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ABSTRACT 
 

Demand for new high surface area non-oxide materials 

is growing to support diverse markets such as energy 

storage, catalysts, and electronic materials. Tight control of 

powder purity and flow properties is  important for high 

performing components. In particular oxygen impurities 

can adversely affect part physical properties of high value 

metals such as titanium and tantalum. Here we describe an 

advanced materials synthesis process for producing non-

oxide metals, alloys, ceramics, intermetallics and metal 

matrix composites. Sodium vapor reacts hypergolically 

with metal chlorides to form high surface area powder with 

primary particle size less than 30 nm. These powders are 

salt encapsulated, of very high purity, and sinter active. 

Tight control of powder size distribution and morphology 

can be achieved. The flame synthesis process is continuous 

and inherently scalable. Potential uses for flame 

synthesized feed powders for capacitors, catalysts and 

Additive Manufacturing (AM) applications are also 

reviewed. 
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1 INTRODUCTION 
 

Nanomaterials have unique properties compared to bulk 

materials as surface atoms make up a large fraction of the 

total atoms in a particle. For example grain size influences 

physical properties such as strength and resistance to 

fracture. Decreasing particle size also improves sintering 

rates of powder metals parts. An area of active research is 

developing nanoscale refractory powders with very high 

melting points such as carbides of Ta, Hf and W. High 

surface area powders composed of nanoscale aggregates are 

also used in the production of tantalum capacitors as the 

specific capacitance is proportional to the surface available 

to form a dielectric layer.  

 

There are several methods of producing nanoscale powders 

on an industrial scale which include gas condensation, 

solution-phase processes and combustion synthesis. Global 

Advanced Metals (GAM) is optimzing an advanced gas 

phase combustion synthesis process first described by 

Axelbaum and coworkers [1-9]. The process involves 

vaporizing sodium and metal chlorides to produce salt 

encapsulated powders. GAM has produced capacitor grade 

tantalum via the Sodium Flame Synthesis (Na FS) process 

and has demonstrated capability of producing powder 

suitable for ultra- high capacitance applications 

(capacitance > 200 kCV/g) on an industrial scale. Other 

materials produced by this process include Si and Si and Sn 

alloys for Li ion battery anodes [10], Ti and TiB2 for 

structural applications [6], nitrides of Al, Ti, and Zr, and 

intermetallics (e.g. Si doped Al, Si doped Ti) [4, 5, 8, 11].  

Materials that can be produced via the Sodium Flame 

Synthesis process are summarized in Table 1. 

Thermodynamic yield for the reaction between sodium and 

metal chlorides is close to unity provided the flame 

temperature is maintained below ~1700 C [1]. The high 

yield allows for a cost efficient production process for high 

value materials. 

 

One key value proposition for materials produced by the Na 

FS process is that the powder is mostly oxygen free. Post 

processing steps such as gas or liquid passivation, or 

vacuum sublimation can control the chemistry and extent of 

passivation. Passivation can also include the formation of 

oxide, nitride, sulfide, carbide, or even boride coatings on 

the active metal surface. The FS process is very suitable for 

oxygen sensitive reactive materials such as aluminum, 

titanium, zirconium and refractory metals (Ta, Nb, W, Mo, 

Re). 

 

Metals Inter-

metallics 

Ceramics Alloys 

Be B C MoSi2 AlN B4C Si-doped Al 

Al Si Ti TiAl BN HfC Si-doped Ti 

V Fe Co TiAl3 NbB2 SiC  

Zn Ge Zr Ti5Si3 HfC TaB2  

Nb Mo Hf TiSi2 TaC TiB2  

Ta W   TiC ZrB2  

Table 1: Selected materials suitable to produce via the 

Sodium Flame Synthesis process 

 

As a continuous flame-based process, Na FS production is  

low cost and scalable. Industrial flame processes for carbon 

black, fumed silica, and TiO2 pigment have production rates 

in the mt/yr. [13]. Powder produced in the flame has a high 

reaction temperature compared to wet-synthesis methods, 

allowing for faster reaction kinetics. Controlling the mixing 

rates, powder contact residence times and quenching rates 
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allows for the production of very high surface area 

particles. By adjusting the flame parameters, powders 

synthesized can range from nearly spherical to fractal 

particles with open aggregate structures, depending on 

material properties.  

 

 

2 SODIUM FLAME SYNTHESIS 

PROCESS 
 

The Na FS process introduces gaseous flows of sodium 

and metal chlorides into a feeder. Argon acts as an inert 

carrier gas to blanket the materials produced from oxygen 

and nitrogen contamination. Sodium and chloride vapors 

react hypergollically downstream of the feeder. The 

condensed phase nucleates and grows by coagulation inside 

the flame. The growth mechanisms are similar to standard 

aerosol processes of coagulation, aggregation and surface 

growth. As the powder cools downstream of the reaction 

zone, sodium chloride, a byproduct of the reaction, 

condenses on the metal nuclei and encapsulates the powder. 

Figure 1 shows a schematic of particle growth and 

encapsulation. The process is operated under sodium rich 

conditions to ensure high powder purity. Operating in this 

regime allows for complete reaction of the chlorides and 

conversion yields greater than 95% are achievable. Also, if 

the reactor is operated with less than stoichiometric 

amounts of sodium, the excess chlorides can corrode the 

inside walls of the reactor increasing the metallic impurities 

in the powder. 

 

 
Figure 1: Particle formation and growth process in the 

sodium flame reactor. 

 

The salt encapsulated powder is collected on a filter. 

Depending on the application, the salt can be removed 

either by washing or vacuum sublimation. By adjusting the 

process parameters such as reactant flow rates, flame 

temperature profile and powder cooling rates, the powder 

morphology can be tuned from spherical to open aggregate 

structures. The primary particle size is influenced by the 

mixing rates and material physical properties which can be 

adjusted to produce the desired powder structure.  

 

The chemical reaction between sodium and the metal 

chloride(s) can be described by the following equations: 

 

MClx + x Na + Inert  M + x NaCl + Inert  (1) 

M1Clx + M2Cly + (x+y) Na + Inert  M1M2 + (x+y) NaCl + 

Inert (2) 

 

where M designates a broad range of transitions metals and 

non-metals. Multicomponent chloride feeds allow for the 

production of nano-scale alloys. 

 

2.1 Smoke Rig 

While the interior of the reactor is optically impenetrable, 

there are a few methods for modeling the behavior of 

various flows and evaluating potential reactor 

optimizations. One non-computational method involves a 

translucent to-scale model of the reactor. With reference to 

dimensional groups and appropriate choice of test gasses, it 

is possible to model the flows inside the reactor. 

Introducing smoke or separate components of chemicals 

that react visibly allows flow patterns and mixing behavior 

to be observed. Video can be analyzed to troubleshoot 

fouling by identifying points of recirculation or to create 

more accurate temperature models by examining mixing 

and flow behaviors. 

 

 

3 TANTALUM POWDER FOR 

CAPACITOR APPLICATION 
 

After washing, tantalum powders produced by the 

sodium flame reactor (basic powder) are  high purity and 

have fractal structure with primary particle size in tens of 

nanometers and aggregate size in sub-micrometers (Figure 

2 - 3). These powder characteristics are mostly beneficial 

for applications in fields such as capacitor, catalyst, etc.  

For example, specific surface area, purity and powder 

morphology are key quality characteristics of tantalum 

capacitors. The capacitance of a capacitor is a function of 

surface area of the powder in an anode. The greater the 

surface area of the powder after sintering, the greater the 

capacitance of the anode produced from the powder.   

 

Purity of the powder also is a critical factor as metallic or 

non-metallic contaminations serve to degrade the tantalum 

oxide dielectric electrochemically formed on the surface of 

the particles. The size and shape of the agglomerates and 

particle size distribution largely affect  the green strength of 

the anode (mechanical strength of unsintered anodes) and 

the flowability of the powder; two critical properties for 

efficient capacitor production. High green strength permits 

product handling and transport without excessive breakage, 

while good flowability of the powder allows for smooth die 

feeding in anode processing operations and thereby less 

variation in capacitance. Minimizing variation is especially 
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critical for capacitors used in miniaturized circuits, internet 

of things (IoT) devices and portable electronics. 

Additionally, the high uniformity of primary particles of 

basic powder (Figure 3) from the Na FS process enables the 

design and manufacturing of advacned  capacitors. GAM 

has been sampling the high surface area tantalum powders 

to its capacitor manufacturing customers. Tantalum 

capacitors  with capacitance of greater than 200  kCV/g 

have been produced. 

 

 
Figure 2: Transmission electron microscope (TEM) image 

of salt encapsulated tantalum powder, ref. Barr et. al. [9]. 

 

 

 
Figure 3: SEM image of washed tantalum powder 

 
Figure 4: SEM image of finished tantalum powder 

 

 

4 CATALYSTS 
 

The catalyst industry is actively researching new 

materials and structures to meet growing worldwide energy 

demand and trying address key global challenges including 

clean water and reduction of green house gas emissions. In 

order to increase the rate of chemical reaction and improve 

catalyst selectiviy, the next generation of catalyst materials 

will require ultra-high surface area, customization of 

surface active sites and utilize a production process that is 

scalable. The Na FS process meets the above criteria and is 

highly suitable for the procduction of advanced catalyst 

materials for a braod range of markets.  

 

 

5 ADDITIVE MANUFACTURING 
 

Additive manufactuing (AM), also known as 3D 

printing, is a fast growing technology that enables the 

production of complex high value parts by depositing 

materials layer by layer. Currently there is a need to 

develop new materials designed specifically for AM 

processes that support a wide range of printing methods 

including laser-powder bed fusion (L-PBF), electron beam 

melting and binder jetting. The Na FS process can enable 

the production of high purtity refractory metals, 

intermetallics and ceramics powders that are difficult to 

produce via standard melt powder processes. GAM is 

currently collaborating with  AM industry leaders to develp 

new materials produced via the Na FS process and has 

patent pending technology in this area.  

 

 

6 SUMMARY 
 

GAM has optimized an advanced material synthesis 

process at an industrial scale for production of high value 

powders in certain applications. This has included applying 

NaCl 
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the sodium flame synthesis process suitable for producing 

high surface area, high purity powder for a broad range of 

applications including ultra-high capacitance Ta anodes and 

feed powders for additive manufacturing. The process 

allows for synthesis of high temperature refractories, alloys, 

intermetallic and ceramics with nano-scale particles. A 

wide range of materials have been successfully produced on 

the Na FS reactor.  The powders are encapsulated with salt 

and are protected from further oxidation. Depending on the 

application the salt coating can be removed by standard 

laboratory techniques.  GAM is continuing to develop other 

advanced materials on the Na FS reactor. 
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