresponding to a current density j of 3.26 A/mm2 and power 

dissipation of 196 W. The current further increased to 140 A (18.53 A/mm2) at 1 s and 170 

A (22.51 A/mm2) at 3 s. Subsequently, the current continued to increase at a slower rate 

until reaching its maximum value of 191 A at ~350 s, corresponding to j of 25.26 A/mm2 

and a system peak power of 1525 W. Finally, the power supply was turned off, and the 

entire setup was allowed to cool to room temperature.  
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Figure 5. 1. Plot of applied voltage (dotted line) and resulting current (solid line) vs. time for reactive flash 
sintering of HEN with nominal composition of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N from non-equimolar binary 
nitride powder mixture. 

 

 In addition to (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, RFS was also performed on other 

high entropy compositions such as (Al0.20Nb0.20Ta0.20Ti0.40)N and (Al0.20Nb0.20Ti0.40Zr0.20)N 

using the same parameters and the resulting current-time plots are shown in supplemental 

Figure S1. For (Al0.20Nb0.20Ta0.20Ti0.40)N and (Al0.20Nb0.20Ti0.40Zr0.20)N, the maximum 

current was lower at 147 A (19.4 A/mm2) and 135 A (17.8 A/mm2), respectively, which 

are significantly lower than for (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N. The lower current might be 

related to presence of higher concentration of insulating AlN (20 at.% or 25 vol.% in the 

Ti-rich, 4-metal HEN versus the 17 at.% or 19 vol.% for the Ti-rich 5-metal HEN). 

 In addition to HENs, four of the starting conductive binary nitrides, NbN, TaN, TiN 

and ZrN, were also flash sintered under the same conditions (i.e., initial 8 V DC, 15 MPa 

pressure, 350 s total time). For AlN, due to its insulating property, it could not be flash 

sintered even after pre-heating (up to ~200 oC). The flash sintering behavior observed for 

NbN, TaN, TiN, and ZrN is similar to that for (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, (see Figure 

S2). 
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5.3.2. Solid-solution formation during RFS of HEN 

5.3.2.1. Characterization by ex situ XRD 

Figures 5.2. depicts the XRD patterns of the HEN sample with nominal 

composition of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N before and after RFS. Before RFS, the 

Spex-milled sample consisted of a mixture of c-AlN, c-NbN, h-TaN (ε phase), c-TiN, and 

c-ZrN, with trace amounts of t-ZrO2 impurities. Following RFS, the sample transformed 

into a near-single-phase nitride solid solution, exhibiting no distinct peak splitting. The 

diffraction pattern corresponded to a cubic, NaCl-type crystal structure, with a calculated 

lattice parameter of 4.364 ± 0.0005 Å. The insert in Figure 5.2. displays the positions of 

HEN peak (111) as well as binary nitrides of AlN (PDF Card: 00-046-1200), NbN (PDF 

Card: 04-004-2895), TaN (PDF Card: 00-039-1485), TiN (PDF Card:04-002-1925) and 

ZrN (PDF Card: 04-004-2860). After RFS, minor impurities of t-ZrO2 (PDF card: 00-081-

1546), o-TiO2 (PDF card: 00-049-1433), and c-(Ta, Nb)(C, N) (PDF card: 04-001-4538) 

were also detected, with some such as t-ZrO2 presumably coming from impurities existing 

in the commercial nitride powders. The sample after RFS also revealed the presence of 

graphite (PDF card: 04-014-0362), which is attributed to contamination from residual of 

the graphite electrodes utilized. The XRD result confirmed the presence of a single-phase 

region at elevated temperature for the (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N system, while rapid 

cooling in the current RFS setup preserves the bulk single-phase solid solution to room 

temperature. 
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Figure 5. 2. XRD patterns of the (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N sample before and after standard 
RFS. The sample transformed from a mixture of binary nitrides to a cubic, NaCl structured solid solution 
with minor impurities after RFS. The insert is the zoomed-in section showing the (111) diffraction peak, and 
the expected positions for (111) peaks of pure h-AlN, c-NbN, h-TaN, c-TiN and c-ZrN are also marked. 

 

 Similarly, supplementary Figures S3 and S4 display the XRD patterns of 

(Al0.20Nb0.20Ta0.20Ti0.40)N and (Al0.20Nb0.20Ti0.40Zr0.20)N samples before and after RFS. 

Both, like (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, form a near-single-phase NaCl-structured solid 

solution after RFS. For (Al0.20Nb0.20Ta0.20Ti0.40)N, the lattice parameter for the HEN phase 

is 4.329 ± 0.0002 Å, while the minor impurities are o-TiO2  and c-(Ta0.5Nb0.5)(C0.5N0.5). 

For (Al0.20Nb0.20Ti0.40Zr0.20)N, the lattice parameter was 4.381 ± 0.001 Å, while the minor 

impurities are t-ZrO2, o-TiO2, c-Al3(O3N) (PDF card: 01-077-9858), and o-Al2O3 (PDF 

card: 04-012-6907). Graphite contamination was also present in both samples after RFS. 
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5.3.2.2. Characterization by in situ synchrotron XRD 

 Along with ex situ XRD,  in situ synchrotron X-ray diffraction (XRD) was also 

performed during RFS for HEN of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N at APS, and the results 

are presented in this section. To the best of the authors’ knowledge, this is the first ever 

real-time study of phase transformation and solid solution formation for high entropy 

nitrides during in situ RFS.  

 Electrical characteristics of in situ RFS 

The experimental setup for in situ RFS that enables real time synchrotron study has 

been described before (see experimental and previous report 227). Notably, the sample 

diameter was only 1.5 mm for better penetration of incident and diffracted X-ray. Instead 

of starting from pre-compacted green pellets, loose powder mixture was directly loaded 

into the sample assembly. The DC voltage was ramped up linearly from 0 V at 0.2 V/s and 

the current limit was set at 90 A. 

The electrical characteristics, including voltage, current, total power, and total 

resistance, versus time during the in situ RFS experiment for 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N are depicted in Figure 5.3. In this case, contrary to standard 

RFS under constant 8 V DC, there was an obvious incubation stage: As the voltage linearly 

increased from 0 V at 0 s to 8 V at 40 s, current increased slowly from 0 A to 1.05 A.  

Between 40 and 55 s, voltage increased from 8 to 11 V, while current increase accelerated 

slightly from 1.05 A (0.59 A/mm2) to 3.15 A (1.78 A/mm2).  Then, the flash occurred: 

Within ~5 s, current increased by more than almost 20 times to ~58 A (33.8 A/mm2) at 60 

s while the applied DC voltage only increased by 1 V (or 9.1%) to 12 V.  Afterwards, as 
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voltage increased further, current continued to increase, reaching 85.44 A with 14.82 V at 

75 s.  Finally, the power was turned off at 258 s. 

 

Figure 5. 3. Plots of (a) voltage and power versus time and (b) current and total resistance versus time for the 
in situ RFS of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N sample monitored in real time by synchrotron at the APS 
facility in ANL. The voltage was linearly ramped up from 0 V at a rate of 0.2 V/s up to 14.7 V, while the 
power spiked up non-linearly from ~55 s, reaching the max power of ~1.3 kW with a max current of ~85 A 
(48 A/mm2) at ~80 s, and then stabilized. 

 

 In situ synchrotron for RFS of HEN 

  Figure 5.4 shows selected integrated 1D diffraction patterns in the 2θ range of 10 

to 13o collected at different time during the in situ RFS experiment of HEN 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N. At the very beginning such as 1 s with 0.2 V DC and a low 

current of 0.03 A (0.017 A/mm2), similar to conventional XRD in Figure 5.2, diffraction 
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peaks for h-AlN, c-NbN, h-TaN, c-TiN and c-ZrN are observed. As 30 s (6 V, 0.72 A or 

0.41 A/mm2), the pattern appears similar, with the (200) peaks for binary nitride such as 

ZrN (10.64 o) and TiN (11.33 o) stay at roughly the same position as before, but the relative 

intensity becomes weaker. Meanwhile, there was a new shoulder arises at 11.27 o between 

the peak of c-NbN and c-TiN, possibly due to a new solid solution with composition 

between the binary nitrides.  There is another major peak at 11.9 o, which is attributed to 

h-BN. Then, as stated, the flash occurred between ~55-60 s and the corresponding XRD at 

58 s shows a strong peak at 11.37 o, which is attributed to major HEN single phase solid 

solution. Meanwhile, the peaks for NbN, TaN, TiN, and ZrN became much weaker. At ~75 

s, the peaks for AlN, NbN, TaN, TiN, and ZrN all largely disappeared, while the peak for 

HEN became sharper and stronger. The experiment lasted 258 s. After cooling to room 

temperature (RT), the major HEN peak is still dominating.  

Figure 5. 4. Selected integrated 1D insitu synchrotron XRD patterns of the (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 
during RFS (note the synchrotron radiation has wavelength of 0.4246 Å). The numbers on the right show 
time in seconds after the beginning of the experiment.  
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Both ex situ XRD and in situ synchrotron studies suggest that the formation of 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N solid solution from binary nitrides of AlN, NbN, TaN, TiN 

and ZrN at elevated temperature is an energetically favorable process. Moreover, the 

uniform solid solution is stable and is preserved at room temperature. 

5.3.3. Microstructure analysis 

Figures 5.5 (a) and (b) show SEM images of the fractured surfaces of 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N high entropy nitride synthesized by reactive flash sintering.  

The sample is dense with low porosity, which is consistent with the sample’s relative 

density of ~96.2% determined from dimension and weight (sample too small for reliable 

Archimedes measurement). The fractured surface displays closely spaced layered 

structures, which resembling numerous slip lines, and it was reproduced over multiple 

samples.  Such a layered structure is akin to those in certain hexagonal carbides and nitrides 

with layered structures such as Mn+1AXn phases 229. The exact reason for the layered 

structure in HEN is unclear, but it is postulated to differ from that for MAX phases due to 

the differences in crystal structure: cubic for the HENs in this study versus hexagonal 

layered structure in MAX phases. Figure 5.5 (c) and (d) displays the SEM images of the 

cross-section of fractured surface for RFS (Al0.20Nb0.20Ta0.20Ti0.40)N and 

(Al0.20Nb0.20Ti0.40Zr0.20)N, respectively. Comparing to (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, 

both HEN samples appear to have slightly more pores after RFS, but the layered structure 

was again observed.  

SEM for flash-sintered (similar voltage/pressure as HENs) parent binary nitrides (e.g., 

NbN, TaN, TiN, and ZrN) are given in supplemental Figure S5.  The porosity was slightly 

higher than that of the HENs, indicating less densification. The layered structure observed 
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in HENs was not found in any of the binary nitrides, suggesting that the layered structure 

observed might be due to the composition and, possibly, the high entropy effect. 

EDS analysis indicates that the atom ratio of Al : Nb : Ta : Ti : Zr in the reactive flash 

sintered pellet was 0.41 : 0.47 : 0.45 : 1 : 0.47 (corresponding to a stoichiometry of 

(Al0.15Nb0.17Ta0.16Ti0.36Zr0.17)N), which was reasonably close to the starting nominal ratio 

of 0.53 : 0.53 : 0.53 : 1 : 0.53.  The metal-to-nitrogen atom ratio could not be reliably 

obtained due to the limitations of the EDS instrument. Nonetheless, the EDS mapping 

results in Figure 5.6 reveals uniform distribution for all metal elements, except for Al, 

which seems to have association with oxygen, presumably from amorphous Al2O3 that 

might be present in the starting powder or formed during RFS.  

 

Figure 5. 5. SEM images of a fractured surface of reactive flash sintered (a and b) 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N,  (c) (Al0.20Nb0.20Ta0.20Ti0.40)N and (d) (Al0.20Nb0.20Ti0.40Zr0.20)N. 
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Figure 5.7a depicts the HAADF STEM images of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, 

indicating that the synthesized HEN is indeed a uniform random solid solution. 

Additionally, Figure 5.7b shows the STEM EDS elemental mapping results, revealing that 

the distributions of all six elements are very homogeneous (i.e., no clustering or 

segregation) even at the nanometer scale.   

  

Figure 5. 6. EDS area map of reactive flash sintered (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N showing the uniform 
distribution of Al, Nb, Ta, Ti, Zr, and N. 

 

 

Figure 5. 7. HAADF STEM images of reactive flash sintered (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N. 

 

b a 
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5.3.4. Oxidation resistance  

 Figure 5.8 gives TGA plots for fractured pieces of three HENs from RFS as well as 

flash sintered binary nitrides. (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N shows very little weight gain 

(< ~1 wt.%) before ~600°C, and the onset temperature for rapid oxidation is ~750°C. After 

that, there is steady  weight gain till ~1050°C, followed by a more rapid weight gain till 

~1275°C, after which there was no more changes. The weight gain is attributed to the 

conversion of HEN into oxides: For the nominal composition of 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, the theoretical weight gain, assuming all products of stable 

binary oxides (Al2O3, Nb2O5, Ta2O5, TiO2, ZrO2), would be 20.15%; if the stoichiometry 

is closer to the EDS-determined value of (Al0.15Nb0.17Ta0.16Ti0.36Zr0.17)N, the weight gain 

would be 20.68%. These values match well with the measured weight gain of 20.6%.  

Compared to binary nitrides of NbN, TaN, TiN, and ZrN, the onset of oxidation for 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N HEN shows a delay of ~200-300oC. The origin for such an 

improvement in oxidation resistance is not clear.  It might be due to the formation of a high 

entropy random solid solution. It might also come from the amorphous Al2O3 layer, which 

restricts the inward diffusion of O2. A third possibility is that Ta doping might help enhance 

oxidation resistance by generating Ta5+ ions that reduce the concentration of oxygen 

vacancies in oxide shells 230. This is supported by the observation that Ta-containing 

(Al0.20Nb0.20Ta0.20Ti0.40)N also shows good resistance to oxidation in the air until ~600°C, 

while (Al0.20Nb0.20Ti0.40Zr0.20)N shows almost no difference in oxidation resistance 

compared to various binary nitrides (e.g., NbN and ZrN).  Further studies are needed to 

understand the improvement in oxidation resistance and the relationship to the HEN metal 

stoichiometry. 
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Figure 5. 8. Comparison of TGA plots for binary nitrides of NbN, TaN, TiN and ZrN versus bulk high entropy 
nitrides of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, (Al0.2Nb0.2Ta0.2Ti0.4)N, and (Al0.2Nb0.2Ti0.4Zr0.1)N for bulk 
subsequent reactive flash sintering 

5.3.5. Mechanical properties and behaviors at high pressure 

The Vickers hardness for both the (reactive) flash sintered HENs and binary nitrides 

were evaluated by the indentation method, and the results are summarized in Table 5.2. 

HEN (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N demonstrates a Vickers hardness of 16.31±1.61 GPa, 

which is comparable to that of NbN (15.74±0.61 GPa), TaN (12.48±0.4 GPa), and ZrN 

(14.2±0.9 GPa), all sintered in a similar fashion. Flash sintered TiN exhibits low hardness 

at 8±1.47 GPa, likely due to high porosity (see Figure S5 (c)), since reported TiN hardness 

is typically ~18-25 GPa 6, 206. HENs of (Al0.20Nb0.20Ta0.20Ti0.40)N and 

(Al0.20Nb0.20Ti0.40Zr0.20)N, which also form near single-phase solid solutions, exhibit even 

higher hardness values of 18.1 ± 0.41 GPa and 19.07 ± 0.62 GPa, respectively.  

Fracture toughness for HEN as well as flash sintered NbN, TaN, TiN, and ZrN binary 

nitrides measured in this study as well as literature reported values are also summarized in 
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Table 5.2. For (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, K1c was 7.81 ± 1.37 MPa∙m1/2, which is 

much higher compared to all binary nitrides. (Al0.20Nb0.20Ti0.40Zr0.20)N gives a similar K1c 

value of 7.89 ± 2.88 MPa m1/2, while (Al0.20Nb0.20Ta0.20Ti0.40)N shows the highest K1c of 

9.17 ± 2.31 MPa∙m1/2, almost 2-4 times of its constituent binary nitrides and the estimated 

values from rule of mixture (ROM).  

As stated, apart from mechanical properties at ambient condition, the responses of HEN 

under high pressure have also been measured using diamond anvil cell technique. It has 

long been known that nitrides might go through phase transformation under pressure, even 

at room temperature.  For example, hexagonal wurtzite-type AlN transforms to cubic phase 

(NaCl) under a pressure of 14 GPa at room temperature 231, which is accompanied by large 

(~20%) volume contraction. Upon pressure release, the rock salt structure persists at 

atmospheric pressure. For TiN, an isostructural phase transition at ~7 GPa has been 

reported 232, while Raman spectroscopy suggests such a transition can be attributed to N 

vacancy filling by Ti 233.   

In this study, for HEN (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N powder, no phase transition was 

observed till 35.6 GPa, as seen in Figure 5.9. The crystal structure remains cubic rock salt 

as observed from collected diffraction patterns at different pressures. The bulk modulus B 

obtained from the P-V data is 285 GPa, which is comparable comparing with the rule of 

mixture value from the binary nitrides.  
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Figure 5. 9. Selected powder synchrotron (λ=0.424590Å) XRD patterns of (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 
high entropy nitride collected at different pressures in diamond anvil cell. 

 

5.3.6. DFT calculations 

DFT is used to calculate the mechanical properties of all binary nitrides including AlN, 

NbN, TaN, TiN, ZrN, and the near equiatomic (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N HEN. In 

HEN, three different configurations were used to get statistical average. In all systems, the 

crystal structure is assumed to be rock salt, even though in reality some do not have the 

rock salt as the most stable structure (e.g., AlN). Note after relaxation, HEN lattice is 

severely distorted. To calculate the fracture toughness, a purely brittle fracture is assumed. 

This means that the fracture creates two perfect surfaces and there are no plastic 

deformation or phase transformation during fracture. So the calculated fracture toughness 

can be considered as a minimum possible value. Based on this assumption, the fracture 
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toughness for a [h k l] crystallographic orientation is calculated based on the corresponding 

surface energy (γhkl) and Young’s modulus ( Ehkl ): 

𝐾ଵ௖
௛௞௟ = ඥ4 𝛾௛௞  𝐸௛௞௟   

For simplicity, only properties along the [100], [110], and [111] directions are 

calculated. The DFT-calculated fracture toughness and other mechanical properties are 

given in the Table 5.2. Based on this simple brittle fracture model, the theoretical HEN’s 

fracture toughness would be similar to the rule of mixture (ROM) of its binary nitrides. 

Therefore, from the bond-breaking viewpoint, the intrinsic fracture toughness is would not 

be too different for HEN. 

Nevertheless, the experimentally observed enhancement in fracture toughness (or 

better resistance to crack propagation) for HEN over binary nitrides is interesting. It might 

be related to some microstructure feature in the HEN phase from RFS. In fact, the improved 

fracture toughness appears to be associated with the layered structure and closely spaced 

slip lines (see Figures 5.5) that remnant fracture of MAX phases, despite the difference in 

crystal structure. Such high fracture toughness (~7-9 MPa∙m1/2) and layered cross-section 

are not observed for binary nitrides (e.g., NbN, TaN, ZrN), or ternary nitrides (e.g., 

Ti0.5Zr0.5N 227), or even quaternary nitrides such as (Nb1/3Ta1/3Ti1/3)N 211, all prepared by 

(reactive) flash sintering under similar conditions (DC voltage, pressure, and max current 

density, and processing time). Whether there is any layered "super-structure" (e.g., the 

HEN phase separates into different regions (e.g., Ti-Zr rich region versus Nb-Ta rich region 

as in corresponding high entropy alloys 234) is not clear at the moment due to instrument 

limitation.  The enhancement of fracture toughness might also be due to the ductile phase 

toughening. Further studies on fine-scale microstructure using higher precision microscopy 
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with EDS, as well as verification of the mechanical properties using alternative methods 

(e.g., three-point bending), are needed to confirm the observations and fully understand the 

relationship between bulk HEN properties (especially fracture toughness) and its 

dependence on composition and processing. 

5.3.7. Superconductivity  

 Finally, low temperature electro-magnetic properties for HEN had also been 

measured. Prior studies have demonstrated that high entropy phenomenon does not hinder 

the presence of superconductivity.  For example, the high entropy alloy of 

Ta34Nb33Hf8Zr14Ti11 demonstrates superconductivity with a critical temperature of 7.3 K 

235. By rule of mixture, the calculated Tc is 4.71 K for the HEA. Temperature dependent 

magnetization and resistivity measurements on our HEN sample had been carried out for 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N HEN to find out if it also exhibits superconductivity. 

Experiments showed the HEN is indeed a superconductor. The onset superconducting 

transition temperature probed in resistivity is ~ 7 K, as shown in Figure 5.10(a). 

Superconducting diamagnetism was also observed below 5 K (Figure 5.10(b)). Since 

magnetization is a bulk measurement, while resistivity measurement is not, it is common 

that the transition temperature probed in magnetization is less than that in resistivity. 

Moreover, we also measured magnetic field dependence of magnetization and observed 

small magnetic hysteresis (see Figure 5.10(c)), indicating that 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N is a type-II superconductor. The lower critical field Hc1 

measured from the magnetization measurements is ~ 20 Oe (see insert in Figure 5.11(c)). 

The upper critical field Hc2 was found to be ~ 2.7 T, from the field dependent measurements 

of resistivity (Figure 5.10(d)). 
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Figure 5. 10. (a) Temperature dependence of magnetic susceptibility at magnetic field B = 30 Oe for HEN 
sample, (b) Field-dependent magnetization M(H) at 2 K for HEN sample, the inset shows the enlargement of 
the lower field data. (c) Temperature dependence of longitudinal resistivity ρxx, (d) Field-dependent 
magnetoresistance at 2K. 

 

 It is interesting to note that while one parent compound - AlN is a large-gap 

insulator (6.2 eV), the inclusion of Al in HEN (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N does not 

completely suppress superconducting pairing. The expected Tc from ROM for the four 

superconducting parent compounds (ZrN, Tc = 9.05 K)236; NbN, Tc = 17.5 K237 and TaN, 

Tc = 10.2 K238; TiN, Tc = 6 K239) is ~11 K (based on ROM), 4 K higher than what is 

observed in our HEN sample (Tc = 7 K). This implies that Al does effect superconductivity 

to some extent, but it does not completely destroy the superconductivity.  
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 Our observations of superconductivity in the (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 

system helps in expanding the diversity of the superconducting HEN family and provides 

insights into the superconducting mechanism in high-entropy nitrides. 

 5.4. Conclusions 

This research demonstrates, for the first time, reactive flash sintering (RFS) of bulk 

high entropy nitrides such as (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N, (Al0.20Nb0.20Ta0.20Ti0.40)N and 

(Al0.20Nb0.20Ti0.40Zr0.20)N using commercial binary nitrides. Near single phase HEN solid 

solutions are formed at high temperature during RFS, as evidenced by both ex situ XRD 

and in situ synchrotron study, and they were preserved upon cooling to room temperature, 

suggesting thermodynamic stability of the HEN phases. SEM revealed dense 

microstructure for the HENs, while HAADF STEM showed atomic scale structure. EDS 

from both SEM and STEM confirmed elemental uniformity with no noticeable segregation.  

Some of the HEN properties are close to expectation.  For example, the onset of 

oxidation temperature and hardness are largely in line with individual binary nitrides. Its 

bulk modulus hasan  average of 290±40 GPa. HEN such as (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 

does not show phase transition up to 35.6 GPa and the crystal structure remains cubic rock 

salt, like NbN, TiN and ZrN.  HEN like (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N also displays type-

II superconductivity with critical temperature Tc of ~7 K, slightly lower than average Tc 

for binary nitrides.  

On the other hand, measured fracture toughness from indentation appears unique 

as it deviates significantly from the average:  the measured values by indentation are about 

two to four times of the starting binary nitrides.  The higher toughness might be associated 

with finely spaced layered structures in the fractured surface, similar to those for hexagonal 
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MAX-phase carbides and nitrides, despite HEN’s cubic structure. Such phenomena are not 

observed for other nitrides including binary (e.g., NbN), ternary (e.g., Ti0.5Zr0.5N), and 

quaternary (e.g., (Nb1/3Ta1/3Ti1/3)N), all prepared by (reactive) flash sintering under similar 

conditions.  Future studies will be focusing on revealing the underlying relationship 

between HEN microstructure and fracture toughness using both experiments (e.g., three-

point bending strength and toughness measurements) using larger samples as well as 

computational modeling at different scales to fully understand the effects of composition 

and processing on the properties of such HENs and if and how high entropy effect is 

playing a role in the observed properties. 
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Table 5. 1. Summary of the (reaction) flash sintering experiments in this study. The 
experimental conditions include precursor and molar ratio, initial DC voltage, maximum 
current reached, and total time, as well as products’ final phase composition and properties 

 

 

Table 5. 2. Literature, computation, and experimental data on mechanical properties of 
binary and high entropy nitrides. 

 
 

 

 

Sample 
ID 

Precursors Molar 
Ratio 

Initial 
DC 
Voltage 

Max 
Current 

Total 
Time 

Major 
Phase(s) 

Minor 
Phase(s) 

Oxidation 
Onset 
Temp (˚C) 

Total 
Weight 
Gain 

NbN NbN - 8 V 168 A 350 s c-NbN - 576 27.2% 
TaN TaN - 8 V 166 A 350 s h-TaN - 644 16.8% 
TiN TiN - 8 V 193 A 350 s c-TiN - 630 28.5% 
ZrN ZrN - 8 V 193 A 350 s c-ZrN t-ZrO2 567 15.6% 
HEN 1 AlN+NbN+

TaN+ 
TiN+ZrN 

0.53 : 0.53 
: 0.53 : 1 : 
0.53 

8 V 191 A 350 s (Al0.17Nb0.17Ta0.

17Ti0.32Zr0.17)N 
t-ZrO2,  
o-TiO2,  
c-Ta0.5Nb0.5C0.5N0.5 

775 20.6% 

HEN 2 AlN+NbN+
TaN+ 
TiN 

0.5:0.5:0.
5:1 

8 V 147 A 350 s (Al0.20Nb0.20Ta0.

20Ti0.40)N 
o-TiO2,   
c-Ta0.5Nb0.5C0.5N0.5 

717 21.5% 

HEN 3 AlN+NbN+
TiN+ 
ZrN 

0.5:0.5:1:
0.5 

8 V 135 A 350 s (Al0.20Nb0.20Ti0.4

0Zr0.20)N 
t-ZrO2,  
o-TiO2, 
 o-Al2O3,  
c-Al3(O3N) 

531 21.0% 

 

Composition 
EDFT 
(GPa) 

BDFT 
(GPa) 

GDFT 
(GPa) 

Hv 
(DFT) 
(GPa) 

Hv 
(Lit.) 
(GPa) 

Hv 
(exp.) 
(GPa) 

𝑲𝟏𝒄
𝟏𝟎𝟎 

(DFT) 

(MPa∙m1/2) 

𝑲𝟏𝒄
𝟏𝟏𝟎 

(DFT) 

(MPa∙m1/2) 

𝑲𝟏𝒄
𝟏𝟏𝟏 

(DFT) 

(MPa∙m1/2) 

K1c 

(Lit.) 
(MPa∙m1/2) 

K1c 

(exp.) 
(MPa·m1/2 ) 

c-AlN 539 253 236 42 17.7 255 - 1.32 2.55 4.12 3.98 256 - 

c-NbN 
375 309 144 12.1 17 257 15.74±0.61 1.38 1.41 1.31 3.2 258 2.45±0.71 

c-TaN 393 346 150 11.1 20.9 259 12.48±0.4 1.40 1.21 1.02 3.3 258 3.73±1.56 

c-TiN 460 293 186 21.9 14.9 260 8.0±1.5 1.61 2.13 2.37 2.7 261 2.3±0.89 

c-ZrN 391 250 158 19.6 16.6 6 14.2±0.9 1.65 1.89 1.85 4.25 262 4.6±0.6 

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 
- value by rule of mixture 

432 

±68 

290 

±40 

175 

±38 

21.3 

±12.4 
  

1.47 

± 0.15 

1.84 

± 0.54 

2.13 

± 1.22 
  

(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 380 272 150 15.7 - 16.31±1.61 1.60 1.74 1.64 - 7.81 ± 1.37 

(Al0.20Nb0.20Ta0.20Ti0.40)N - - - - - 18.1 ± 0.41 - - - - 7.89 ± 2.88 

(Al0.20Nb0.20Ti0.40Zr0.20)N - - - - - 19.07 ± 0.62 - - - - 9.17 ± 2.31 
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5.5. Supplementary 

 

  

Figure S1 Plot of resulting current vs. time for reactive flash sintering of 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N (solid line), (Al0.20Nb0.20Ta0.20Ti0.40)N (dashed line) and 
(Al0.20Nb0.20Ti0.40Zr0.20)N (dotted line) from non-equimolar binary nitride powder mixture.   

 

 

Figure S2 Plot of resulting current vs. time for reaction flash sintering of 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N (solid line) and binary nitrides NbN, TaN, TiN and ZrN.   
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Figure S3 XRD patterns of (Al0.20Nb0.20Ta0.20Ti0.40)N mixture (a) before and (b) after 
reactive flash sintering. Note that the sample changes from a mixture of binary nitrides to 
(Al0.20Nb0.20Ta0.20Ti0.40)N single-phase solid solution.   

 

 

Figure S4 XRD patterns of (Al0.20Nb0.20Ti0.40Zr0.20)N mixture (a) before and (b) after 
reactive flash sintering. Note that the sample changes from a mixture of binary nitrides to 
(Al0.20Nb0.20Ti0.40Zr0.20)N single-phase solid solution.   
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Figure S5 SEM images of the fractured surface of (a)NbN, (b)TaN, (c) TiN, and (d) ZrN 
sample from flash sintering. 
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Table S1 Values of elastic modulus E (GPa), hardness H (GPa), indentation load P (N), 
crack length c (m), and fracture toughness K1c (MPa∙m1/2) for the 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N sample from standard RFS. 

 

c 
(µm) 

P 
(N) 

E a 
(GPa) 

H 
(GPa) 

K1C 

(MPa∙m1/2) 
36.1 19.7 449 16.3 7627018 
38.47 6933177 
27.1 11726317 
41.47 6194618 
35.43 7844384 
30.69 9730166 
40 6539215 
35.62 7781704 
38.31 6976657 
39.35 6701908 
31.88 9190478 
34.09 8311417 
37.37 7241540 
36.92 7374338 
37.39 7235730 
35.48 7827808 
37.62 7169476 
37.83 7109860 
39.57 6646094 
32.24 9036974 
28.81 10697953 
36.61 7468201 
40.95 6312984 

 

a E for AlN214, NbN248, TaN249, TiN198 and ZrN250 from literature; E for 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N calculated from Rule of Mixture. 
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Table S2 Values of elastic modulus E (GPa), hardness H (GPa), indentation load P (N), 
crack length c (m), and fracture toughness K1c (MPa∙m1/2) for the 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N sample from standard RFS. 

c 
(µm) 

P 
(N) 

E b 
(GPa) 

H 
(GPa) 

K1C 

(MPa∙m1/2) 
40.69 19.7 434.44 18.1 5949498 
37.15 6819831 
33.59 7932258 
40.95 5892926 
32.97 8157055 
35.19 7397465 
40.15 6069927 
38.07 6574118 
26.24 11488573 
43.25 5429160 
52.88 4015824 
38.11 6563771 
38.78 6394405 
33.94 7809875 
38.72 6409273 
36.21 7087108 
44.7 5167144 
26.1 11581133 
46.05 4941598 
37.53 6716515 
33.38 8007230 
39.42 6239315 
29.5 9637820 
37.92 6613165 
41.48 5780344 
25.98 11661465 
17.48 21130009 
25.88 11729120 
37.64 6687094 
36.8 6917356 
33.65 7911052 
31.68 8660322 
37.93 6610549 
31.49 8738821 
35.72 7233436 
37.23 6797861 
33.19 8076086 
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28.86 9960183 
30.09 9355749 
30.64 9104973 
31.78 8619478 
31.95 8550776 
37.35 6765126 

 
b E for AlN214, NbN248, TaN249, and TiN198 from literature; E for (Al0.20Nb0.20Ta0.20Ti0.40)N 
calculated from Rule of Mixture. 
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Table S3 Values of elastic modulus E (GPa), hardness H (GPa), indentation load P (N), 
crack length c (m), and fracture toughness K1c (MPa∙m1/2) for the 
(Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N sample from standard RFS. 

c 
(µm) 

P 
(N) 

E c 
(GPa) 

H 
(GPa) 

K1C 

(MPa∙m1/2) 
33.81 19.7 415 19.07 7479407 
29.76 9057024 
40.54 5696516 
24.01 12498177 
22.25 14010057 
31.03 8506722 
26.03 11071938 
24.76 11934630 
23 13330399 
27.84 10009931 
27.21 10359579 
23.7 12744195 
36.21 6748265 
33.24 7672615 
33.91 7446346 
30.76 8618971 
28.45 9689726 
38.32 6198644 
30.68 8652705 
31.49 8321008 
28.53 9648999 
33.15 7703882 
33.09 7724845 
49.54 4216974 
27.07 10440049 
23.81 12655981 
27.6 10140778 
34.16 7364752 
33.53 7573290 
30.66 8661172 
32.06 8100086 

 
c E for AlN214, NbN248, TiN198 and ZrN250 from literature; E for (Al0.20Nb0.20Ti0.40Zr0.20)N 
calculated from Rule of Mixture. 
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Chapter VI. Summary and Future Work 

6.1. Synthesis and flash sintering of zirconium nitride powder 

The following summary is from the abstract for the author’s paper Das S, Dubois 

D, Sozal MSI, Emirov Y, Jafarizadeh B, Wang C, et al. Synthesis and flash sintering of 

zirconium nitride powder. J Am Ceram Soc. 2022; 105: 3925–3936. 

https://doi.org/10.1111/jace.18421. 

“Zirconium nitride (ZrN) is a transition metal nitride of great interest due to its 

excellent physical and chemical properties. This study aims to synthesize ZrN fine powders 

by a facile and low-cost urea route that avoids the use of any solvent. ZrCl4 and urea 

mixtures were heat-treated at up to 1600˚C in nitrogen gas. The products were 

characterized by X-ray diffraction, scanning electron microscopy, transmission electron 

microscopy, energy-dispersive X-ray spectroscopy, and thermogravimetric analysis. The 

effects of different processing parameters such as metal to urea molar ratio, heat treatment 

temperature, and dwelling time on the product phase and stoichiometry were studied to 

understand the synthesis method. In addition, synthesized ZrN powder was consolidated 

into near fully dense single-phase bulk ceramic with a homemade flash sintering setup. A 

constant DC electrical field of ∼80 V/cm and pressure of ∼14 MPa at room temperature 

triggered flash sintering without pre-heating, and the entire process finished in 200 s. The 

composition, microstructure, density, hardness, and oxidation properties of the sintered 

pellet were also characterized.” 
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As to future work, subsequent studies should investigate ZrN properties in detail 

with an emphasis on elucidating the influence of defects, in particular vacancies in the 

nitrogen sub-lattice, on the materials’ overall behavior and characteristics. 

Furthermore, a thorough investigation into the material's oxidation process is 

required. Analyzing the complex processes and mechanisms of oxidation will shed light 

on the stability, and possible uses of the material. 

6.2. Reactive Flash Sintering of TiZrN and TiAlN Ternary Metal Nitrides 

The following summary is from the abstract for the author’s paper Suprabha Das, 

Andriy Durygin, Vadym Drozd, Md Shariful Islam Sozal, Zhe Cheng, Reactive flash 

sintering of TiZrN and TiAlN ternary metal nitrides, Journal of the European Ceramic 

Society, Volume 44, Issue 4, 2024, Pages 2037-2051, ISSN 0955-2219, 

https://doi.org/10.1016/j.jeurceramsoc.2023.11.079. 

“This study demonstrated the reactive flash sintering (RFS) for two powder 

mixtures: TiN-ZrN (both conducting) and AlN-TiN (TiN conducting but AlN insulating), 

targeting ternary metal nitrides (TMN) of Ti0.5Zr0.5N and Ti0.5Al.5N, respectively. A 

constant volage and pressure (e.g., 8 V DC, ∼15 MPa) at room temperature triggered the 

flash (current density up to 27 A/mm2) without pre-heating, and the entire RFS process 

finished in a few minutes. For TiZrN, the flash was instantaneous whereas for TiAlN, there 

was a long incubation before the flash followed by a quick and dramatic flash. Both 

conventional ex situ XRD and in situ synchrotron study had been carried out. They showed 

a uniform Ti0.57Zr0.43N solution formed in RFS and persisted upon cooling, while (Ti, Al) 

N solid solution formed at high temperature was not stable and likely went through a very 

quick phase separation in the cooling process. The final products from RFS had been 
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characterized using SEM/EDS for microstructure. Both TiZrN and TiAlN were dense. 

Distribution of Ti, Zr, and N was uniform for TiZrN; for TiAlN, Ti and N distribution was 

uniform, while association of Al with oxygen was observed. TGA-DSC revealed the onset 

oxidation temperature for TiZrN was comparable to TiN and ZrN, while it was higher by 

∼200 °C for TiAlN, likely due to the formation of Al2O3. In terms of mechanical properties 

such as hardness or fracture toughness, forming a single-phase solid solution (like TiZrN) 

does not offer obvious benefits. while large grain size from RFS seemed to be unfavorable. 

Future optimization of RFS condition and in-depth study by both experiments and 

simulation are needed to fully understand the composition-processing-structure-property 

relationships for such TMN from the reactive flash sintering process.” 

As to future work, the synthesis of ternary nitrides by the standard RFS needs to be 

optimized for better process efficiency and material properties. The temperature during 

RFS should be precisely measured in real-time to help improve understanding of the phase 

transformation process. In addition, further research on fine-scale microstructure 

characterization and its relationship to mechanical properties is also necessary to gain a 

more thorough understanding of the impacts of starting composition and RFS parameters. 

6.3. Reactive flash sintering and characterization of bulk high entropy nitrides 

The following summary is adapted with minor changes from the abstract for the 

author’s conference presentation “reactive flash sintering and characterization of bulk high 

entropy nitrides” presented at MS&T, Ohio, 2023. 

“ High entropy nitrides (HEN) are single-phase nitrides with 5 or more metal 

elements at the cation site.  Mixing of multiple elements at the cation sublattice increases 

the configuration entropy of the system and might offer enhanced physical or chemical 
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properties compared to their constituent binary nitrides.  This study synthesizes bulk HEN 

by reaction flash sintering (RFS) method. Commercial binary metal nitride powders were 

mixed and consolidated into single-phase HEN such as (Al0.17Nb0.17Ta0.17Ti0.32Zr0.17)N 

using a homemade setup. A constant DC electrical field of ~40 V/cm and pressure of ~15 

MPa at room temperature triggered RFS without pre-heating, and the entire process 

finished in ~350 s. Both ex situ XRD and in situ synchrotron studies are carried out to track 

the phase evolution during RFS and subsequent cooling.  The microstructure, as well as 

properties such as oxidation resistance, mechanical properties and superconductivity are 

characterized by methods such as SEM/EDS, TGA, and indentation. The relationship 

between composition, microstructure and properties are discussed.” 

As to future work, verification of the mechanical properties especially fracture 

toughness  is needed for the high entropy nitride phases. In addition, detailed 

microstructure and microchemical characterization and modelling at different scales are 

needed to understand the relationship between composition, structure and resulting 

material properties.  

. 
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