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Abstract: In this work, the combustion process of chromium powder in the co-flow filtration mode
was studied. The effect of nitrogen-containing gas flow rate on the nitridation of combustion products
is shown. The effect of the amount of argon in the nitrogen–argon mixture on the burning rate and
the burning temperature of the chromium powder is shown. It was found that an increase in the
percentage of argon in the nitrogen–argon mixture can lead to the formation of an inverse combustion
wave. The actual burning temperature is higher than adiabatic burning temperature in the co-flow
filtration mode, thus the phenomenon of superadiabatic heating is observed. The phase composition
of the obtained combustion products was studied. It was shown that the forced filtration mode allows
for synthesizing non-stoichiometric Cr2N nitride.

Keywords: filtration combustion; co-flow; self-propagating high-temperature synthesis;
superadiabatic heating; nitrogen–argon mixture; inverse combustion wave; chromium nitride

1. Introduction

The development of modern technology is impossible without the creation of new materials.
The widespread use of metal nitrides is due to their physical and chemical properties, such as heat
resistance, corrosion resistance, and wear resistance. Metal nitrides are used as abrasive materials,
and wear-resistant and decorative coatings. The most important possible areas of the practical
application of metal nitrides are their use as master alloys to increase the heat resistance of metal
materials, initial powders for nitride ceramics, and as master alloys to increase the cold resistance of
steel. Thus, obtaining metal nitrides and studying their properties is a critical task.

To date, the industry uses well-known methods of powder metallurgy to produce metal nitrides.
The most common are the furnace method, plasma chemical synthesis, and self-propagating high
temperature synthesis (SHS). The main disadvantages of the furnace method and plasma chemical
synthesis are high energy costs and expensive equipment. The SHS method allows for achieving high
performance at low energy costs; however, it requires the use of high-pressure reactors.

The traditional SHS of nitrides and filtration combustion of metal powders in nitrogen are
experimentally studied under conditions of natural filtration in high pressure reactors, where, due to
the pressure drop, the reaction gas is supplied to the combustion region [1–10]. There is a different
type of filtration combustion in which the reacting gas is forced into the combustion zone and moves
in the direction of combustion through the reaction products [11].
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This type of combustion is theoretically described in sufficient detail [12–17], but at the same time,
it has been little studied experimentally [18–20]. Most of these works deal with the study of combustion
of a mixture of titanium and carbon powders in a co-flow of nitrogen and/or argon. The combustion of
a granular mixture of titanium and carbon was studied in [21,22]. The combustion of carbon-containing
fuel in a stream of oxygen-containing gas was studied in [23–25]. The mechanism and combustion
regularities of chromium in nitrogen under conditions of natural filtration were studied in [26,27].

The study of chromium combustion in this paper is justified by its high melting point (~1900 ◦C)
with a relatively low exothermicity (Cr2N Tad = 1287 ◦C; CrN Tad = 2050 ◦C, where Tad is the calculated
adiabatic temperature). This allows to exclude the influence of melting of the initial powder and
synthesis products on the filtration process.

The process of chromium combustion in the mode of co-flow filtration is considered in this
paper. This method is energy efficient and has a high application value. Natural filtering mode
is self-regulatory—i.e., processes in the combustion zone determine the interaction of the burning
sample with the environment. With forced filtration, this interaction is initially set and defined by the
characteristics of the gas flow. The implementation of the combustion of metal powders in a co-flow of
nitrogen-containing gas can bring quality changes to the process.

The aim of this work is to experimentally study the combustion of chromium powder under forced
filtration conditions and to study the properties of SHS products obtained as a result of combustion of
chromium in a co-flow of nitrogen-containing gas.

2. Materials and Methods

As an initial material, chromium powder PH1S (Technical Specifications TU 14-1-1474-75) with
a chromium content of 99.5% and a particles size less than 80 µm was used.

The particle size distribution of the initial powders was determined using an ANALYSETTE
22 MicroTec plus device from FRITSCH by laser diffraction. The nitrogen content was determined
using a TCH600 device from LECO. The phase composition of specimens was obtained using
a Rigaku diffractometer with CuKα radiation, as well as the Crystallographica Search Match program
(Oxford Cryosystems—UK) based on the Powder Diffraction File database (PDF 4+). A Philips SEM
515 scanning electron microscope (SEM, Amsterdam, The Netherlands) was used to investigate the
structure of the SHS products.

Experiments have shown that powder in the initial state has low porosity, which complicates the
combustion process. The powder layer, consisting of such a powder, has a porosity of 64%. When gas
was supplied, such a powder was compacted and hindered the filtration process. To increase the
porosity of the samples, two approaches were used in this work. The essence of the first is the removal
of a fine fraction and the production of a powder with a particle size of δ = 63–80 µm. In another case,
the starting chromium powder (−80 µm) was granulated using polyvinyl alcohol. For the experiments,
granules with a size of 500–1000 µm were used. The porosity of the sifted powder was 78%, and the
granular powder was 72%.

The granulation process of chromium powder was carried out as follows. The chromium powder
was mixed with a 3% solution of polyvinyl alcohol, until a consistency in which a homogeneous plastic
mass was formed. Then, the obtained mixture was sieved (sieve classification of ~ 18 mesh) and
sintered in a vacuum furnace at a temperature of 1100 ◦C. The holding time was 1 h. The obtained
product was subsequently sieved twice (sieve classification of ~ 18 mesh and ~ 32 mesh). Thus,
the granules were obtained, the sizes of which were in the range of 500–1000 µm.

The process of filtration combustion under forced filtration was carried out on the original
equipment—laboratory SHS reactor—the scheme of which is shown in Figure 1. The laboratory co-flow
reactor is made of complex devices consisting of a reactor (a), a gas supply unit (b) and a unit for
registering and processing data (c). In Figure 1, the symbols G, P, T indicate the possibility of registering
gas flow rate, pressure and temperature.
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Figure 1. Scheme of an experimental equipment for studying combustion metals under forced filtration.
(a) a reactor; (b) a gas supply unit; (c) a unit for registering and processing data.

Preparation of the experiments included the following steps. The initial powder was placed in
a quartz tube. The size of the layer was constant: diameter 16 mm, height 50 mm. The upper part of
the powder was brought into contact with an electric spiral. The quartz tube was sealed. The lower
part of the quartz tube was pre-filled with a layer of aluminum oxide powder, which served to cool the
gases. Using a reducer, the reaction gas was fed into the quartz tube from a gas cylinder containing
a mixture of gases of a given composition.

An exothermic reaction was initiated by applying an electric pulse to the molybdenum helix in
the surface layer. Burning front was formed, which began to spread along the sample. The gas flow
rate was regulated by a reducer. Pressure monitoring was performed according to the readings of
the pressure gauge and pressure sensor. Gas flow at the reactor inlet and outlet was carried out by
electronic micro flowmeters of the thermo-anemometric type. The reaction temperature was measured
by a W/Re thermocouple WR5/20, whose signal was transmitted through an amplifier to the recording
device. The cooling chamber was used to cool the gaseous reaction products before entering the
electronic flow meter. Process parameters were recorded by a multi-channel meter with processing
and archiving on a computer.

The original co-flow SHS reactor allowed us to explore the combustion of metals in the
nitrogen-containing gas in the co-flow filtration mode.

3. Results

3.1. Chromium Combustion in a Nitrogen Coflow

The initiation of the combustion of chromium powder was carried out by applying a current to
the molybdenum spiral, which resulted in the formation of a burning front that propagated along the
sample. Figure 2 shows a typical photographic record of the propagation of the burning front in the
co-flow filtration mode.
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Until the electric current is supplied to the initiating helix, the readings of the flow meters at the
input and output are the same. This is due to the fact that there is no absorption of the gas component
by the dispersed medium located in the reactor. The absorption of the reacting component of the gas
mixture begins after the reaction is initiated. In this case, the gas flow rate at the outlet of the reactor
decreases, which is confirmed by the flow meter at the outlet of the reactor.

Table 1 shows the speed and maximum burning temperature of the powder and granules of
chromium with a specific nitrogen flow rate of 12 cm3/(s·cm2).

Table 1. Maximum temperature and burning rate of chromium in nitrogen.

δ, µm

63–80 500–1000

u, mm/s 2.4 0.82
Tmax, ◦C 1640 1488
[N], % 7.5 7.8

According to Table 1, the chromium powder has a higher burning rate and burning temperature
than of chromium granules.

Figure 3 presents the dependence of the nitridation of chromium on the nitrogen flow rate.
The figure shows that when nitrogen flow rate (q) increases, the degree nitridation (η) decreases,
and the maximum degree of nitriding is not achieved.
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Figure 4 shows the temperature profiles obtained by the combustion of powder (1) and granules
(2) of chromium at a specific nitrogen flow rate of 12 cm3/(s·cm2). It can be seen from the figure that,
when the chromium powder is burned, the heating zone is small and the burning temperature increases
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3.2. Chromium Combustion in a Co-Flow Nitrogen-Argon Mixture

The addition of inert argon can significantly affect the combustion process. The greater the amount
of cold ballast gas (argon) that enters the reaction zone, the more energy will be spent on heating it and
the more heat will be redistributed.

3.2.1. The Effect of the Amount of Argon in a Nitrogen-Argon Mixture on the Burning Speed and
Burning Temperature of Chromium

The amount of argon in the nitrogen–argon mixture has the strongest effect not only on the rate and
burning temperature of chromium, but also on the structure of the combustion wave, which appears in
the form of temperature profiles. In Table 2, we gathered the burning rates and maximum burning
temperatures of chromium at different argon contents in the nitrogen–argon mixture at a specific
flow rate of 12 cm3/(s·cm2). According to Table 2, with an increase in the argon content (% mass),
the temperature and the burning rate decrease significantly. It is also seen that granular chromium has
lower burning rates and temperatures compared to chromium powder.

Table 2. Maximum temperature and burning rate of chromium, depending on the content of argon.

N2 N2+7% Ar N2+12.8% Ar N2+24% Ar

δ, µm 63–80 500–1000 63–80 500–1000 63–80 500–1000 63–80 500–1000

u, mm/s 2.4 0.82 1.3 – 1.2 0.77 0.67 0.53
Tmax, ◦C 1640 1488 1440 – 1460 1478 1240 1143

Figure 5 presents the temperature profiles obtained at the combustion of chromium granules at
a specific flow rate of 12 cm3/(s·cm2), depending on the amount of argon in the nitrogen–argon mixture.
Processes 2020, 8, x FOR PEER REVIEW 6 of 11 

 

 

Figure 5. Temperature profiles at different argon content: q=12 cm3/(s·cm2); 1—[N2] = 100 %; 2—[Ar] 
= 12.8 %; 3—[Ar] = 24 %. 

3.2.2. The Effect of Flow Rate of Nitrogen–Argon Mixture on the Nitridation of Chromium 

Table 3 shows the effect of the flow rate of gas mixture with 12.8% [Ar] on the nitridation of 
chromium. According to Table 3, the nitridation of chromium decreases slightly when increasing the 
flow rate of the nitrogen–argon mixture. 

Table 3. Effect of flow rate of nitrogen–argon mixture on the nitridation of chromium. 

Initial powder size δ, μm q = 12 cm3/(s·cm2) q = 40 cm3/(s·cm2) 
63–80 8.4 % 8.0 % 

500–1000 9.5 % 8.7 % 

3.3. Phase Composition of Combustion Products   

A typical XRD patterns of combustion products at the combustion of powder (Figure 6a) and 
granules (Figure 6b) of chromium in the co-flow filtration mode at a gas flow rate of 12 cm3/(s·cm2), 
[Ar] = 12.8%, are presented in Figure 6. In both cases, Cr2N nitride and chromium were detected. XRD 
patterns in both cases are almost the same. XRD-analysis showed that the unit cell of the obtained 
Cr2N samples has trigonal lattice parameters. 
 

Figure 5. Temperature profiles at different argon content: q = 12 cm3/(s·cm2); 1—[N2] = 100%;
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It was found that the composition of the gas mixture has a significant effect on the combustion
process, and the temperature profiles have a qualitative difference.

The temperature profile is deformed, as follows. At combustion in nitrogen co-flow,
the temperature profile has a small heating zone and a rapid increase in temperature to a maximum
value. The maximum temperature zone has a small flat area. At [Ar] = 12.8%, the temperature profile
also has a small heating zone; however, there is a long horizontal section with a maximum temperature.
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There is a long cooling zone. When increasing argon to 24%, the temperature profile has a wide heating
zone and a narrow section with a maximum temperature.

3.2.2. The Effect of Flow Rate of Nitrogen–Argon Mixture on the Nitridation of Chromium

Table 3 shows the effect of the flow rate of gas mixture with 12.8% [Ar] on the nitridation of
chromium. According to Table 3, the nitridation of chromium decreases slightly when increasing the
flow rate of the nitrogen–argon mixture.

Table 3. Effect of flow rate of nitrogen–argon mixture on the nitridation of chromium.

Initial Powder Size δ, µm q = 12 cm3/(s·cm2) q = 40 cm3/(s·cm2)

63–80 8.4% 8.0%
500–1000 9.5% 8.7%

3.3. Phase Composition of Combustion Products

A typical XRD patterns of combustion products at the combustion of powder (Figure 6a) and
granules (Figure 6b) of chromium in the co-flow filtration mode at a gas flow rate of 12 cm3/(s·cm2),
[Ar] = 12.8%, are presented in Figure 6. In both cases, Cr2N nitride and chromium were detected.
XRD patterns in both cases are almost the same. XRD-analysis showed that the unit cell of the obtained
Cr2N samples has trigonal lattice parameters.Processes 2020, 8, x FOR PEER REVIEW 7 of 11 
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Figure 6. XRD patterns of samples obtained as a result of combustion of chromium in a flow reactor:
(a)—for powder; (b)—for granules; q = 12 cm3/(s·cm2); [Ar] = 12.8%.

The photographs of synthesized Cr2N samples are presented in Figure 7. A sample of Cr2N,
obtained by the combustion of chromium powder, is shown in Figure 7a. A sample of Cr2N obtained
by the combustion of granules of chromium is shown in Figure 7b,c. It has been established that, in the
case of the combustion of chromium powder, and in the case of the combustion of granular chromium,
the combustion products retain their initial structure. Synthesized Cr2N samples are easily destructible
gray sinter. Milling the combustion products results in particles of the initial size.
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The microstructure of a Cr2N sample, obtained by the combustion of chromium powder in a co-flow
of nitrogen–argon mixture (q = 12 cm3/(s·cm2); [Ar] = 7%), in comparison with the microstructure of
a Cr2N powder obtained under natural filtration mode at p = 0.2 MPa (the method is described in [26]),
is presented in Figure 8.Processes 2020, 8, x FOR PEER REVIEW 8 of 11 

 

(a) (b) 

Figure 8. Microstructure of chromium sample at combustion in natural (a) and forced (b) filtration 
mode. 

4. Discussion 

1. To achieve a stable propagation of the combustion wave using chromium powder with a particle 
size δ = 63–80 μm when purged with pure nitrogen, it is necessary that the specific flow rate is 
more than 8 cm3/(s·cm2). A further decrease in specific consumption leads to a lack of fuel and a 
breakdown of combustion. The upper limit of the specific flow rate, when using pure nitrogen, 
is 20 cm3/(s·cm2). The reason for this is the rapid increase in the burning temperature with the 
eutectic melting point Cr–Cr2N reached. The appearance of the liquid phase violently changes 
the filtration conditions and leads to either non-stationary combustion, or to extinction. 

2. Burning temperature decrease (Table 2), with an increase in the argon content in the mixture, is 
obviously related to the following fact. The reaction zone receives a large amount of cold gas 
ballast (argon), and a larger share of energy is spent on heating it. Further increase in the share 
of argon (more than 24%) in the nitrogen-containing gas leads to a breakdown of combustion 
and the impossibility of further propagation of the front. Reducing burning temperature by 
increasing the size of the particles of the initial powder is due to the increase in free space 
between particles and by reducing the area of contact. Thus, the heat transfer from particle to 
particle, due to the thermal conductivity mechanism, is reduced. This is clearly seen with the 
combustion of granulated chromium powder. Comparison of the adiabatic burning temperature 𝑇𝑎𝑑 with the obtained experimental data showed that the actual burning temperature is higher 
than the calculated one 𝑇𝑎𝑑 (𝑇𝑎𝑑=1280 ° C for Cr2N and 𝑇𝑎𝑑 = 2060 °C for CrN), with stoichiometric 
nitrogen content (11.8%—Cr2N, 21.21%—CrN). Thus, combustion was carried out in the co-flow reactor in the superadiabatic heating mode. The experimental existence of superadiabatic heating was proven in [27] when a metal chromium powder was combusted under natural filtration conditions in a high-pressure reactor. 

3. Increasing the argon content in the mixture allows a change in the limits of specific flow rate, 
which allows for obtaining a stable combustion without the formation of a liquid phase. Thus, 
for a mixture of nitrogen with 12.8% and 24% argon, combustion was able to be carried out at a 
specific flow rate of 40 cm3/(s·cm2). However, the lower limit of flow rate also increased and was 
12 cm3/(s·cm2). We assume that this is due to a decrease in the amount of fuel when diluted with 
an inert gas. At 12.8% [Ar], an inverse combustion wave was recorded. 
It was found that, during the combustion of chromium powder with a particle size 63–80 μm in 
a co-flow of nitrogen with an increase in the specific flow rate from 8 cm3/(s·cm2) to 12 
cm3/(s·cm2), the chromium content increased (from 0 to 2.9 wt.%) with a decrease in the Cr2N 
content (from 100 to 97.1 wt.%). Thus, at a specific flow rate of 8 cm3/(s·cm2) during the 

Figure 8. Microstructure of chromium sample at combustion in natural (a) and forced (b) filtration mode.

4. Discussion

1. To achieve a stable propagation of the combustion wave using chromium powder with a particle
size δ = 63–80 µm when purged with pure nitrogen, it is necessary that the specific flow rate is
more than 8 cm3/(s·cm2). A further decrease in specific consumption leads to a lack of fuel and
a breakdown of combustion. The upper limit of the specific flow rate, when using pure nitrogen,
is 20 cm3/(s·cm2). The reason for this is the rapid increase in the burning temperature with the
eutectic melting point Cr–Cr2N reached. The appearance of the liquid phase violently changes
the filtration conditions and leads to either non-stationary combustion, or to extinction.

2. Burning temperature decrease (Table 2), with an increase in the argon content in the mixture,
is obviously related to the following fact. The reaction zone receives a large amount of cold gas
ballast (argon), and a larger share of energy is spent on heating it. Further increase in the share
of argon (more than 24%) in the nitrogen-containing gas leads to a breakdown of combustion
and the impossibility of further propagation of the front. Reducing burning temperature by
increasing the size of the particles of the initial powder is due to the increase in free space between
particles and by reducing the area of contact. Thus, the heat transfer from particle to particle,
due to the thermal conductivity mechanism, is reduced. This is clearly seen with the combustion
of granulated chromium powder. Comparison of the adiabatic burning temperature Tad with
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the obtained experimental data showed that the actual burning temperature is higher than the
calculated one Tad (Tad = 1280 ◦C for Cr2N and Tad = 2060 ◦C for CrN), with stoichiometric
nitrogen content (11.8%—Cr2N, 21.21%—CrN). Thus, combustion was carried out in the co-flow
reactor in the superadiabatic heating mode. The experimental existence of superadiabatic heating
was proven in [27] when a metal chromium powder was combusted under natural filtration
conditions in a high-pressure reactor.

3. Increasing the argon content in the mixture allows a change in the limits of specific flow rate,
which allows for obtaining a stable combustion without the formation of a liquid phase. Thus,
for a mixture of nitrogen with 12.8% and 24% argon, combustion was able to be carried out at
a specific flow rate of 40 cm3/(s·cm2). However, the lower limit of flow rate also increased and
was 12 cm3/(s·cm2). We assume that this is due to a decrease in the amount of fuel when diluted
with an inert gas. At 12.8% [Ar], an inverse combustion wave was recorded.
It was found that, during the combustion of chromium powder with a particle size 63–80 µm in
a co-flow of nitrogen with an increase in the specific flow rate from 8 cm3/(s·cm2) to 12 cm3/(s·cm2),
the chromium content increased (from 0 to 2.9 wt.%) with a decrease in the Cr2N content
(from 100 to 97.1 wt.%). Thus, at a specific flow rate of 8 cm3/(s·cm2) during the combustion of
chromium powder in a co-flow nitrogen, the combustion product was represented only by the
Cr2N phase.
It was found that, during the combustion of chromium powder with a particle size of 63–80 µm
in a co-flow of a nitrogen–argon mixture (argon content 24 wt.%), with an increase in the specific
flow rate from 12 to 20 cm3/(s·cm2), there was an increase in the chromium content (from 24.8
to 26.7 wt.%) and a decrease in the Cr2N content (from 75.2 to 73.3 wt.%). Thus, the argon
content in the mixture, as well as the value of the specific flow rate, affects the composition of the
combustion products.
Stoichiometric nitrogen content in the chromium mononitride is 21.2% and in the nitride Cr2N is
−11.8%. According to elemental analysis, the samples obtained contain only about 6% to 9.8% N2.
Combustion occurs in the mode of incomplete transformation. At the same time, all nitrogen
entering the reaction zone fully interacts with chromium. This is supported by data from flow
rate sensors at the inlet and outlet of the reactor. In obtained SHS products, as a result of the
combustion of both powder and granules of chromium, a slight decrease in nitridation is observed
with an increase in the flow rate of the gas mixture (Table 3). Thus, the nitridation of products
during the combustion of chromium powder decreased from 8.4% to 8.0% and from 9.5% to 8.7%
during the combustion of granular chromium. We assumed that the reason for the decrease in
nitridation is the following factor. At the forced filtration mode using a nitrogen–argon mixture,
in contrast to natural filtration, there is no “post-nitridation” stage. The reaction cannot continue
due to the rapid cooling of the synthesis products by the co-flow of the initial cold gas. Thus,
there is a so-called quenching mode. This quenching of burnt materials records the composition
of products formed in the high-temperature region.

4. Phase analysis has confirmed the existence of the Cr2N phase. According to XRD pattern phases
(Figure 6), chromium and Cr2N were detected. Information about the region of existence of the
Cr2N phase is quite contradictory [28,29]. In [29], the homogeneity range is represented in the
range of 9.2–11.9% N2. In this paper we obtained the samples with nitrogen containing from 6%
to 9.8%. Forced filtration mode allows for the synthesis of non-stoichiometric chromium nitride,
Cr2N, of various compositions.
Studies of the microstructure of synthesized chromium nitride samples showed that the samples
obtained in the co-flow filtration mode retained high porosity, and the particles retained their initial
cut. The result can be explained by the fact that the maximum temperature in the combustion
zone (1640 ◦C) is significantly lower than the melting temperature in the Cr-N system. The images
(Figure 8) show that the microstructure of the particles obtained in the forced filtration mode
is single-phase, while the particles after combustion in the natural filtration mode are clearly
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two-phase. The lighter areas in the middle of the particles are the Cr2N phase, and the darker
ones are CrN.

5. Conclusions

The presented original apparatus allows us to study the combustion process of powder systems
in a nitrogen-containing gas mixture in the co-flow filtration mode with a wide range of changes in the
initial parameters.

Experimental studies of the combustion of chromium in the co-flow filtration mode have
shown the principal possibility of obtaining the non-stoichiometric Cr2N of different composition.
Elemental analysis showed that the nitrogen content in the synthesized Cr2N samples was in the range
of 6.0–9.8%, depending on the characteristics of the initial powder and the operating parameters. It was
also found that nitridation tends to decrease with an increase in the specific flow rate of the gas mixture
at the reactor inlet. The gas mixture rapidly cools the combustion products, and the synthesis products
do not contain chromium mononitride CrN, which is formed under natural filtration conditions in
a high-pressure reactor. As the percentage of argon in the nitrogen–argon mixture increases, and the
size of the initial chromium powder increases, the temperature and burning rate decrease. The use of
forced filtration makes it possible to extend the implementation of SHS in the Cr-N2 system to the area
of lower pressures and larger metal particle sizes.
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