
p. 81–88ISSN 0208-7774 T R I B O L O G I A  1/2018 

Wojciech NAPADŁEK*, Adam WOŹNIAK*, Wojciech CHRZANOWSKI*

STUDY  OF  SELECTED  USABLE  PROPERTIES  OF  THE  TOP  
LAYERS  OF  WELD  OVERLAYS  PRODUCED  BY  LASER  
TECHNOLOGY  FOR  APPLICATIONS  IN  THE  POWER  INDUSTRY

BADANIE  WYBRANYCH  WŁAŚCIWOŚCI  UŻYTKOWYCH  WARSTW  
WIERZCHNICH  NAPOIN  WYTWORZONYCH  TECHNOLOGIĄ  LASEROWĄ   
DO  ZASTOSOWAŃ  W  ENERGETYCE

Keywords:   steam turbine blades, laser weld overlay, Stellit, the top layer, microstructure, hardness, erosion resistance.

Abstract   The paper presents the results of laboratory tests of test specimens produced by multi-layer laser padding alloy 
Stellit Co-6 powder on a substrate with heat-treated X22CrMoV12-1 alloy steel. Multilayer laser padding was 
performed on a TRUMPF TruLaser Cell 3008. The formed weld overlays surface was studied using an optical 
microscope. Selected usable properties, such as surface topography, microstructure, hardness and erosion 
resistance were studied. During the analysis, areas of cross-sections test specimens after multilayer laser 
padded, in the connection zone of the substrate material with weld overlay, no cracks and no discontinuities 
in weld overlay were found in the substrate. As a result of conducted experiments, regular, repetitive weld 
overlays with characteristic directional crystallization were obtained. A microstructure with different growth 
directions with respect to the surface of the substrate shaped coniferous dendrites was obtained. The hardness 
of the weld overlays was in the range from 420 to 620 HV0.1, and in the heat affected zone, in the range of 
320 to 420 HV0.1. Significant increases in erosion resistance of the surface layer of Stellite type Co-6 weld 
overlay produced by laser in comparison with the parent material after hardening were found.

Słowa kluczowe: łopatki turbiny parowej, napoina, Stellit, warstwa wierzchnia, mikrostruktura, twardość, odporność na zużycie.

Streszczenie  W pracy przedstawiono wyniki badań laboratoryjnych próbek wytworzonych metodą wielowarstwowego 
napawania laserowego stopowym proszkiem typu Stellit Co-6 na podłożu ze stali stopowej X22CrMoV12-1. 
Wielowarstwowe napawanie laserowe przeprowadzono na stanowisku TruLaser Cell 3008 firmy TRUMPF. 
Powierzchnię wytworzonych napoin obserwowano na mikroskopie optycznym oraz badano wybrane właści-
wości użytkowe takie jak: topografia powierzchni, mikrostruktura, twardość i odporność na zużycie erozyjne. 
Analizując powierzchnie przekrojów poprzecznych próbek po wielowarstwowym napawaniu laserowym, nie 
stwierdzono pęknięć i nieciągłości w napoinie w strefie połączenia materiału podłoża z napoiną ani w podłożu. 
W wyniku przeprowadzonych eksperymentów uzyskano napoiny o regularnym i powtarzalnym kształcie z cha-
rakterystyczną kierunkową krystalizacją. Uzyskano mikrostrukturę w kształcie iglastych dendrytów o różnych 
kierunkach wzrostu względem powierzchni podłoża. Twardość napoin mieściła się w zakresie od 420 do 620 
HV0,1, a w strefie wpływu ciepła  w zakresie od 320 do 420 HV0,1. Stwierdzono znaczący wzrost odporności 
na erozję warstwy wierzchniej napoiny stellitowej typu Co-6 wytworzonej techniką laserową w porównaniu  
z materiałem rodzimym po hartowaniu.

*  Military University of Technology, Faculty of Mechanical Engineering, Gen. W. Urbanowicza Str. 2, 00-908 Warsaw, Poland, 
e-mail: wojciech.napadlek@wat.edu.pl.

INTRODUCTION

A steam turbine is a rotary thermal engine, where 
processing water vapour energy produces mechanical 
work. In a thermal power plant, a steam turbine, together 
with an electric generator that is driven by it, forms 
a turbine unit [L. 1].

The rotor is the main component of a steam turbine, 
to which identical, profiled, rotor blades are attached. 
Water vapour transmits energy to the rotor by acting on 
the rotor of the aerodynamic force, with flowing vapour 
at a suitable angle to the rotor blades [L. 2, 3].

The turbine blade is an element, which, under 
unfavourable conditions (high pressure, high 
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temperature, corrosion and erosion), carries some 
large dynamic and static loads and it is simultaneously 
exposed to the erosive degradation of the surface layer 
and material fatigue [L. 2–6].

The steam turbine blades are made of steel sheets 
15HM, 13HMF, and 20MF, or bars and forgings of steel 
13HMF and 20MF, as well from high-alloy ferritic steels 
15H11MF, 15H12MF, 15H12WMF and 23H12MNF 
[L. 7].

Regeneration is an important part of the operation 
of steam turbine parts. Compared to the total area the 
absolute amount of wear of the blade working surface 
is small. The core has unchanged properties imparted 
during the manufacturing process. Regeneration is often 
the most cost-effective technological solution [L. 8–11]. 
Presently, widely used methods of reproducing useful 
properties are padding and thermal spraying techniques 
[L. 12].

In the laser padding process, metallurgical weld 
overlays are combined with the substrate material. Its 
properties depend mainly on the chemical composition 
of the weld padding material and the regeneration 
method used. During regeneration often generates 
a wide heat-affected zone, and we also notice a high 
proportion of substrate material in the weld overlay. In 
the case of the modification surface layer properties, 
a large proportion of the substrate material in the weld 
overlay makes it difficult to obtain its proper chemical 
and phase composition, and the appropriate mechanical 
and strength properties of the regenerated element.

In the case of thermal spraying techniques for 
altering its chemical composition, there is the minimal 
impact of the sprayed coating on a substrate. Moreover, 
due to the low temperature of this process, which is 

100–250°C, the coating is connected to the substrate 
adhesively or mechanically, and this may be insufficient 
in the case of heavy mechanical loads. Laser padding 
is widely used for manufacturing machine parts with  
a refined top layer, and it increases resistance to 
corrosion, abrasive wear, erosion, cavitation, and 
improves resistance to creep and fatigue. Laser padding 
often is used to repair machine parts during regeneration 
[L. 6, 9]. Their importance in this area is determined by 
the special features of laser radiation, and the intensive 
development of areas related to the use of lasers in 
material engineering. 

The main purpose of these work was to 
determine, in the laboratory conditions, selected usable 
properties of surface topography, microstructure, 
hardness and erosion resistance of the surface 
layers of weld overlays, which are laser-produced  
on a substrate of alloy steel X22CrMoV12-1 used in the 
production of LP grade (low pressure) turbine blades for 
steam turbines and applicable in the power industry.

SCOPE AND METHODOLOGY OF RESEARCH

The multi-layer laser padding process was performed 
on test specimens made  of X22CrMoV12-1 alloy steel, 
designed for operation at elevated temperatures and with 
the chemical composition shown according to the norm 
shown in Table 1 [L. 7]. The chemical composition 
obtained during laboratory testing is shown in Table 2. 
The results obtained show that most of the elements 
conform to the composition given by the standard, 
except for the exceeded (over 4 times) nickel content.

Table 1.  Chemical composition of X22CrMoV12-1 steel [PN-EN 10088-1]
Tabela 1. Skład chemiczny stali X22CrMoV12-1 

Chemical composition [%]

C Mn Si P S Cr Ni Mo V Fe

0.18÷0.24 0.40÷0.90 0.18÷0.24 max
0.025

max
0.015 11.00÷12.50 0.30÷0.80 0.80÷1.20 0.25÷0.35 base

Table 2.  Chemical composition of X22CrMoV12-1 steel used for testing
Tabela 2. Skład chemiczny stali X22CrMoV12-1 użytej do badań

Chemical composition [%]

C Mn Si P S Cr Ni Mo V Fe

nk* 0.60÷1.30 0.11÷0.15 nk* nk* 11.40÷12.00 2.2÷4.20 0.60÷1.40 0.25÷0.35 base

* nk – content not determined because of too little share or limitation of the microscope used
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Table 3.  Chemical composition of Stellit Co-6 alloy powder (data from the powder manufacturer)
Tabela 3. Skład chemiczny proszku stopowego typu Stellit Co-6 (dane od producenta proszku)

Chemical composition, % mas.

Co Cr W C Others

Base 27–32 4–6 0.9–1.4 Ni, Fe, Si, Mn, Mo

Table 4.  Chemical composition of Stellit Co-6 alloy powder used for testing (own tests)
Tabela 4. Skład chemiczny stopowego typu Stellit Co-6 (badania własne)

Chemical composition, % mas.

Co Cr W Ni Si Mo Fe C

base 27.8–28.5 4.5–5.4 2.0–2.6 1.0–1.2 <0.1 1.5–2.1 nk

* nk – content not specified due to limitations of the microscope used.

 Multilayer laser padding was carried using a TruLaser 
Cell 3008 TRUMPF. Stellit Co-6 alloy powder was used 
to produce the weld overlay. The chemical composition  
of the powder given by the manufacturer is shown in  
Table 3, and the composition obtained during the tests is 
shown in Table 4. 

The results of the tests showed that the 
chemical composition of the powder corresponds 
to the data sent by the manufacturer. Stellit Co-6 
powder, which is a powder alloy, produced during 
inert gas sparging (usually (often) argon, helium),  
as a result we obtain particles of spherical shape, high 
purity, including low oxygen content. The spherical shape 
of the particles and small granulometric dimensions of 
the powder guarantee its stable flow to the feeder.  

The maximum working temperature of the 
laser padded layer by Stellit Co-6 alloy powder is 
approximately 750°C [L. 13]. The surface of the 
formed weld overlays was observed using an optical 
microscope VHX-1000 Keyence company. Sections 
of test specimens were mounted in a resin, using an 
automatic press, Opal 410 from ATA, and grinded and 
polished on a grinding disc-polisher Saphir 520 from 
ATA. The test specimens were sanded on abrasive paper 
graduated from 80 to 2400, then polished on polishing 
disks using a suspension of diamond grit 6 and 3 µm. 
Before examining the microstructure, the surfaces of the 
test specimens were chemically etched using a reagent 
called Kallings.

During the selection of laser weld overlay 
parameters, single stitches and multi-stitch weld overlay 
(from 4. to 10. stitches) were performed. The substrate 
material was heated in an oven to a temperature of 
approx. 400°C before padding.

Measurement of hardness of the basic material 
and weld overlays were made using the Vickers method 
at a 0.1 kG load on Future Tech’s FLC-50A hardness 
tester.  The hardness of the weld overlays and substrate 

materials were measured on cross sections of test 
specimens in the weld overlay, where it was thickest. The 
measurement was started 50 μm from the weld overlay 
face. Further measurements were made on a 2 mm 
section. The distance between successive locations of 
measuring hardness was 50 µm. For each of the samples, 
measurements were performed on three measurement 
lines. The obtained results of hardness measurements 
calculated on the average of three measurement lines.

The topography of the samples with the starting 
material, multilayer laser padding, and countermeasures 
was performed using a Taylor Hobson’s Form Talysurf 
Series 2 scanning profilometer. 

Erosion resistance tests were carried out on a water 
cutter by Waterjet Kimla. The following methodology 
was used for laboratory testing of the erosion process: 
the concentrated stream of water was directed at 
a sample surface with a 25 mm max., outer diameter 
in a spiral arrangement. The spiral outer diameter was  
20 mm (spiral 0.1 mm, track length 3.3 m, water pressure 
1200 bar, the speed of the water jet 5 mm/s, distance of 
the sample from the water nozzle 50 mm).

RESULTS  OF  RESEARCH 

The formed weld overlay faces had a regular and 
repetitive shape with visible particles of not melted 
powder on their surface. This is characteristic and 
acceptable for the laser padding process using alloy 
powder. Sample topographies of the surface of the weld 
overlays are shown in Figure 1.

Characteristic zones in section of the presented 
sample made of X22CrMoV12-1 steel, after laser 
padded with Stellit Co-6 powder alloy, are shown in 
Figure 2. The resulting padded layers are characterized 
by a high homogeneity without closed pores and 
without oxide inclusions, with a distinct border of 
fusion in the parent material (Figs. 2a, d). In the 
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Fig. 1.  View of the top surface of the weld overlay, prepared based on the alloy type powder Stellite Co-6 on alloy steel 
X22CrMoV12-1 substrate by multilayer (10 stitches) method of laser weld padding

Rys. 1.  Widok powierzchni lica napoiny wytworzonej na bazie proszku stopowego typu Stellit Co-6 na podłożu ze stali stopowej 
X22CrMoV12-1 metodą wielowarstwowego (10 ściegów) napawania laserowego

Fig. 2.  View of the characteristic microstructure of the X22CrMoV12-1 alloy steel substrate and weld overlay made of 
Stellit Co-6 alloy powder in the process of laser padding steam turbine blade: PW – weld overlay, PZ – penetration 
zone, HAZ – heat affected zone, GM – ground material

Rys. 2.  Widok charakterystycznej mikrostruktury podłoża ze stali stopowej X22CrMoV12-1 i napoiny wytworzonej z proszku 
stopowego typu Stellit Co-6 w procesie laserowego napawania łopaty turbiny parowej: PW – napoina, PZ – strefa wtopie-
nia, HAZ– strefa wpływu ciepła, GM– materiał podłoża
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padded layer, characteristic areas after directional 
crystallization associated with the convection of 
liquid metal were observed. During the selection  
of the parameters of the laser padding, a varied hardness 
of weld overlays on the sample were found, for which the 
prepared parameters of padded process were incorrect  
(too much mixing of the weld overlay material and 
substrate, insufficient melting of the material).

In the microstructure of the weld overlay, there 
are privileged crystallographic directions of dendrite 
growth in different directions, i.e. perpendicular and at 
different angles to the surface of the core material, and 
in the horizontal plane in lesser amounts (Figs. 2b, c). 
It is associated with a directional process of heat 
transfer into the material and to the surface. Significant 
effects on the various dendrite orientations were the 
processes involved in high-speed heating, cooling, 
and crystallization of multi-run and multi-layer laser 
surfacing (Fig. 1). The dendrite system is compatible 
with the direction of heat dissipation. Dendrites sizes of 
a few to several micrometres (Figs. 2b, c). 

The heat supplied to the basic material during the 
laser padding process can be more accurately controlled 
than conventional arc padding methods. The temperature 
increases during laser padding caused little change in the 

microstructure of the substrate. Partial rebuilding of the 
martensitic grid and small coagulation of iron carbide 
tiles was obtained. 

To assess the weld overlays, measurements 
were made of the microhardness in a cross-section 
perpendicular to the weld overlay surface, i.e. from 
the outer surface of the weld overlay,  through the 
metallurgical connection zone to the steel substrate. 
Due to the heterogeneity of microstructure and chemical 
composition, which is typical for dendritic structures, 
hardness distribution in the cross section of the weld 
overlay is not monotonic and is characterized by high 
variability. 

The graph (Fig. 3) presents the characteristic 
results of the hardness measurement of the heat 
treated X22CrMnV12-1 alloy steel and, the laser 
padded with Stellit Co-6 alloy powder in four 
zones: weld overlay (PW), fusion zone (FZ), heat 
affected zone (HAZ) and in the substrate material 
(SM). The hardness values at individual points  
of the graph are averages of three measurements along 
the line from the surface of the weld overlay to the 
centre of the sample material. Values   obtained in the 
three measurements did not differ by more than 10%. 

Fig. 3.  Hardness graph made on the cross-sectional area of   the sample produced of alloy steel X22CrMnV12-1 – laser-
padded alloy powder type Stellit Co-6, HAZ – heat affected zone, FZ – fusion zone 

Rys. 3.  Wykres twardości na powierzchni przekroju poprzecznego próbki ze stali stopowej X22CrMnV12-1 napawanej laserowo 
proszkiem stopowym typu Stellit Co-6, HAZ – strefa wpływu ciepła, FZ – strefa wtopienia

As a result of laser padding, a hardness of 450 to 
570 HV0.1 was obtained. Between the padded layer 
and the base material, there was a transition zone (FZ 
– fusion zone and HAZ – heat affected zone) with 
a hardness of approx. 320 to 420 HV0.1, which was 
created in the process of padding, remelting, convection 
and crystallization processes. As a result of the above 

transformations, the base material hardened in the zone 
adjacent to the padding to a depth of about 0.3 mm, and 
deeper depending on the applied welding parameters, 
but the hardness remains at the level of the hardness of 
the starting material after heat treatment and ranges from 
300 to 320 HV0.1. 
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The heat of the laser plasma supplied during the 
multilayer process of laser padding, caused the partial 
melting of the steel substrate X22CrMnV12-1 and 
the melting of the Stellite powder. As a result of rapid 
cooling, crystallization occurred along with phase 
changes in both the weld overlays material (PW) and in 
the transition zone (FZ + HAZ). Erosion resistance tests 
were carried out on 25 mm cylindrical test specimens  
(Figs. 4 and 5). Studies shown, that the layers formed by 
the process of laser weld overlay have the best resistance 
to erosion. The basic material, i.e. X22CrMnV12-1 steel 
alloy after heat treatment, showed less resistance to 
erosion in relation to the weld overlays tested.    

The measurements of the surface roughness of 
all samples to test the resistance to erosion in the 
high-pressure water stream revealed that the average 
roughness Ra was within the range of 1.14 +/- 0.05 
microns.

Analysing the surface stereometry of the test 
specimens after the erosion resistance study, high 
surface wear (surface development) was observed for 
test specimens from basic material after heat treatment, 
which increased in proportion to the duration of the test. 
For test specimens with Stellite 6 weld overlays, there 
was no appreciable increase in roughness.

Roughness Ra after erosion resistance tests increased 
for all tested test specimens. For samples with Stellit Co-6 
alloy powder, this increase was from about 0.3 to over  
0.8 μm. Comparable parameters of roughness were found 
for the surface of test specimens made of alloy steel 
X22CrMoV12-1 after hardening. For test specimens 
made of X22CrMoV12-1 steel after heat treatment, 
their erosion wear was so great that the roughness 
measurement on the contact profilometer could not be 
performed.

Obtained results of measurements of erosive wear 
of material (after 120 minutes of test duration) are 
presented in Fig. 6. The results for each of the sample 
variants were averaged (arithmetic average for three 
samples).

Analysing the results obtained, the following can 
be stated:
 – For weld overlays made of Stellit Co-6 alloy powder, 

a weight loss of 0.002g was found.
 – For X22CrMoV12-1 alloy steel after hardening, 

in comparison to Stellit Co-6 alloy powder, 
over 15 times greater material loss was found  
(0.017 g).

 – For X22CrMoV12-1 alloy steel after heat treatment, 
it was obtained compared to padding welds 
and for X22CrMoV12-1 steel after hardening  
20 times higher, approx. 0.339 g erosive wear.

Fig. 4.  View of the characteristic surface sample made of X22CrMoV12-1 alloyed thermally improved steel (a) and surface 
of a sample after laser padded with Stellit Co-6 (b) laser powder, before erosion resistance tests

Rys. 4.  Widok charakterystycznej powierzchni próbki wykonanej ze stali stopowej X22CrMoV12-1 ulepszonej cieplnie (a) oraz 
powierzchni próbki po napawaniu laserowym proszkiem stopowym typu Stellit Co-6 (b) przed badaniami odporności na 
erozję    
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Fig. 5.  View of the surface of heat-treated test specimens made of X22CrMoV12-1 alloy steel, hardened and laser-welded 
Stellit Co-6 alloy powder after laboratory tests of resistance to erosion: a, b) basic material; c, d) hardened basic 
material; e, f) parent material by laser padding; ER – zone of erosive impact of the stream of water 

Rys. 5.  Widok powierzchni próbek wykonanych ze stali stopowej X22CrMoV12-1 ulepszonych cieplnie, hartowanych i napawa-
nych laserowo proszkiem stopowym typu Stellit Co-6 po laboratoryjnych badaniach odporności na erozję: a, b) materiał 
rodzimy; c, d) materiał rodzimy hartowany objętościowo; e, f) materiał rodzimy napawany laserowo; ER – strefa oddzia-
ływania erozyjnego strugi wody

Fig. 6.  Graph of test specimens erosion
Rys. 6.  Wykres erozji próbek
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CONCLUSIONS

Weld overlays from Stellit Co-6 alloy powder produced 
by multi-layer laser deposition on X22CrMnV12-1 
alloy steel base, after heat treatment had a regular and 
repeatable shape, and no cracks were found on their 
surface. The microstructure of the weld overlays, 
were characterized by a characteristic direction  
of crystallization.

After the laser padding process, there were no 
cracks or discontinuities in the zone of the joining the 
weld overlay with the substrate material. 

It was observed, that the weld overlay microstructure 
has the shape of coniferous dendrites with different 
growth directions relative to the surface of the substrate. 
The matrix is fine cobalt austenitic dendrites containing 
Cr, W, Fe, and evenly distributed on the border of their 
separation. The obtained microstructure does not show 
crystallographic anisotropy and the occurrence of so-
called substructures.  Additionally, diffraction analyses 
in micro-areas, as well as diffraction in the macro area, 
have been carried out, and they confirmed the weld 
overlays’ varying the construction of the microstructure 
occurring between the dendrites of complex carbides of 
Co-W.

Roughness Ra after erosion resistance tests for weld 
overlays samples made of Stellit Co-6 alloy powder 
increased from approx. 0.3 to more than 0.8 μm. The 
surface roughness parameters of the X22CrMoV12-1 
alloy steels after hardening had comparable roughness 
parameters. In the case of samples made of steel 
X22CrMoV12-1 after heat treatment, their erosive wear 
was so great that the roughness measurement could not 
be carried out on the contact profilometer.

As a result of erosion resistance tests, after 120 
minutes of the test duration, the following were found:
 – For test specimens with weld overlays made with 

the laser technique of Stellit Co-6 alloy powder, the 
weight loss was 0.002 g.

 – For test specimens of alloy steel after hardening, the 
loss in weight was 0.017g.

 – For test specimens made of basic material after 
heat treatment, the weight loss was approx.  
0.34 g.
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