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Hydro-abrasive wear is a major problem for the efficiency and durability of Francis turbines, widely used in hydroelectric power
plants due to their ability to transform hydraulic energy into sustainable electricity. Constantly exposed to abrasive particles
in water, turbine components are subjected to intense stresses, which lead to progressive deterioration and shortening of their
lifespan. In this context, scanning electron microscopy (SEM) analysis becomes an essential tool for the evaluation and under-
standing of microscopic defects induced by hydro-abrasive wear. SEM allows for the detailed characterization of the affected
surfaces and the identification of the types of damage, thus providing fundamental data for the optimization and selection of
abrasion-resistant materials. Thermal spray of materials, such as Metco 71 VF-NS (WC12Co) are an important solution in
combating wear, being renowned for their increased hardness and strength. These sprayed layers not only protect the turbines
from the effects of hydro-abrasive wear, but also contribute to the overall efficiency of the system by reducing the frequency of
repairs and maintenance. Thus, in the context of renewable energy, where reliability and durability of equipment are essential,
the use of advanced materials to protect Francis turbines represents a crucial step towards sustainable and efficient production
of electricity based on hydraulic resources. 22 Ref., 2 Tabl., 5 Fig.
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ligpoabpa3uBHE 3HOLIYBaHHS € OCHOBHOIO ITpo0ieMoIo epeKTHBHOT Ta JOBroBidHOI poboTH TypOin dpeHcica, ki MIMPOKO
BHUKOPHCTOBYIOTHCS Ha T1JPOEIEKTPOCTAHIISNX 3aBASKH IXHIN 3/1aTHOCTI IEpETBOPIOBATH TiIPaBIiuHy SHEpPrito B CTA0IIbHY
enekTpoeneprito. [TocTiiiHo mijiarounch BIUTMBY a0pa3UBHUX YaCTHHOK y BOJIi, KOMIIOHEHTH TYpOiHH 3a3HAIOTh iHTEHCHBHUX
HaBaHTAXXEHb, 1110 IPU3BOAUTH 10 NPOTPECYIOUOro NCYBaHHS Ta CKOPOUCHHS TEPMiHY iX CirykOH. Y 1[bOMY KOHTEKCTi aHai3
3a JOMOMOTOI0 CKaHYI04O0i eleKTpoHHoI Mikpockonii (SEM) cTae BaIMBUM IHCTPYMEHTOM JUISl OLIIHKH Ta PO3YMiHHS
MIKPOCKOIIYHUX Je(eKTiB, BUKINKAHUX Tiapoadpa3suBHUM 3HocoM. SEM 103BoJIsI€ IeTanbHO OXapaKTepH3yBaTH ypaxkeHi
MOBEPXHi Ta 1ICHTU(IKYBATH TUITH MOIIKOKCHb, TAKUM YHMHOM 3a0e3rneuyroun GpyHIaMeHTaIbHI JaHi s OnTUMI3amii Ta
BUOOpY MarepialiB, CTINKKAX 70 CTHpaHH:. TepMOpO3MIICHHS Marepiani, TakuX sk Metco 71VF-NS (WC12Co), € BaxIuBuM
pimeHHsAM y 60poTh0i 31 3HOCOM, BIIOMUM CBOEO IMiJIBUIICHO TBEPAICTIO Ta MilHicTIO. [[i HANMWICHI Iapu HE TUTBKH
3aXUINAKTh TYpOiHU Bijl BIUIMBY Tiip0aOpa3suBHOIO 3HOCY, ajie i CIPUSIOTh 3aralibHiil €pEKTUBHOCTI CHCTEMH, 3MCHIIYFOUYH
4acTOTYy PEMOHTIB i TEXHIYHOTO 00CIyroByBaHHs. TakMM YMHOM, Y KOHTEKCTI BiJIHOBIIIOBAaHOT €HEPreTUKH, JIe HAJIHHICTB 1
JIOBTOBIYHICTb 00JIaIHAHHS € BKIIMBUMH, BUKOPUCTAHHS TIEPEJOBUX MaTepiaiiB Juis 3axucty TypOin dpeHcica € BupimaabHIM
KPOKOM JIO CTaJIOTO Ta e()eKTHBHOTO BUPOOHUIITBA EJICKTPOCHEPTii Ha OCHOBI TiApaBiIiuHuX pecypcis. bibmiorp. 22, Tabum. 2,
puc. 5.

Kniouosi cnosa: mepmiune nanunenus, ROKpUMms, CKaHylo4a enekmponna MikpoCKonisi, Cmpykmypa, mosuwuna, nopucmicms

1. Introduction. Choosing the right turbine for
a specific application requires a detailed analysis of
design parameters, including energy efficiency, wear
resistance and operating conditions. Therefore, com-
bining advanced materials analysis technologies with
efficient design solutions contributes to the develop-
ment of Francis turbines that not only optimize energy
production but also minimize environmental impact,
thus supporting the transition to a more sustainable
and greener energy system.

Turbine blades are the most affected by hy-
dro-abrasive wear, being directly exposed to the water
stream and abrasive particles [ 1-3]. Wear can signifi-
cantly reduce the operational efficiency of the turbine,
as the affected surfaces become rougher and turbu-
lence increases, leading to energy losses.

A high concentration of sand, gravel or other parti-
cles can accelerate wear. In regions where rivers carry
large amounts of sediment, turbine wear is particu-
larly severe, and hard materials such as quartz cause
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faster wear than soft particles [1, 4]. Water velocity
can influence hydro-abrasive wear; higher water ve-
locity means that suspended abrasive particles have
greater kinetic energy and can cause faster wear.

Modernization of existing plants, development of
advanced turbine technologies, and efficient water
management are essential to maintaining the important
role of this form of energy. An increase in the integra-
tion of hydropower with other renewable sources, such
as solar and wind, is expected to ensure a stable energy
supply. Investments in pumped storage technology and
the development of marine energy also open up new
possibilities for the future of hydropower.

There are known a lot of nondestructive (NDT)
techniques possible to solve the diagnostic problems
related with protective layers of the gas turbine com-
ponents and blades operated in hard conditions [5—
13]. In [6-7] eddy current (EC) NDT techniques for
detection of magnetic anomalies in gas turbine disks
and flaws located in fillet zone of blade were proposed
and investigated. The promising results were obtained
by apparatus realized by so called frequency scan-
ning eddy current (EC) technique developed in CESI
S.p.-A. (Milan, Italy [8-10]. This EC technique based
on the evaluation of EC probe impedance changes in
the 5.9 to 8 MHz range of operational frequencies was
used to characterize the depths of grinding burns in
heat resistant steel in the range of depths from 1...3
to 100 um [11]. In this paper, the second EC method
based on elevated 200 MHz operational frequency ap-
plication was successfully applied also. The EC tech-
nique based elevated frequencies of 100 MHz, 200
MHz and 400 MHz application was successfully ap-
plied for evaluation of parameters of gas-filled layer
in titanic allow blades [12—-13].

In this paper, the base material and hard layer
structures of turbine blades were analyzed as the first
stage needed to solve the related diagnostic problems.

2. Materials and method of thermal spraying.
Base materials. AISI 4140 stainless steel is a stainless
steel used for making hydraulic vanes, due to the bal-
ance between cost and performance. It is resistant to
corrosion in many corrosive environments. This steel
can be subjected to high mechanical loads, being strong
enough to withstand impact forces. Hydraulic vanes
made of this steel ensure a relatively long service life.

Figure 1 shows an acicular martensitic microstruc-
ture obtained under an optical microscope. This mi-
crostructure is formed as a result of the carbon content
and the applied heat treatments, such as quenching
and tempering. During the quenching process, the
steel is heated to a high temperature, followed by rap-
id cooling, which leads to the transformation of aus-
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Figure 1. Microscopic structure of AISI 4140 stainless steel
Puc. 1. MikpocTpykrypa Hepxakoi craii AISI 4140

b

tenite into martensite [14, 15]. This transformation
process produces a network of long and thin needles,
oriented in various directions, which are visible at the
microscopic level and give the steel superior mechan-
ical properties, such as hardness and increased resist-
ance to mechanical stress.

The acicular martensitic structure plays an impor-
tant role in the mechanical behaviour of AISI 4140
steel, as it provides wear resistance and the ability to
take on high loads without permanent deformation.
Tempering treatments also allow the reduction of in-
ternal stresses and improvement of the ductility of the
steel, while maintaining good mechanical strength. In
conclusion, the acicular microstructure of martensite
is a key factor in ensuring the performance of this type
of steel in demanding industrial applications [16, 17].

Due to the exposure of this sample to corrosive
environments (it was taken from a decommissioned
Francis turbine), the appearance of oxides on the sur-
face or in the microstructure is observed, visible as
dark spots or inclusions under the microscope. These
can slightly affect the behaviour of the material under
certain conditions. It can also be observed that areas
with alpha ferrite, a more ductile phase that forms dur-
ing solidification, also appear. Alpha ferrite appears
in the form of elongated grains dispersed among the
martensite needles. These grains contribute to reduc-
ing the brittleness and increasing the ductility of steel.

Coating Thermal Spray Method. Plasma jet
spraying is an advanced coating method that applies
hard coatings to metallic, ceramic, or composite sub-
strates to improve their functional properties [18, 19].
This technology is commonly used to add wear, hy-
dro-abrasion, high temperature, and corrosion resist-
ance using materials such as WC12Co and ceramic
oxides. The process involves generating a plasma jet
through an electric arc, which heats a working gas (ar-
gon, hydrogen, helium) to temperatures up to 15 000°C.

Plasma jet spraying is an advanced, versatile, and
efficient technology for applying hard coatings, such
as WC12Co (Figure 2). This technology provides
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Figure 2. Plasma jet thermal spraying

Puc. 2. TepmiuHe HAMIICHHS TUTA3MOBHM CTPYMEHEM
films with superior wear, corrosion, and high temper-
ature resistance properties, making it essential in var-
ious industries where surface protection is critical for
performance and durability [20].

Plasma is an ionized gas capable of carrying the
energy needed to melt the material powder particles
injected into the plasma flow. Plasma jet spraying
produces dense and highly adherent layers due to the
high impact velocity of the molten particles and the
high temperature of the plasma.

Spraying Material. Plasma-sprayed coatings are
used in critical industries such as aerospace, automo-
tive, and energy. In particular, coatings WC are high-
ly valued for their high hardness and wear resistance,
and are used to protect surfaces subjected to extreme
conditions such as cutting tools, components subject
to intense erosion and friction, or equipment parts ex-
posed to abrasive environments [21].

To spray the coating by plasma thermal spraying
WC12Co powder combined with a cobalt binder. This
mixture provides excellent wear, erosion, and shock
resistance, and is widely used for applications requir-
ing extreme durability in abrasive environments [22].

Cathode

Particles/substrate

Powder injection
impact

. Workpiece
Molten particles
acceleration

Coating
Powder particles Melting
ARC plasma flame

3. Results and Discussion. SEM Analysis. The
scanning electron microscopy (SEM) analysis of the
samples coated with WC12Co powders provides de-
tailed information about the microstructure of the layer
obtained by thermal plasma spraying. This analysis is
essential for evaluating the quality, material distribution
and mechanical behaviour of the layer. From the SEM
analysis, WC12Co particles in irregular structures are
observed, dispersed in the cobalt matrix (Figure 3).

From particle analysis by scanning electron mi-
croscopy, a detailed characterization of particle size
and morphology can be obtained. SEM allows for a
precise assessment of individual particles. SEM anal-

Table 1. Particle size analysis of WC12 powders used for

spraying
Tabmuug 1. Anaui3 po3mipy yacTuHok nopoumkis WC12, ki
BHKOPHCTOBYIOTHCS /151 HATTUJICHHS

Value r, um d, pm A, pm?
Min. value 1.76 3.53 9.78
Max. value 14.68 29.37 677.47
Mean value 5.94 11.87 148.23

Std. dev. 3.46 6.92s 173.55

where: » — radius of the particles, d — diameter of the particles,
A — area of WC12Co particles.

a b
Figure 3. SEM images: a — determination of the size of WC12Co powders used for spraying, where: d — is the particle diameter; b —
their EDX analysis
Puc. 3. SEM 300pakeHHs: ¢ — BU3Ha4eHHS po3Mipy nopommkiB WC12Co, siKi BUKOPUCTOBYIOTECS LTS HAITMIICHHS, Jie: d —
niameTp 4acTUHOK; b — ixHiit EDX anami3
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SEMHV: 30.00kV  WD: 14.10 mm
View field: 845.0ym Det: SE

a

200ym

VEGAITESCAN SEMHV: 300KV WO: 14.40mm
View field: $45.0 ym Det: SE

b

200 pm

Figure 4. SEM image of the layer sprayed with WC12Co; a — SEM analysis, b — layer thickness analysis
Puc. 4. SEM 306paxenns mapy, Harnuiernoro WC12Co; @ — SEM ananis, b — aHaii3 TOBIIMHY IIapy

ysis allows for the observation of morphological de-
tails of WC-Co particles, which can have irregular,
sharp or rounded shapes, depending on the manufac-
turing process.

Typically, WC12Co particles are regular, which fa-
vours a good mechanical bond in the coating layer.
Dimensional measurements can be made directly on
SEM images at a well-defined scale, ensuring preci-
sion in determining the particle size distribution (Fig-
ure 1). The determined size of the particles used is
presented in table 1. It varies between 3 and 29 mi-
crons in diameter with their average diameters being
approximately 5 pm and the area of 148 pum.

Tungsten cobalt carbide is known for its hardness
and ability to resist abrasion, making it a material of
choice in industries where wear protection and me-
chanical strength are essential.

The resistance of the coatings to hydro-abrasive
wear and corrosion makes them ideal for applications
such as hydraulic turbine blade coatings, dirty water
pump coatings and in mining industries such as salt
mining, where hydro-abrasive wear and corrosion are
common problems.

For the analysis of the thickness of a coating sprayed
with WC12Co, several measurement methods can be
used. Among all the existing methods, thickness de-
termination using electron microscopy was chosen be-
cause it offers high resolution and can measure very
small thicknesses. Also, from the SEM image obtained,
an analysis of the layer-substrate interface can be per-
formed. Thickness measurements on SEM are of very
high precision because it has the ability to measure thin
layers at the nanometric level.

Determining the thickness of a coating of WC12Co
sprayed using scanning electron microscopy involves
several steps and techniques, which allow obtaining
precise and detailed measurements of the layer thick-
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ness. The sample made by thermal plasma jet spray-
ing was sectioned perpendicular to the layer surface,
to obtain a cross-section through the WC12Co layer
and substrate. After cutting, it was embedded in an
epoxy resin to protect the edge of the sample and fa-
cilitate subsequent handling in the grinding and pol-
ishing process. The samples were subjected to succes-
sive grinding processes, to obtain a flat and smooth
surface at the interface between the layer and the sub-
strate. In order to better highlight the layer and the
substrate but also the interface between them, the
samples were chemically etched prior to SEM anal-
ysis (Table 2).

The thickness of the layer can be measured direct-
ly on the SEM image, by calculating the distance be-
tween the layer-substrate interface and the upper edge
of the layer. SEM images include a precise scale, al-
lowing the thickness to be measured with very good
accuracy. Also, for even greater precision of the thick-
ness value of the sprayed star, measurements are made
at several points along the layer section, the average
of these measurements providing a precise estimate of
the average layer thickness.

EDX analysis. EDX analysis is a technique at-
tached to a scanning electron microscope and works
by analysing the X-rays emitted by samples when
they are bombarded with electrons. Each element
emits characteristic X-rays, and the analysis of these

Table 2. Dimensional analysis of the sprayed coating
Ta6auust 2. AHAJI3 PO3MipiB HANIMJIEHOT0 MOKPUTTH

Ob]e?rtlname Thldflzlzlszs l[um] Value Thickness [um]
T2 115.55 Min. value 115.55
T3 123.54 Max. value 131.77
T4 131.77 Mean value 125.15
T5 131.7 Std. dev. 6.81

where: T1-T7 — represents the names of the areas where the thick-
ness determination took place on the SEM image in Figure 4.
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Figure 5. SEM images with EDX analysis of the sprayed layer (1) and the substrate (2); a — EDX mapping; b — in-line EDX analysis
Puc. 5. SEM 300paxenns 3 anaiizom EDX nammenoro mapy (1) 1 miaxnanku (2); @ — Bigodpakenus EDX; b — notounnii ananiz EDX

radiations allows the identification and quantification
of the chemical elements present in the sample.

From the SEM analysis performed in the section
it can be seen that the interface between the layer and
the substrate is very well determined, very uniform
and without defects which indicates that the adhesion
is very good. From the EDX compositional analysis
presented in Figure 5 it can be observed a homogene-
ous distribution of the WC and Co layer.

Also, at higher magnifications areas with reduced
porosity are observed. This is due to some particles
that are partially melted. This is a characteristic of
coatings made by thermal spraying, and the presence
of pores can influence the mechanical properties of the
layer, especially the resistance to wear and corrosion.

Conclusions

Hydropower plays a key role in the transition to re-
newable sources, but hydro-abrasive wear of turbines
caused by solid particles in water is a major challenge.
Reducing this type of wear through advanced vortex
technologies and plant modernization is crucial to
maintaining the efficiency and sustainability of hy-
droelectric systems.

Chemical analysis of the base material from a
Francis turbine blade revealed that the stainless steel
used, of the GX3CrNil3-4 grade, has a high chromi-
um and nickel content, which gives it excellent cor-
rosion resistance and good ductility. These properties
are essential for hydraulic blades exposed to aggres-
sive environments such as salt water.

By using SEM, precise measurements of the thick-
ness of the WC12Co layer can be obtained, along with
detailed information on the structure and uniformity
of the spraying. This process is essential for validat-
ing the quality of the protective layer and the spraying
parameters used.
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LiniCHOCTI KOHCTPYKLii, aHanisi BigMOB Ta iHLINX
BaXNMBUX TeM Y Lin rany3i. KoHdepeHuia ICSID
2025 cnpuatumMe cniBnpaui MK HayKoBUAMWU Ta
ekcneptamMmu 3 yHIBEPCUTETIB, MPOMUCIIOBOCTI Ta

fpomenc Xopuatis, 15-

VIl MixknapogHa KoHdepeHUif 3 NUTaHb LiniCHOCTI KOHCTPYKLUil
Ta goBroBiyHocTi 2025
16 - 19 BepecHs 2025 poky

Mertoto koHdepeHLUii ICSID 2025 € 06’egHaHHA BYEHMX Ta iHXEHEPIB 3 YCbOro CBITY Ans 0broBopeH-
HSl TOrO, SIK XapakTepuayBaTtu, aHarnisyBaTu, NPOrHO3yBaTN Ta OLHIOBATN BTOMY Ta PYMHYBAHHS KOH-
CTPYKUiHNX mMaTepianiB i KoMnoHeHTiB. ICSID 2025 mae Ha meTi ctati hopyMoMm Ansi 0BroBopeHHs

ICSID 2025

NOTOYHUX | MaWBYTHIX TEHOEH-
Lin B eKkcnepuMeHTarnbHin, Te-
OPETUYHIN | NpUKNagHin mexa-
Hili pynHYBaHHS, BTOMi, OLjiHLj

19 90g0

ypsay, Ski 3aiMaloTbCsl MpobnemMaMu BTOMU Ta [k

pyviHyBaHHs mMarepianis i KOHCTpyKuin. [ns ac-
nipaHTiB, AOCMIOHWKIB Ta iHXXeHepIB 3 MPOMMUCIIO-
BOCTi nepen KoH(epeHLuieto Oyae opraHisoBaHO
[OBOAEHHY LUKOSY 3 MOZENoBaHHS Ta aHanisy
BTOMMW Ta PyNHYBaHHSA pa3oM i3 0GroBOpeHHsAM 3a

KPYrf1M CTONIOM Ha TEMY «AK MOeaHaTH HayKy Ta
NMPOMUCIIOBICTbY.

TemaTuka koHdepeHLuii:

[NepenoBi MeToaM TECTYBaHHSA Ta OLiHIOBaHHS

AHaniTuyHi mogeni

3acTocyBaHHS 40 KOMMOHEHTIB i KOHCTPYKLN

LLUTy4HWn iHTENEKT B @aHani3i CTPyKTYPHOI LiniCHOCTI

Koposisi, gerpagadisi Ta po3TpiCKyBaHHS, BUKIMKaHI

HaBKOMULLUHIM cepefoBULLEM, KOPO3iiHa BTOMA

LinkniyHa gedopmaldiis Ta 3apomKeHHs TPiLLMH

MexaHika Ta Mmogerni NoLKOaAKEeHb

o basu gaHux, ekcnepTHi cuctemm Ta nporpaMmHe
3abe3neyeHHs

o [OBroBiYHICTb | NPOAOBXEHHSI TEPMIHY CIy>KOW KOH-
CTPYKLUiM | KOMMOHEHTIB

o PoscnigyBaHHs Ta aHani3 HecnpaBHOCTEN

o PyiiHyBaHHA HaHOMaTepianiB i HAHOCTPYKTYP

o Brtoma i pyriHyBaHHSA nonimepis, enactomepis, KOMMO-
3uTiB i BiomaTepianis

o Brtoma Ta pynHyBaHHS 3BapHuX BUPOBIB, 3BapHMX
KOMMOHEHTIB, 3’€HaHb i KneiB

o MopgentoBaHHSA BTOMW Ta pyNHYBaHHA Ta BUMPOOy-
BaHHS Ha BCiX MacluTabax gOBXUHU

o [lporHo3yBaHHS TpaeKTopii BTOMHOI TPiLLMHW
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MeToau ckiHYeHHMX eneMeHTIB Ta iX 3aCTOCyBaHHSA
PyHyBaHHA Ta NOLUKOMKEHHS LleMEeHTHUX MaTepia-
nis

KpwuTepii pyiHyBaHHsi Ta BigMOBHU

Btoma i 3HoC

Hun3bka, cepenHsi Ta BUCOKa LIMKIIOBa BTOMa
MeToau makpomacLuTabHOro NMporHo3y BTOMM
O6uncntoBanbHe MOAEMBAHHSA MIKPOCTPYKTYPU B
MacTabi

3miwaHa Ta baratoocboBa BTOMA Ta PyMHYBaHHSA
Mogeni, kpuTepii Ta MeTogn B MexaHiui pynHyBaHHSA
BaratomaclutabHe mogentoBaHHA MaTtepianis
HepywnisHa ouiHka (NDE)

IMOBipHiCHa MexaHika pynHyBaHHS

HaginHicTb i LiNICHICTb iHKEHEePHUX Cropya

EdpekTn 3anuwikoBoro crpecy

OuiHka LiniCHOCTI KOHCTPYKLiT

O6pobka NOBEPXHi Ta MiABULLEHHS CTINKOCTI A0
NOLLKOXEHb

3D-gpykoBaHi MaTepianu Ta KOHCTPYKUT
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