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and chemical stechiometry. Among niobium silicides, Nb7Si6 
has the greatest oxidation resistance because of high potential 
in its structure modification. This ability allows to dope the 
Nb7Si6 structure with various elements. This method has been 
performed and tested in the last decades in order to improve 
oxidation resistance [1, 14–17].

There are known other publications [18–26] which are 
focused on silicide coatings and investigate their influence on 
high oxidation resistance of various materials such as niobium, 
molybdenum and titanium alloys.

The purpose of this work was to prepare niobium silicide 
coatings on the surfaces of pure niobium using the CVD 
technique to form a protective SiO2 coating layer at elevated 
temperatures. The structure and properties of the coating were 
investigated along with oxidation resistance during exposure 
of silicide-coated niobium at 1400°C, using an HVOF burner.

2.	 EXPERIMENT
Pure niobium (99.95%) substrates in the form of discs with 
diameter of 50 mm and thickness of 3 mm were grinded to 
a 1200-grade f inish using SiC abrasive papers applied with 
STRUERS Tegramin-30. Cleaned specimens were coated with 
silicides using the pack cementation CVD method. Three dif-
ferent thicknesses of NbSi coating were created as 50 μm 
(marked as W1), 70 μm (W2) and 90 μm (W3). Coated sam-
ples were cut for cross section microscopy analysis, grinded up 
to a 2500-grade f inish using SiC abrasive papers and polished 
with OPU liquid.

1.	 INTRODUCTION
Niobium and its alloys are used for high temperature applica-
tions in the aerospace and space industry [1–3]. Their high melt-
ing point allows these materials to be used in the construction 
of jet engine chambers and turbine blades. However, niobium 
is not resistant to high temperature oxidation. It is oxidized at 
over 350°C and needs surface protection against material deg-
radation [4‒7]. Various techniques may be used for refractory 
metals coating, including APS, HVOF, laser alloying, PVD (arc 
sputtering) and CVD (pack cementation). All of these tech-
niques can create thermal barrier coatings (TBC) of thickness 
in the range of hundreds of microns, with a characteristic ther-
mal growing oxides (TGO) area [8–11]. One of more effective 
anti-oxidation protection methods involves aluminides and sil-
icides based coatings [12]. For example, the Nb5Si3 phase is 
stable for up to 1765°C and reacts with oxygen during high 
temperature oxidation, creating silicide oxides on top of the 
coating [13]. It acts as a passive layer which protects coat-
ing against oxygen diffusion. Silicides constitute a good high 
temperature protection choice for niobium and its alloys due 
to their outstanding resistance to high-temperature oxidation, 
uncomplicated preparation method, good ability to self-heal 
and strong bonding with the niobium alloy. The oxidation resis-
tance of silicides depends on their crystallographic structure 
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Abstract. In this paper, thermal oxidation resistance of silicide-coated niobium substrates was tested in a temperature range of 1300–1450°C 
using an HVOF burner. Pure niobium specimens were coated using the pack cementation CVD method. Three different silicide thickness coat-
ings were deposited. Thermal oxidation resistance of the coated niobium substrates was tested in a temperature range of 1300–1450°C using 
an HVOF burner. All samples that passed the test showed their ability to stabilize the temperature over a time of 30 s during the thermal test. 
The rise time of substrate temperature takes about 10 s, following which it keeps constant values. In order to assess the quality of the Nb-Si 
coatings before and after the thermal test, light microscopy, scanning electron microscopy (SEM) along with chemical analysis (EDS), X-ray 
diffraction XRD and Vickers hardness test investigation were performed. Results confirmed the presence of substrate Nb compounds as well as 
Si addition. The oxygen compounds are a result of high temperature intense oxidizing environment that causes the generation of SiO phase in 
the form of quartz and cristobalite during thermal testing. Except for one specimen, all substrate surfaces pass the high temperature oxidation 
test with no damages.
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Fig. 2. Cross section of W1 sample. Columnar structure of NbSi 
coating can be observed on the top. Magnification £500

Fig. 3. Cross section of W2 sample. Columnar structure of NbSi 
coating can be observed on the top. Magnification £500

Oxidation behavior of the coated specimens was examined 
at 1400°C for 30 s using an HVOF flame burner.

Such a high temperature was chosen because of potential 
application where a temperature of 1400°C and a high oxidation 
process have a destructive influence over niobium during even 
half a minute.

Both coated and oxidized specimens were analyzed to 
determine the phase composition of the substrate and sili-
cides coating. X-ray diffraction tests were performed. For 
this purpose, an X’Pert Pro MPD X-ray diffractometer by 
Panalytical, equipped with a copper lamp (λKα = 0.154 nm) 
and a semiconductor detector on the bent beam axis, was 
used. Diffraction lines were recorded in Bragg-Brentano 
geometry in the angular range of 10–120° [2θ] with a 0.05° 
step and the time of 50 s per step. Analysis of the obtained 
diffractograms was performed using the Panalytical High 
Score Plus software, which contains a dedicated database 
of PAN-ICSD phase identif ication f iles. Scanning electron 
microscopy (SEM) and chemical analysis (EDS) investiga-
tion was performed using ZEISS – SUPRA 35 and EDAX 
– TRIDENT XM4. The FUTURE-TECH FM-ARS 9000 hard-
ness tester was used for hardness testing at Vickers scale of 
HV0.05. Optical microscopy used the ZEISS – Xio Observer.

Pure and coated Nb samples were subjected to thermal testing 
using an HVOF flame in a fixed process parameter. The purpose 
of the test was to pre-determine the suitability of the produced 
coatings for use in high temperature applications. In addition, 
temperature was measured on the opposite side of the sample 
relative to the flame, in order to determine the thermal resistance 
of the coatings deposited on Nb substrates. The course of the 
thermal resistance test consisted of the following steps (Fig. 1):
1.	Clamping a cylindrical sample with a diameter of 50 mm in 

the holder (tools steel) under 45° to the flame axis.
2.	HVOF ignition and stabilization of combustion conditions 

away from the sample.
3.	Rapid approach of the HVOF gun to the central position of 

the sample at the distance of 80 mm between the nozzle exit 
and the sample surface.

4.	Holding for 30 s and simultaneous temperature measure-
ment on the other side of the sample.

5.	Quick nozzle departure, flame extinguishing and slow cool-
ing of the sample in the air flow.

Another test was performed for high temperature oxidation 
resistance of silicide-coated niobium and the same process 
parameters were used.

6.	 RESULTS AND DISCUSSION
The NbSi coatings 50 μm, 70 μm and 90 μm in thickness were 
deposited on niobium samples.

Optical metalography was then performed for the W1, W2 
and W3 samples.

Analyzing the coating structure, as shown in Fig. 2–4, 
allowed for characteristic columnar shape to be observed. This 
shape is a result of crystal-growing during the CVD process. It 
seems that there is relation between NbSi crystals size and the 
coating thickness. The smallest crystals grew in the W1 speci-

Fig. 1. Thermal test of Nb sample without coating
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Fig. 4. Cross section of W3 sample. Columnar structure of NbSi 
coating can be observed on the top. Magnification £500

Fig. 7. Surface morphology of NbSi layer (W1 specimen). Cracks 
were observed on the NbSi surface

Fig. 5. SEM cross section of W3 sample. The NbSi layer visible as 
dark gray area

Fig. 8. Surface morphology of NbSi layer (W2 specimen). Cracks 
were observed on the NbSi surface

men and the largest ones – in W3. The coating of sample W1 is 
the thinnest (50 μm) and the CVD process time is shorter than 
for W2 and W3 samples, which have better thermal conditions 
for crystals growing.

Scanning electron microscopy cross section of the W3 speci-
men is shown in Fig. 5 and topography of W1–W3 is presented 
in Fig. 6–11. The NbSi coating is homogenous and a thin bond 
coat layer on the substrate surface is observed. This layer also 
has a columnar structure and may influence the coating struc-
ture above.

Fig. 6. SEM surface morphology of NbSi layer (W1 specimen). 
Cracks were observed on the NbSi surface

The coating surface topography it is not homogenous. Char-
acteristic relief was observed as well as small cracks on the top. 
The cracks size relates to the specimen type. The smallest width 
of cracks occurred for sample W2.
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The coating surface EDS chemical analysis confirmed sim-
ilar composition for all coated specimens which are shown in 
Fig. 6, 8 and 10 (Table 1–3).

Table 1
Chemical composition of 50 μm NbSi coating (W1)

Element At%
Si 68.90
Nb 31.10

Table 2
Chemical composition of 70 μm NbSi coating (W2)

Element At%
Si 69.90
Nb 30.10

Table 3
Chemical composition of 90 μm NbSi coating (W3)

Element At%
Si 70.62
Nb 29.38

When analyzing Tables 1–3, the silicon At% content is 
observed to be more than twice as large as that of niobium. 
This could suggest that the created phases of silicide niobium 
are NbSi2. It should be confirmed by XRD investigation.

According to the assumptions, the phases occurring in the 
substrates are in the case of a niobium substrate the phase with 
a predominant volume share is the Nb phase of a body-centered 
cubic network, space group Im-3m (ICSD: 98‒064‒5060) and in 
a lower proportion the Nb phase of a face-centered cubic struc-
ture, space group Fm-3m (ICSD: 98‒004‒1512) (Fig. 12). All 
specimens (W1, W2 and W3) revealed the presence of NbSi2 
phases of hexagonal structure P 62 2 2 (ICSD: 90‒060‒1659) 
(Fig. 13–15).

The cross section hardness test was performed for W1, W2 
and W3 specimens, including the substrate material (Table 4). 
The coatings hardness is constant for all thickness ranges from 
substrate surface to the coating top. There is a very high hard-

Fig. 10. Surface morphology of NbSi layer (W3 specimen). Cracks 
were observed on the NbSi surface

Fig. 11. Surface morphology of NbSi layer (W3 specimen). Cracks 
were observed on the NbSi surface Fig. 12. X-ray diffraction pattern of Nb substrate

Fig. 9. Surface morphology of NbSi layer (W2 specimen). Cracks 
were observed on the NbSi surface
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ness gradient between the substrate and coating, which may 
generate additional stress in the bond coat area and the coating 
structure. It has a negative influence on coating adhesion and 
its mechanical properties.

3.	 HIGH TEMPERATURE OXIDATION TEST
As a result of the HVOF heat test of samples not coated with 
TBC coating, a significant sparkle sputtering phenomenon was 
visible. The high velocity of gases as well as high tempera-
ture on the substrate surface causes materials sputtering. This 
thermal abrasive wear caused a form of a crater to occur and 
thinned the Nb sample (Fig. 16).

Fig. 16. Pure niobium substrate after thermal test (30 s). Magnifi-
cation £1. Material sputtering effect occurred. Yellow oxides on the 

surface were observed

Fig. 17. W1 sample after high temperature oxidation thermal test. 
Magnification £1. No material sputtering effect occurred

Fig. 13. X-ray diffraction pattern of silicon coatings on an Nb sub-
strate, variant 1 (NbSi-W1)

Fig. 14. X-ray diffraction pattern of silicon coatings on an Nb sub-
strate, variant 2 (NbSi-W2)

Fig. 15. X-ray diffraction pattern of silicon coatings on an Nb sub-
strate, variant 3 (NbSi-W3)
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Table 4
Hardness measurements of tested niobium samples

Specimen 
(Nb + NbSi)

Substrate hardness 
(Nb) [HV0.05]

Coating hardness 
(NbSi) [HV0.05]

W1 (NbSi 50 μm) 86 1,180

W2 (NbSi 70 μm) 83 1,180

W3 (NbSi 90 μm) 82 1,180

As a result of the thermal test of Nb-NbSi TBC samples, 
the traces of wear were observed and rated. All of the samples, 
except for Nb-NbSi W2 (Fig. 18), passed the thermal test with-
out significant destruction of the TBC layer or the metallic Nb 
substrate (Fig. 17, 19).

In order to assess the quality of the Nb-Si coatings after the 
thermal test, scanning electron microscopy (SEM) and chemi-
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cal analysis (EDS) investigation were performed (Figs. 21–23, 
Table 5). Results confirmed the presence of substrate Nb com-
pounds as well as Si addition. The oxygen compounds may be 
a result of the highly oxidizing environment that causes the 
generation of a SiO phase in the form of quartz and cristob-

Fig. 18. W2 sample after high temperature oxidation thermal test 
(failed). Critical material sputtering process occurred. The specimen 

was destroyed. Magnification £1

Fig. 19. W3 sample after high temperature oxidation thermal test. 
Magnification £1. No material sputtering effect occurred

Table 5
Surface chemical composition of NbSi coating (W3)  
after HVOF high temperature oxidation thermal test

Element At%

Si 42.36

Nb 5.59

O 52.05

Fig. 20. Heating rate characteristic during thermal test of W3 sample 
(NbSi thickness – 90 μm) and pure niobium

Fig. 21. NbSi topography after HVOF high temperature oxidation 
thermal test (W3 sample)

Fig. 22. NbSi topography after HVOF high temperature oxidation 
thermal test (W3 sample)
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Table 6
Comparison of cracks width for various specimens

Specimen Cracks width [nm]

W1 300–385

W2 180–280

W3 460–690

W3 (after thermal test) 1,000–1,500

Fig. 23. Surface EDS chemical analysis in the defined area of NbSi coating (W3 sample) after HVOF high temperature oxidation thermal test

alite during the thermal test. The SEM photography additionally 
shows some micro-cracks on NbSi TBC coating, which were 
also observed before thermal testing (Figs. 6–11). This may 
be a result of the influence of growing NbSi crystals at high 
temperature and thermal stress during the CVD process. For-
tunately, the micro-cracks that were created did not cause the 
rapid delamination and destruction of the sample during the 
test performed. The crack size comparison is shown in Table 6.

4.	 SUMMARY
The NbSi structure has a characteristic columnar shape. It may 
grow according to Thorton’s rule [27]. Only the Nb-NbSi W2 
sample exhibits total destruction as a result of damage to the 
TBC layer. It is thought that the NbSi coating on the sam-
ple showed some defects before the test. Probably the present 
cracks were formed during the coating process. This stands as 
clear evidence that even a small defect of the TBC layer may 
cause rapid destruction of whole composite material. In the case 
of sample W2, the depth of cracks could be higher than those 
of sample W1 and W3.

The thermal test result shows clearly that the durability of an 
Nb-NbSi sample is almost a binary state. The damage of TBC 
coating under high temperature/velocity conditions causes rapid 
destruction of substrate. The quality of coating surface is very 

important in taking care to prevent the occurrence of cracks 
and delamination.

The Nb-NbSi W3 sample exhibits best TBC thermal prop-
erties, with limitation of the substrate temperature to max. 
1400°C. That result is understandable due to the highest Nb-Si 
coating thickness, which provides a more effective thermal 
barrier. On the other hand, a too large participation of the Si 
component in the TBC layer may cause the generation of brit-
tle and low melting point phases. In the case of the Nb-NbSi 
W3 version of the sample, quartz and cristobalite phases were 
created as a result of impact of high temperature and surface 
local re-melting. The Si phase is highly undesirable, as it may 
cause cracks and excessive wear of TBC coating.

All samples that passed the test showed their ability to sta-
bilize the temperature over time of 30 s during the thermal test. 
The rise time of substrate temperature takes about 10 s, after 
which it keeps constant values (Fig. 20).

5.	 CONCLUSIONS
The optimization of CVD, i.e. the pack cementation process, is 
needed in order to improve niobium silicides coating quality, 
free of cracks and other defects. To investigate what is the NbSi 
coating thickness influence on high temperature oxidation resis-
tance, additional long duration thermal test are required. The 
depth of coating cracks should also be investigated to discover 
the reason for its occurrence. It may have a negative influence 
on oxidation resistance.

Additional XRD analysis should be prepared for specimens 
which have undergone thermal testing. It is needed for oxides 
structure identification as well as other phases.
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