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The presentation contains information on the results of R&D projects of CVŘ 
implemented in the years 2019 to 2022 as part of a project supported by the 
Technology Agency of the Czech Republic No. TN01000007 within the National 
Center of Competence Program. Specifically, it is a sub-project "Materials and 
material technologies for modern energy applications", work package "Surface 
treatment of components in NPPs and FPPs".

The main outputs for the application of Cold Spray technology to substrates 
made of materials used at VVER 440 and VVER 1000 NPPs using NiCr and Ni 
powders of different particle sizes are presented.
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1. Background



Mechanical properties at room temperature and 350 °C were specifically targeted for CS coatings 
applications for pipeline repairs/modifications. 

GOST 08CH18N10T austenitic stainless steel, GOST 22K ferritic-pearlitic steel and EN 1.4541 
(equivalent to GOST 08CH18N10T) steel were used as substrate materials for spraying. Steel 
tubes of different thicknesses and diameters were used to produce test samples. The orientation 
of the samples was in the longitudinal direction (axial direction of the tube).

As the CS layer material was used NiCr powder with a particle size of 15-32 µm.

A. Tensile tests of the substrates were made on:

- rod samples with a diameter of 6 mm with a working part Lc of 40 mm, meeting the conditions 
of the standard for tensile tests of metallic materials according to ČSN EN ISO 6892. The 
samples were made from the delivered 08CH18N10T, 22K and 1.4541 steel tubes. 

- tube flat samples from the 1.4541 material. 

B. Tensile tests of the CS coating itself were made on flat samples from the uniform coating 
semi-finished product.

C. Tensile tests of substrates with CS coating were made on sprayed tube flat samples with a CS 
coating thickness of 0.5 to 4.5 mm.
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2. Mechanical properties of CS coatings

Figure – Flat sample

Figure – Tube flat sample

Figure – Sprayed rod sample



5

2. Mechanical properties of CS coatings
Sample

No.

Type
Materiál

d0 T mE Rp0,1 Rp0,2 Rm Ag A5,65

(mm) (°C) (GPa) (MPa) (MPa) (MPa) (%) (%)

H21 rod 08CH18N10T 6 25 205 246 266 555 40,1 52,9

H23 rod 08CH18N10T 6 350 210 217 225 408 22,9 35,3

K20 rod 22K 5,97 25 286 376 382 536 14,3 31,8

K22 rod 22K 5,98 350 191 261 278 512 13,5 30,8

4.5 rod 1.4541 6 25 270 161 175 545 52,7 61,7

4.7 rod 1.4541 5,93 350 152 101 113 399 32,3 39,7

Sample

No.

Type

Materiál

a0×b0 Dout T mE Rp0,1 Rp0,2 Rm Ag A80

(mm) (mm) (°C) (GPa) (MPa) (MPa) (MPa) (%) (%)

NCK

1.4541-

1

Tube

flat
1.4541

11,9×20,

0
219,1 24 164 176 187 578 (-) (-)

NCK

1.4541-

2

Tube

flat
1.4541

12,0×20,

0
219,1 24 165 168 180 550 49,6 50,1

NCK

1.4541-

II-1

Tube

flat
1.4541 4,3×20,0 114,3 24 112 205 219 526 34,4 49,6

NCK

1.4541-

II-2

Tube

flat
1.4541 4,7×20,0 114,3 24 134 204 220 532 33,5 50,1

Sample

No.
Type Materiál

a0×b0 T mE Rp0,1 Rm Ag = A5,65

(mm) (°C) (GPa) (MPa) (MPa) (%)

CS1 Flat NiCr 3,4×4,0 25 277 519 523 0,1

CS7 Flat NiCr 3,0×4,0 350 163 - 389 0

Sample

No.
Type

Materiál a0×b0 Dout a02 T mE Rp0,2 Rm Ag = A5,65

(mm) (mm) (mm) (°C) (GPa) (MPa) (MPa) (%)

NCK

15-7-2
Sprayed 
flat

1.4541+CS
13,0×20,

0
221,4 1,13 24 177 191 223 0.42

NCK

15-9-1
Sprayed 
flat

1.4541+CS 6,0×20,0 116,5 1,11 24 89 196 284 0.44

NCK

15-10-4

Sprayed 
flat

1.4541+CS 5,0×20,0 115,5 0,58 24 121 213 280 0.47

Examples of results of tensile tests of the 
substrates – similar results from rod samples

and tube flat samples

Examples of results of tensile tests of CS 
material itself and substrates with CS coating –
almost the same values of yield strength Rp0,2 

and ultimate strength Rm



Heat treatment

In order to improve the mechanical properties of CS coatings, especially ductility, tests were carried out with their 
heat treatment (HT). HT was determined by the NPP operator. The selected maximum temperature of 640 °C was
corresponding to the maximum possible temperature that can be used in NPP technology. The 12-hour endurance 
used at a temperature of 640°C is sufficient for tensile mechanical properties at room temperature to achieve a 
strain of 0.2%, but insufficient for tests at 350°C.

Porosity

In order to determine the porosity of the layer produced by Cold Spray technology, metallographic cuttings were 
made from the supplied samples in the transverse direction. The determined porosity was evaluated using image 
analysis in the AxioVision software in three random locations at 200x magnification. The pore size detection limit 
using this method and magnification was 2 µm2
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2. Mechanical properties of CS coatings
Sample

Average
porosity (%)

The largest pore [µm2]

22K-N2 0.18 34

22K-He 0.14 34

08CH18N10T-N2 0.61 64

08CH18N10T-He 0.21 61

Table: Measured porosity 

Microstructure of 22K: Nitrogen 
(up), Helium (down)

Conclusions:

The following can be stated about the mechanical properties of the CS material itself:

• The ultimate tensile strength limit Rm is like the strength limits of the tested substrates.

• The CS material is brittle, it has almost zero ductility which can be improved by heat treatment

• Of the types of samples used, tube flat samples appear to be suitable for testing the substrate x CS pair in terms of sample 
geometry. The tensile test of the substrate-CS pair can be used to evaluate whether the mechanical properties of the CS layer are 
satisfactory/unsatisfactory for supplementing the substrate material by CS coating for concrete tube component.

• CS coatings show very low porosity in contrast to other hot sprays.

• Finer powder particles or helium as medium – lower porosity and higher tensile stresses (ultimate tensile strength and yield 
strength)
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3. Metallographic assessment of components 
repaired by spraying CS from the outside

"Flowability " tests goal – to evaluate the coating's ability to fill a defect in the 
substrate. 

Test pipes with an artificially made V-groove and holes with diameters of 1, 2 
and 3 mm were used, which were then coated using Cold Spray technology to 
cover artificial defects with minimum coating thickness of 1 mm. 

The coating was made with the nozzle perpendicular to the surface and 
alternately at two angles (45° and -45°). 

For two test pipes, aluminum plugs were inserted into holes with diameters of 
2 and 3 mm before making the CS coating. 

Evaluation of "flowability" was performed using metallographic cuttings and 
light microscopy.
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3. Metallographic assessment of components 
repaired by spraying CS from the outside

Conclusions:

• From the performed metallographic analyzes of sprayed test pipes with 
notches, it follows that the angle of the spray nozzle to the surface of the 
pipe and the notch has a major influence on the filling of the notches with 
spray and the creation of a compact covering layer. 

• When spraying with a nozzle perpendicular to the surface of the pipe, only 
the non-passable V-groove was filled, the other through grooves were not 
filled. 

• A compact covering layer was formed when using gaskets for 2- and 3-mm 
diameter notches, but the use of gaskets may have an effect on corrosion 
resistance. 

• When spraying with a nozzle at angles of 45° and - 45°, applied 3 times in 
total (the tube "spins"), a compact and integral covering layer was achieved 
that covered all the notches. The swollen layer also showed the least 
porosity. The disadvantage of this configuration is the lower penetration 
ability of spraying in depth at an angle of 45°.

It follows from the above that for specific applications it is necessary to carry 
out the tests to optimize the spraying.
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4. Potentiometric analysis of CS coatings 
Principle of measurement

• Three-electrode system

• Graphite counter electrode

• Silver chloride reference electrode

• The result is a recording of the dependence of the current 
(corresponding to the reaction rate) on the potential of the sample 
with respect to the reference electrode

• Potentiodynamic curves were recorded for the tested materials 
and at the same time the corrosion potential was determined in 
the environment of an aqueous solution of 58 ppm NaCl at room 
temperature. 

Fig. Principle of measurement
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4. Potentiometric analysis of CS coatings 

Conclusions:

• Differences were found between coatings with different 
application angles. The coating applied at an angle of 45° had a 
lower corrosion potential and a greater dispersion in the shape of 
the curves. 

• The 22K steel used has a lower corrosion potential than both 
coatings, NiCr (45°) is close to this value. 

• In the case of the second substrate, 08CH18N10T steel, the 
corrosion potential is higher than 22K steel and both coatings. 

• The corrosion potential values and the shapes of the recorded 
curves of both materials correspond to the expected behavior in 
the used environment. 

According to the above metioned, CS coatings should not reduce 
corrosion resistence of substrate materials.

Material Corrosion potential E cor [V vs AgCl]

22 K -0,26 ± 0,04

NiCr (CS) -0,11 ± 0,03

NiCr (CS 45°) -0,22 ± 0,05

Table: Potentiometric tests - Corrosion potential

Potentiodynamic curves of 3 samples of NiCr CS



11

5. Fatigue tests of CS coatings
R&D program for cyclic and thermal fatigue has three steps:

1. Production of test samples with CS coatings
• Two types of powders were used for spraying – NiCr and Ni.
• The plate from 1.4541 material with thickness of 16 mm was used for production of two substrates with dimensions of 110 x 

280 mm. These substrates were sprayed with CS (NiCr and Ni) with a thickness of 2,5 mm. Subsequently, 15 pieces of test 
samples with dimensions of 16,5 x 15 x 100 mm for each type of spraying were made (total of 30 pieces of samples).

2.Cyclic fatigue
• Low-cycle fatigue by 4body-bending for 2 load types. 
• Total of 20 pieces of samples were used (2 loading types x 2 types of powder x 5 samples). 
• Tests on the verified condition of the coating after exposure to cyclic fatigue were UT and microanalysis.

3. Thermal fatigue 
• Thermal cycling when heated to 320 °C followed by cooling with water to room temperature for a total of 30 cycles. Total of 10 

pieces of samples were used (2 types of powder x 5 samples).
• Tests on the verified condition of the coating after exposure to thermal fatigue were UT and microanalysis on a in order to 

demonstrate the presence of cracks and the quality of the substrate x coating interface. 
• Supplementary tests for thermal fatigue:  Heating up to temperature of 270 °C (the trend corresponding to secondary side of 

NPP). Undamaged and heat treated (390°C/120 hour) specimens from cyclic loading were used.
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5. Fatigue tests of CS coatings - cyclic fatique
Low-cycle fatigue by 4point-bending for 2 load types. 

• First load type: one load level: Asymmetry cycle R=0.1; Fmax = 85% Rp0.2 (tensile results from 2020 used for steel 1.4541, 
where Rp0.2 = 186 MPa), 50,000 cycles. For a given value, all samples are intact (result of optical evaluation without cut + UT).

• The second load type: Determined common level Maximal stress = 400 MPa (maximal stress was determined by successive 
cycling of one sample from each CS material: step +20MPa/+50.000 cycles - NiCr up to 460MPa and Ni up to 440MPa); cycle 
asymmetry R=0.1; A total of 100,000 cycles. Fracture occurrence recorded on Ni CS coating – see table below.

Powder Load type

Maximal 
stress in 
MPa Fracture in number of cycles

Ni 1st 158None in 5 pcs
Ni 2nd 400None in 1 psc, 64.000,43.000,48.000
NiCr 1st 158None in 5 pcs

NiCr 2nd 400None in 4 pcs

Photo: Example of fracture after cyclic loading

Table: Results of fracture formation after cyclic loading
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5. Fatigue tests of CS coatings - thermal fatique

From production NiCr

Ni

Configuration of Supplementary
temperature cycling tests

Thermal fatigue when heated to 320 °C/1hour followed by cooling with water to room temperature for a total of 30 cycles (5+5 pcs).
• Samples with NiCr showed visible peeling (exfoliation) already after the first cycle
• Samples with Ni - peeling was not optically observed until after 30 cycles.

Supplementary tests corresponding to the real trend of the secondary circuit technology – 10 cycles up to 270 °C):
For both types of coating, no microcracks were recorded at the coating x substrate interface.

Peeling after temperature cycling (320°C/1 hour/water)
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The goal of R&D for the area of NDT CS coatings was to demonstrate inspectability of CS coatings by ultrasonic 
techniques PEUT and PAUT:

• the possibility of measuring the thickness of CS coatings using the PEUT technique

• detection and sizing of defects in the substrate or CS coating using the PAUT technique

To achieve the goals, the following activities were carried out::

1. Measurements on step gauges that were made of CS coating material from NiCr and Ni powder using different 
particle sizes. Gauges were used to measure Cold Spray properties: 

• attenuation measurement 

• measuring the velocity of the ultrasonic signal 

• thickness measurement

2. Measurements on two dissimilar metal weld pipe samples, development was carried out to verify:

• the thickness measurement of CS coatings

• detection and sizing of defects.

6. Inspectability of components with CS coating
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Inspection procedure for CS coating measurement

Fig. Example of step gauge

Fig. Example from CS coating UT thickness measurement

6. Inspectability of components with CS coating
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6. Inspectability of components with CS coating

Produced EDM notches are detectable and sizing can be done.

PAUT of test piece with Ni CS coating and detected EDM notches (marked 
in yellow)

PAUT of test piece with NiCr CS coating and detected EDM notches (marked in 
yellow)



Conclusions

The PEUT technique proved to be suitable for measuring the thickness of the Cold Spray coating up to a coating 
thickness of 3.5 mm and a minimum substrate thickness of 5 mm. The differences between the metallographic 
evaluation of the CS layer thickness and the ultrasonic measurement results are in the order of tenths of mm.

The PEUT technique is also suitable for measuring attenuation, it is recommended to measure the attenuation 
before and after spraying for mutual comparison. An increase in attenuation after CS injection indicates a porosity of 
the coating. The differences in the attenuation values before and after the deposition of the CS layer are negligible, 
ranging in units of dB/m.

The PAUT results demonstrate that the more significant defects found in DMW when tested from the carbon steel 
side before CS injection are detectable even after spraying of CS coating with a thickness of about 1.5-2 mm. If it is 
necessary to perform testing from the stainless-steel side, it is recommended to use a probe with a lower frequency.

The PAUT technique very well detects artificial defects of the EDM type in the CS spraying itself, and sizing can also 
be performed.

Note: R & D program have shown that CS coatings can be inspected using PEUT and PAUT techniques, unlike 
other hot sprays.
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6. Inspectability of components with CS coating



CS technology was applied to the root region of the dissimilar metal weld of pipe appendix 

with dimensions of 108 x 4 x 130 mm. The basic materials were carbon steel 12022.1 and 

stainless steel 1.4541. Test pieces were subjected to direct VT and RT inspections of the 

weld before spraying.

NiCr CS coating was deposited on one piece, Ni CS coating on the other.

Because the first injection procedure resulted in high porosity, the procedure was modified 

(the weld root was removed ; the method of applying individual layers of spray has been 

changed).

The CS coating was verified by predefined tests. Based on their results it can be stated that 

CS spraying on internal surface of DMW is a proven technology from the point of view of the:

• inspectability

• porosity of the coating and the quality of the interface between the coating and the 

substrate (verified by analysis of the macrostructure, microstructure and non-destructive 

testing) 

• corrosion resistance (verified by a salt spray test according to the ČSN ISO 9227 

standard). 
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7. CS coatings as protection of DMW against SCC

Fig. Schema of CS coating spraying
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7. CS coatings as protection of DMW against SCC

Fig. Metallographic assessment Ni CS coating after salt fog test

Ni coating after corrosion in salt fog (corrosion
tests in salt fog on the Ni sample after an exposure 
time of 7 days) did not show any attack on the 
substrate through the layer of CS coating.

Outer surface

Inner surface
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NiCr coating after corrosion in salt fog (corrosion
tests in salt fog on the NiCr sample after an 
exposure time of 7 days) did not show any attack 
on the substrate through the layer of CS coating.

Outer surface

Inner surface

7. CS coatings as protection of DMW against SCC

Fig. Metallographic assessment of NiCr CS coating after salt fog test
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This part of R&D project is in progress.

Description of test flange

• The experimental measurement will be carried out on a standardized blanking flange DN40 PN 16 
(ČSN EN 1092-1 Typ05) made of P265GH.

• One flange of the pair will be equipped with a filling hole and a hole for placing the temperature 
sensor. Artificial defects will not be realized in the flange with the filling hole.

• The second flange from the pair will be used to realize artificial defects which will be subsequently 
repaired. A defect will be made into the sealing surface of this second flange.

• Description of the surface defect:

Local removal of material up to 50% of the width of the effective sealing surface. This artificial 
defect is supposed to represent local corrosion of the sealing surface. The removal of material 
is made using a cylindrical cutter with a radius of 18 mm to a depth of 2 mm. The drawing of 
the defect is in Figure 2.

• Sequence of activities

▪ Flange leakage test without and with simulated defect

▪ Application of NiCr CS coating.

▪ Processing of CS coating to create a sealing surface

▪ Leakage test of the repaired flange

▪ Evaluation of the microstructure of the CS coating x substrate interface

8. Repairs of sealing surfaces by CS coatings

Fig. Photo of the test flange with

simulation of corrosion defect
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Cold Spray technology is proving to be a promising repair technology. It can be used in the production of 
external protective layers, internal protective layers such as for dissimilar metal welds, for repairing sealing 
surfaces, for replenishing material, etc. There will be its greater usability after possibility of usage of mobile 
devices for CS spraying - for in-situ repairs in NPP technology etc. 

The spraying of all Cold Spray coatings to produce test samples took place at:
Impact Innovations GmbH
Bürgermeister-Steinberger-Ring 1
84431 Rattenkirchen
GERMANY

www.impact-innovations.com

With the permission of Impact Innovations, here your can find the cold spray process animation videos:
- https://www.youtube.com/watch?v=yF7qNuLe2Ok
- https://www.youtube.com/watch?v=hFwqt276YWA

All Impact Innovations videos you can see here: https://www.youtube.com/c/Impactinnovationscoldspray/videos

9. Conclusions

http://www.impact-innovations.com/
https://www.youtube.com/watch?v=yF7qNuLe2Ok
https://www.youtube.com/watch?v=hFwqt276YWA
https://www.youtube.com/c/Impactinnovationscoldspray/videos
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http://cvrez.cz/

Thank you for your attention

http://cvrez.cz/

