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The Physical features on the structure formation of cold spray coating
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The article presents the results of an experimental study of the structural features of a Ti−TiN cold spray coating,

depending on the method of mixture preparation and subsequent heat treatment. The structure and elemental

composition of the resulting coatings were investigated, and the quantitative phase composition of the coatings was

estimated. It was shown that the titanium nitride content in a cold spray coating obtained by spraying a powder

mixture using ultrafine TiN particles was 1.5 times higher than that of a coating obtained using decamicrons of

titanium nitride particles. The mechanism for changes in the structure of cold spray coatings during heat treatment

is presented.

Keywords: cold spray, composite material, titanium, titanium nitride, X-ray analysis.

DOI: 10.61011/TPL.2026.07.63833.20644

One of the most promising materials for fabrication of

protective surface layers capable of withstanding mechanical

and chemical impacts is titanium nitride, which is a

refractory compound of a transition metal, which limits

the methods of its application. Titanium nitride is known

to be formed from a chemical reaction of titanium with

nitrogen at a temperature above 500 ◦C [1,2]. One of

the methods for producing titanium nitride-based coatings

is high-speed flame spraying of metallic titanium powder.

It should be emphasized that titanium is more susceptible

to oxidation (compared to the nitrogen saturation process),
therefore, the disadvantages of this method of coatings

fabrication include the presence of phases such as TiN0.3,

Ti2O3 and TiO2 in the material, which are the cause of

defects in the structure because of lower hardness and

strength compared to titanium nitride [3,4]. Specifics of the
cold gas spraying (CS) process is the possibility of applying

surface layers of particles of unlimited thickness without

their significant heating [5]. Therefore, spraying particles

characterized by low plasticity of the material (carbides,
borides, oxides, etc.) will be similar to the process of

abrasive surface treatment, and higher time of the particle

flow interaction with the surface of the substrate leads to

its erosion, while the number of fixed particles does not

increase [6]. To create more favorable conditions for the

formation of CS coatings from non-deformable materials,

it is necessary to use mixtures of metal powders with

non-metallic powders or composite particles. The study

is focused on investigating the structure of composite CS

coatings of Ti−TiN depending on physical characteristics of

the applied material and thermal effect on the coating.

The paper studies titanium composite coatings obtained

by CS method. To apply the coatings, a mixture of

titanium powder (grade PTS 1) with the addition of 25 and

50wt.% titanium nitride was used. To prepare the powder

mixture, a V -shaped mixer and
”
Activator-2Sl“planetary

mill were used. The granulometric composition of the

powders was determined using a laser diffraction particle

analyzer LS 13 320. A specific area of the powder surface

was measured by Brunauer−Emmett−Teller method (BET)
using

”
SORBI M“ instrument. The coatings were applied

using a CS setup (ITAM SB RAS) using an axisymmetric

Laval nozzle with a length of 140mm and critical and exit

section diameters of 2.8 and 6.5mm, respectively. Air was

used as the working gas, the pressure in the chamber was

maintained at 4.0MPa, the temperature in the chamber was

400 ◦C. The distance from the nozzle exit to the substrate

was 30mm, the nozzle moved relative to the substrate

at a rate of 25mm/s. Steel plates of grade ST20 with

dimensions 40× 40mm and a thickness of 3mm were used

as a substrate. Three series of samples with coatings of

different thicknesses (from 0.15 to 3mm) were obtained

for each powder mixture. High-temperature treatment of

the coatings was carried out for 2 h at a temperature of

550 ◦C in a nitrogen atmosphere in PM-1700AV [7,8] muffle

furnace. Sample preparation for studying the structure of the

material was carried out using Presi systems. Microstructure

images were made using EVO MA15 scanning electron

microscope equipped with X-Max 350 energy-dispersive

X-ray spectrometer. Quantitative assessment of structural

defects and determination of the elements content were

carried out using ten micrographs of the prepared section

in the ImageJ software package. X-ray phase analysis was

performed using D8 ADVANCE diffractometer.

Ultrafine particles of titanium nitride powder were ob-

tained by plasma-chemical reduction from a mixture of

titanium tetrachloride, ammonia and hydrogen [9]. Micron-

and decimeter-sized titanium nitride particles were obtained
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Figure 1. X-ray diffraction patterns of initial (1, 2),
spheroidized (3) and machined (4, 5) particles of titanium (1),
titanium nitride (2, 3), mixture of Ti + 25wt.% TiN (4), mixture

of Ti + 50wt.% TiN (5).

by processing titanium powder in a nitrogen plasma jet [10].
X-ray diffraction patterns of spheroidized particle samples

showed peaks corresponding to titanium and titanium

nitride compound (Fig. 1). The characteristics of particles

are given in Table 1.

It should be taken into account that during coatings

deposition, the powder utilization factor is affected by

the presence of particles in the sprayed material smaller

than 5µm (Table 1), which are characterized by low

kinetic energy [11] or high microhardness of the particles.

Thus, the formation of coatings by CS method using only

spheroidized particles, in the phase composition of which

the main element is a titanium nitride compound, is difficult.

Therefore, for CS coatings deposition, powder mixtures

of titanium and titanium nitride were prepared using a

V -shaped mixer and a planetary mill.

Steel balls with a diameter of 5 mm and a total mass of

160 g were used as grinding media for mechanical treatment

of a mixture of titanium and titanium nitride powders, and

their acceleration was 117g . The material was processing

in the air. Mechanical treatment of Ti+25wt.% TiN powder

mixture (average particle size of titanium nitride 1.26 µm)

Table 1. Characteristics of particles

Powder
Average size dpm,

Standard
Specific

µm
deviation,

surface Ssp;

µm

standard

deviation,

g/m2

Titanium (PTS 1) 101.00 27.00 0.28; 0.09

TiN 1.26 0.59 11.73; 3.54

TiN 49.00 25.00 0.15; 0.06

(spheroidized)

was carried out for 3min (mixture 1) [12]. Ti+50wt.%

TiN powder mixture (average particle size 49µm) was

prepared in an V -shaped mixer for 4 h (mixture 2) and

by grinding in a planetary mill under the same mechanical

treatment parameters as for mixture 1 for 60 s (mixture 3).
X-ray diffraction analysis of the prepared powder mixtures

showed the presence of titanium and titanium nitride phases

(Fig. 1). Table 2 shows the characteristics of powder

mixtures prepared for spraying.

To study the structure of the coatings, thin sections were

prepared, micro-photos of which are presented in Fig. 2.

In Fig. 2 it is evident that the coatings are formed by

particles deformed during impact with the surface layer

with clearly defined boundaries. One of the important

characteristics of the coatings is the absence of cracks,

discontinuities and pores. The formation of discontinuities

is usually associated with changes in characteristics of key

physical parameters of particles during sputtering (Fig. 2).
It should be noted that such defects are stress concentrators

and, with prolonged use of the material, develop into cracks,

which contributes to a reduction in its service life. Table 3

gives an overall volume of discontinuities, cracks and pores.

Thus, from Fig. 2 and Table 3 it follows that the number

of defects in the coating depends on the size of the titanium

nitride particles used in the spraying powder mixture and

the method of its preparation under constant application

parameters. Preparing powders for spraying in a high-

energy mill with an average particle size of titanium nitride

of 1.26 µm allows obtaining the densest coating with the

lowest defect content.

Fig. 3 shows a micrograph of the coating structure after

high-temperature treatment. Using X-ray diffraction analysis

of the coating surface after heat treatment, the presence of

peaks corresponding to the titanium phase, titanium nitride,

and a small amount of titanium dioxide was registered

(Fig. 4). The formation of the titanium dioxide compound

phase is associated with the interaction of residual oxygen

in the furnace working chamber with the heated titanium

surface.

High-temperature treatment of coatings leads to a redis-

tribution of defects (Fig. 2, d and Table 3), and an increase

in the volume of discontinuities is observed. A distinctive

feature of CS process is the ability to produce coatings

without significant overheating of the particles during their
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Table 2. Characteristics of powder mixtures

Powder
Size of particles d10 ,

Average
Size of particles d90 ,

Standard

µm
size dpm,

µm
deviation,

µm µm

Mixture 1 7.28 37.49 78.92 32.48

Mixture 2 10.98 48.98 103.70 36.90

Mixture 3 66.19 145.90 242.20 70.39

500 mm

40 mm

100 mm

40 mm

100 mm

20 mm

50 mm

a b

c d

Figure 2. Micrographs of the cross-section of CS-coatings of various composition. a — titanium, b — Ti + 25wt.% TiN (mixture 1),
c — Ti + 50wt.% TiN (mixture 2), d — Ti + 50wt.% TiN (mixture 3).

deposition. Therefore, the mechanism for the formation of

coatings consists of cold plastic deformation of particles

upon impact with an obstacle, which is similar to the

process of cold hardening. This results in loose packing

of particles (interparticle voids are formed), as well as

to the occurrence of numerous stresses in the coating

material. The diffraction patterns (Fig. 4) on the surface

of the initial powder and on the deposited coating show

lower intensity and broadening of the reflections of the

main peak, which is associated with a decline in the

value of coherent scattering region because of particles

deformation at the moment of high-speed impact during

their deposition. It is known from the literature that

minor heating (up to 200−300 ◦C) reduces the deformation

resistance for some titanium alloys by 40−50%, increases

plasticity, sharply reduces the springback of the metal, and

a further increase in temperature to 550−700 ◦C improves

its deformability [13,14]. Titanium is a chemically active

element, therefore on the surface of individual particles there

is a thin layer of titanium dioxide, which is characterized

by reduced plasticity (coefficient of linear expansion of

titanium 9.2 · 10−6 K−1, titanium dioxide 1.4 · 10−5 K−1),
high microhardness and, accordingly, is particularly brittle

in relation to the base material (titanium). We also note

the resulting magnitude of the force that occurs during the

increase in gas pressure located in the pores and micropores

of the coating when the material is heated. This force

is directed deep into material, resulting in separation of
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Table 3. Total volume of CS-coating defects

Composition coating

Initial coatings Heat-treated coatings

Total volume
Volume

Volume of pores;
Total Volume

Volume of pores;

defects;
discontin-

standard
volume discontin-

standard

standard

uities;

deviation,

defects; uities;

deviation,

deviation, %

standard

%

standard standard

%deviation, deviation, deviation,

% % %

Titanium 16.84; 6.84 4.520; 1.210 12.32; 5.21 17.27; 7.03 15.50; 5.37 1.77; 0.52

Ti + 25wt.% TiN
1.73; 0.35 0.013; 0.004 1.71; 0.48 3.24; 1.58 1.16; 0.58 2.08; 0.74

(mixture 1)

Ti + 50wt.% TiN
13.66; 5.45 1.060; 0.240 12.59; 5.02 12.42; 4.81 11.20; 4.83 1.22; 0.63

(mixture 2)

Ti + 50wt.% TiN
3.50; 1.14 0.040; 0.012 3.46; 1.74 5.78; 2.24 4.11; 1.45 1.67; 0.84

(mixture 3)

50 mm

Figure 3. Micrograph of a cross-section of CS coatings after high-

temperature treatment of Ti + 50wt.% TiN composition (mixture

3).

the material along the surface boundaries of individual

deformed particles, which leads to the formation of cracks.

This explanation does not contradict the mechanism of

crack formation in the structure of a titanium alloy during

interaction of titanium with gases [15–17].

The titanium nitride content in the coating before and

after heat treatment found using ImageJ software is given in

Table 4.

From Table 4 it can be seen that the content of titanium

nitride in the coating depends on the size of its particles and

method of preparing the powder mixture for sputtering. The

highest content of titanium nitride (25.36%) in the coating

was achieved when sputtering the mixture 1. Thermal

treatment of coatings in a nitrogen atmosphere allows for a

slight increase in the nitrogen content in the coating, which

is proved by results of the analysis of the material elemental

composition (Table 5).

The paper sheds light on the microstructure of CS

coatings obtained using various composite powder materials

based on titanium nitride. It was demonstrated that the

number of defects in CS coating is influenced by the size

of the titanium nitride particles used in the powder mixture

and the method of its preparation under constant sputtering

parameters. Preparing powders for sputtering in a high-

energy mill with an average particle size of titanium nitride

of 1.26µm allows obtaining the densest coating (porosity

less than 2%), in which the titanium nitride content is

1.5 times greater than in the coating obtained from a mixture

prepared in a V -shaped mixer using larger titanium nitride

particles. The changes that occur in the coatings structure

after heat treatment are explained.
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Figure 4. Diffraction patterns of Ti + 50wt.% TiN (mixture 2).
1 — sputtering powder, 2 — CS-coating before heat treatment,

3 — after heat treatment.
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Table 4. Titanium nitride content in CS coatings before and after heat treatment

Coating

Titanium nitride content; standard deviation, %

Ti + 25wt.% TiN Ti + 50wt.% TiN Ti + 50wt.% TiN

(mixture 1) (mixture 2) (mixture 3)

Initial 25.36; 9.25 15.60; 7.54 18.02; 9.84

Heat-treated 26.51; 10.04 17.25; 8.43 20.25; 10.32

Table 5. Content of elements in CS coatings before and after heat treatment (in wt.%)

Element

Ti + 25wt.% TiN Ti + 50wt.% TiN Ti + 50wt.% TiN

(mixture 1) (mixture 2) (mixture 3)

Initial
Heat

Initial
Heat

Initial
Heat

coating
treated

coating
treated

coating
treated

coating coating coating

N 9.44 13.76 3.68 7.13 4.77 13.83

Ti 90.56 86.24 96.32 92.87 95.23 86.17
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