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selection of Materials for tlydraulic power Machines
Exposed to Cavitation

':lEntion is drawn to factors influencing performance of materials when exposed to cavitation. lnfor_
:'t Is given on methods of evaluating the resistancę of materials basing on their mechanical pro-i rnd erosion tests. SPecial attention is given to the principles of selecting structural materials for:: elements which are exposed to cavitation.

l. IntroductIon

*:: 
durability and reliability of fluid-flow machines are mainly influenced by:

:rrign and operating conditions,
*;rnológy of manufacture, egpecially the structural materials applied.ł: important barrier, which'makes increasing performance parameters of fluid-

nachines diflicult, is cavitation. Effects of cavitation ur. of two kinds. on one
;.de. cavitation charrges operation characteristics of the machines, on the other
' :ire cause of dYnamic influences on their structural elements; it causes vibrations,

:, ::acks and erosion of material.
i l:erience gained by the polish water power industry indicates that damages of
,:e elements caused by cavitation become increasingly frequent. In effect inter-
:: periods become shorter and duration of repair. in.r"u."r. The size of the:: and the neęd for limiting it are proved by examples from the following
]ower plants (Fig. 1): a) - Gródek, b) - Koronowo, c) - Solina, d) and

l",dowo, f) - Zarnowiec.
L:.ion may be counteracted among others by using proper materials. In this* :rl'sical and chemical properties of materials guaranieeing good resistance to
lliil]--'}n are indicated, methods of evaluating materials are discusied and diręctions
}§rgners and users concerning selecticlh of structural materials are given.
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Fig, la_ Damages to carbon steel runner blades after 7 years operation (Franci!

turbine, hydro power plant at Gródek)

Fig. l b. Damages to cast carbon §teet runner casing (Kaplan-turbinE of hydm
power plant at koronowo)



Fig. lc. Damage of the hub at the runner outlet
(Francis turbine. hydro power plant at Solina)

,r Damage of cast mangane§e ste§l guide ring vanes (ieversible machine,
pumped-storage powór plant at Zydowo)

.#
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Fig. le, Cavitation pitting in the guide ring vane journal (reversible machine, pumped-
-storage power plant at Zydorvo)

Fig. lf. Damage of runner hub padded with stainlęss steel (reversible mae&ine,
pumped-storage power plant at Żarnowiec) .:':'
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2. Factors Influencing performance of, Materials Exposed to cavitation

The cavitation erosion proce§§ depends on the kind and condition of material,
i,:,e and intensity of cavitation, type and state of liiquid, especiaily its chemical acti-
l,r-_.. Infl
m: that
l'r--,. Influence of material factors on erosion is illustrated in Fig. 2.It may be conclu-lnlluence ol matenal tactors gn erosion is illustrated in Fi

that materials characterized by good mechanical propertiesrties, resistant to corrosion,
mlh uniform and fine grained structure and a limited number of defects have high
E§;,stźlllc€ to cavitation.

\faterial Performance.under cavitatitrn irnpingement is, connected with the energy
]il[,:avitation pulses. T'he relation between ęrosion intensity I"|Wlcmz], i.e, energy

rrbed by a unit mdterial surface in unit time, and the mean damage penetratión
MDPR has been defined by A. P. Thiruvengadam [7] in the following form:

:e: SĘ [MPa] - is the resistance of the material to erosion, understood as the
trmum unit energy accumulated in the material before it gets separated. The same
-:or Pointed out [8] that erosion interrsity can be determined from the formula

MDPR : ! lglSE L.J

, 
" 
: :,Ą*o -,lo "*o(- #) [#, ]
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Fig. 2. lnfluence of the properties of mateńal on its erosion resistance [3]
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where p - density of liquid in kg/m3, u- - undisturbęd flow velocity in m/s, Ł-
racteristic linear dimension in mm, R - mean cavitation nucleus radius in mm, o- -vitation number in undisturbed flow, lo : oi-o- (o, is the cavitation number
responding to initial cavitation), We - Weber number. It results from formula
that erosion intensity is a function of many arguments often difficult to determl

The cavitation number o is often assumed as a męasure of cavitation i
Depending on the value of this number thę machine performance parameters
dynamic characteristics as well as the cavitation erosion course are defined. The
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Fig. 3. Rate of material damage in dependence of cavitation index
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Fig. 4. Relationship between index ME and

damage degree of a lead sample
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j. Carbon steel exposed to cavitation and
:slon; cavitation cycles every 20 min, cor-

rosion cycles every 22.8 h

ji:lonship is shown in Fig. 3. It can be seen that the relationship Amft :/(o) is not
;nple one and therefore forecasting cavitation damages from the valuę of o is not
;;ble, However, as a measure of erosion danger may be used the intensity of action
','';itation on the material, i.e. the value of loads resulting from cavitation bubble
l.rsions. This phenomenon may be characteńzęd by the following index of ca-
::on intensity:

ME - LrL,,ł? [ę]
:e: ,?i - number of pulses in the i-th interval corresponding to pressure p, in kPa,

- time of pulse counting rheasured in seconds. This observation is confirmed by
-1 in which the relationship between the ME index and the degree of a lead sample

;:uction is shown.
\\'ith respect to the liquid, its influence on cavitation erosion is determined by:

ical composition, temperature, gas content, pH value, viscosity, conductance.
most important is the chemical activity of the liquid, which has a stimulating

:t on the damage process of metals, especially of cast iron and carbon steel. Hencę
.1oint action of cavitation and corrosion quickens damage occuring under the
;ence of the cavitation phenomenon itsęlf, This statement is illustrated in Fig. 5.

3. Evaluation of Resistance of Materials to Cavitation

By cavitation erosion resistance of materials we understand the ability to resist
damaging effect of cavitation. Evaluation of this ability is only relative, and is

(3)

H agnełosŹłtCt i ve t_at riv
f=EKHz, A=23vłn

l>ld
,.l i
§§
§§

ll\

t, m|n

by more or less accurate grounds. To the less accurate ones belong various



strength parameters such as e.g, hardness, elasticity or strain energy at distortion;
example those occurring the relationships determined by F. G. Hammitt et al.

1IMDPR : C,URo,998
I/MDPR.: C (URE2)o,659
I/MDPR : C.sEo,738

liMDPR : C (URHB)o'72
liMDPR : c.HBt.8

in which MDPR is the maximum damage penetration rate, i.e. thć ratio of the dt
of Pits, corresponding to the maximum 

"ro.ion 
rate, to the time of cavitation act

As results from the above relationslrips, the materials with higher UR (ultimate
silience), HB (hardness in Brinell units), E (modulus of elasticity) and SE (dest
strain energy) have better resistance to cavitation. These relatiońships have
determined from tests made with a certain group of materials on a magnetostri
stand. However, it should be borne in mind that a change of conditions of da
(not excluding the matęrials) may cause not only a change of the value of constant
but also of the value of indicęs in formulas (4).

A more precise evaluation of the material is based on erosion tests, They consist
a quantitative comparison of changes in thę materials (samples of materials)
by cavitation of constant intensity and occurring under the same conditions.

Most often, erosion tests, are performed under laboratory conditions with the
of flow, vibration and,impact devices. The laboratory of the Institute of Fluid-F
Machinery of the polish Academy of sciences in Gdańsk is equipped with such
ratus. With its use the curves indicating the loss of sample mass or volume and erosi
rate in timę are determined, In Fig. § an example of curves indicating destruótion

Fig. 6. Damage characteristics of "Armco" iron and acid resistantbtee| lHl8N9T determined at a
disc stand (Laboratory of the Institute of Fluid-Flbw Machinery, P.A.Sci.)

commerciallY Pure iron and acid resistant steel at a stand with a rotating disc is
sented. Smaller, or more slowiy occurring changes in one mateńal (in this case in
acid resistant steel) as related to changes in the other one (armco iron) indicate
the first material is more resistant than the second one,

Evaluation made under laboratory conditions does not always coincide with

=sll§tEoa'

t b,Ą

behaviour of the material in field. The reason for this is the reaction of materiat
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lĘ change of ievel, form and number of pressure pul§es resulting fronr cavitation
nr-tlble inrplosions.

if it is assurned that the energy of an impact absorbed by the material is constant
- _-^-^,z|^,^^1 l, l1 j i.
ProPortional to the supplie<1 energy, then knowin6 the results of laboratory, tests

:orresponding samples (of known cilvitation intensity) and the corresponding
::ation iintensity index under operatiing condiitions, the average durability of the
:nal in a full scale rnachine can be evaluated. [t gan be written that the average

181

;nał durability is approxinnately [4]:

ó-: ó,,{g9,J 1'Y:],.R.u,,, (łME).' [minimrn3]

r: R_.1,, r, and R*u, 
" 

is the resistance of the sarrte material under field (F) and labo-lr; tLj ccnditions, ł < 1 is thę efficiency with which the material absorLes energy,

(5)

(6)

(7}

. the eavitation intensity index (equation 3). T'he method of experimental Jó-
-:ation of resistance R",, is describęd in [5]. Assuming the approximation that

= -. and ft"or,F : R"or,, equation (5) becornes:

- ^ME,ao: ónMd.

i,:gę 1tlę average material.durability ó may Łre assumed as inversely propclrtional
nć mean damage penetration rate MDpR, it can be written that:

MDPRF: MDPRiffi

{, Classification of Materials ix Respect to Their Cavitation Properties

;:;m among various factors influencing the resistance of rnaterials to cavitation,
::emical composition and structure of the material should be distinguishęd. For
:-e. the most desired structure for steel is the martensitic structure, which ensu_

; righer cavitation resistance than the ferritic-pearlitic structure (Fig. 7).
i::sion curves of steels varying both in chemical cornposition and structure are
: in Fig. 8. It may be concluded that the chemical composition and §tructure
;t the incubation period and rnaterial durability.

* :]assification of some Polish materials with regard to cavitation erosion re_
was carried out at the Institute of Fluid-Flow Machinery of the polish

y of sciences. For the evaluation materials often used in hydraulic machines
ęlected. The evaluation was based on erosion tests performed on a device with
:lng disc. Test results are shown in Table 1. The classification may be helpful

mccting the material for machine elements exposed to cavitation,
-la following materials of foreign origin have good "anticavitation" properties.

martensitic steels En56A, En56C and austenitic ones 304s15 and 321S12
:lave chemical composition similar to steels designated in the Polish Standards



Evaluation of some Polish materials with regard to their eavitation erosion resistance

Material, characteristics according to the Polish Standards or name

Very good

Good
Fairly good

Moderate

Poor

§tellit€ ,

23HI2MNF, E Stel cow, ESt3Cr,2Hl3 quenched and tempered

ES t8-8-2, LHl7N2, ES 18-8, ES l8-8-6, BMt2733, §uperston, ZlCr2i, ES 2+tt
lHl8N9T, oHl8N9
BAM2,2Hl3 annealed, St5, BK33l, LII50O, lHt3, LlHl3N, EO4, St3, MM55.
LtI40o

l5G, M70, ZI300,Zl250,Zrz0a,P^2 very poor
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Fig. 8. Erosion curves for vańous steels

Hl3, 3H13 and OHI8N9, iHl8N9T; also martensitic steels for precipitatlon
ing Nimar 110, Nimar 125 corresponding to the Polish N18K8M5TPr,

iK9M5TPr, or Ultrafort 401 - corresponding to H1ON7K9MSPr (in accordance
n the 1977 draft ofthe branch standard);

n, martensitic steels type Cr13, Crl3Ni4, and
]\i6 with chemical composition similar to steels designated
313, Hl3N4, and Hl3N6;

martensitic steels Zl2C13, z35cl3, and austenitic steels ZSCN 18-08,
18-08, Z8CBT 18-08 with chemical composition similar to steels designated

r,l Polish Standard as 1H13, ż}ll3-4Hl1 OH18N9, lHl8N9, lHl8N9T;
martensitic steels 3X13, ż5XI4H, 0012H3A, austenitic steels 30XlOFl0,

iH3r3A 2, xl4r3OHP, xl4rl2M, xl8Hlz§ P.
t ,s well known that the most endangered by mechanical,overloads and cavi-
n are water turbine runners, pump impellers and rotors of reversible machines.
:lg at the best solutions for these elements requires of course close cooperation
designer (rotor geometry), phJsical metallurgist (selection of material) and pro-

on engineer (manufacturing). Depending on the requirements and production
l,:ies, the rotors are cast or are composed of cast, rolled or welded elements. At

t, martensitic cast steel (low-carbon) with an addition of nickel and molybde-
are used for casting. Information on structural materials used for hydraulic

nine rotors by VOEST-ALPINE is presented in Table 2.
}tely, VOEST-ALPINE has developed new martensitic cast steels, of improved
:ne'ss, designed for special applications (parts exposed to cavitation, erosion and

working in marine environment), e.g. cast steel type G-XSCrNiCuMoNb 1316lż12
thę double-phase (martensitic-austenitic) type G-X6CrNoMo 24/8.

I-arge runners or impellers, which consist most bften of cast elements (hubs,
s, blades), rolled (skirts) and those made from sheet steel (unshaped blades), are

męchanically or by welding. In the last case, the type G-XSCrNiMol3l4

austenitic steels tyPe
by the Polish Standard

has good weldability.
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Typical stainless cast steel used for water.turbine runners by VOEST-ALPINE tl]
Ta

I(ind of cast steel

Chemical composition, oń

Heat treatment

,C

Mechanical properties

c Cr Ni Mo
Ro.,

MFa]

R-

MPa

A"

(%)

KY
20a

(J)

G-XlOCrNi 13/1 ).07
0.1l

12.0-
l3.5

1.4_
1.5

Solutioning
1000-1050
Ageing 650-700

44o 6Ą
790

!5 n

G-X5CrNi 1314 0.07 12.0_
l3,5

3.5-
4.5

0.4-
0.6

Solutioning
980-1050
Ageing 580-620

540 7ó0
960

15 {

G-XSCrNiMo 1314 0.07 D.a_
l3.5

4.0*
5.0

|.4 
_

1.6

Solutioning
980_1050
Ageing 580-ó?0

540 7ffi
960

15 I

G-XSCrNiMo 1615 0.07 l5.0 _
16"0

4.5_
6.0

0.5 _
2.a

Solutioning
980-1050
Ageing 58G-ó20

540 7ó0-
960

l5 I

More information on materials u§ed by VÓEST-ALPINE is contained in
paper of H. Enóckl and other§ prę§ęnted at ihe International §eminar in Vienna

The problem of irnproving §tructural materials expo§ed to cavitątion is the cg
of attention of both the research centre§ involved in materials technology and
manufacturers of water turbines, impeller puinp§, ship propellers, hydraulic fitt
etc. For instance, the Institute of Powef Engineering in Warsaw and the Bal
lronworks in Katowice have developed new electrodes.ENl0-lOB designed nr
lor regenerating water turbine elements damaged by cavitat[on. Investigatior
padding welds from other electrodes-made in Poland showed [6] (Fig. 9) thal
ESl3Cr and EStelCoNi electrodes have higher re§istance to cavitation than theg

;

,-|-§ , -

tN 2oo w 40o w 600 ?ao ffi *, 
łT 

llm lu

Fig. 9. €rosion te§t re§ults 
'". 

*."*,j_H:r#fi;:i:§.;'.ii..res (Laboratory of the tB§
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:only u§ed chromium-nickel-manganese electrodes. This observatlon was conlirmed
r,, the results of repairs carried out at the Zydowo Pumped-Storage Power Plant.

It should be mentioned here that the selection of electrodes and development of
igw electrodes for hydro power installations is not only connecte<l with regenerating
d damaged parts but also with protective paddings for machine elemęnts made from
n:bon steel.

5. Generai Inłlications

Increasingly frequent occurrence of cavitation in hydraulic machines requires
rrrng this phenomenon under consideration when selecting structural materials.
ii:st of all, cavitation conditions of designed machines should be investigated. These

M.estigations should supply information on cavitation intonsity an& the places where
m :ccurs. They may be based on theoretical prediction (analyses of pressure distri-
fu]Jt-Jons and velocities in the flow system), model tests* (cavitation characteristics of
michines and recordings of cavitation symptoms) or comparative evaluations (com-

Fig. 10. Permissible cavitation pittĘ depth,

area'and volume nomogtźun§ for hydraulic
power generating machines, in dćpendence

Diometer of runner/impeller diameter (examples acc.
D[m] to IEc)

|f modet t€st§ are used, the scale effects should be taken into accouni, especially the influence of

ś
ą
o

?

1

05

qB3

velocities and pressure on the course ofcavitation phenomena,
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parisons of performance of similar machines). This information and the k
of cavitation resistance of various materials should be used in actual designing

When machine elements are repaired or replaced, it is worthwhile to
cavitation phenomena under flreld conditions. To gain this objective, an eval
of cavitation loads should be made using diagnostic methods presented also in
of the paper§ at this conferenee. Only the results of such investigations, to
with the results of tests of appropriate samples of materials, can en§ure prop€f
lection of a structural material or a method of repairing machine elements
by cavitation.

When selecting structural materials, also the IEC recommendations should
takęn into account (International Electrotechnical Commission, Publication
1978: Cavitation pitting evaluation in hydraulic turbines, storage pumps and
-turbines).In Fig. 10 are shown the nomograms from the IEC publication determi
permissible values of maximum pitting (g) in cm, damaged surface area(A) in crn2,
volume loss (Ę in cm3, depending on runner or impeller diameter D. These
mendations refer to the guarantee period of 8000 h (water turbines) and 3000 h
rage pumps and reversible machinęs). The IEC recommęndations are not
Nevertheless, they are a valuable indication for designers and users of ,h

machines.
The indications presented here are not always explicit and precisely stated. F

work on these problems and on durability and availability improvement of
generating machines is carried out in various research centers. Research on
and repairing machines exposed to cavitation also §erve§ these objectives. It
that progress in this f,reld can be promoted by gaining a better understanding
erosion mechanism, knowledge of cavitation erosion forecasting and through
station diagnostics.
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Dobór materiałów do budowy hydraulicznych maszyn energetycznych
narażonych na działanie kawitacji

streszczenie

\a wstępie przedstawiono przyklady elemontów ma§zyn hydraulicznych uszkodzonych wskutek kawi-
&l;i ],s. la..,Ą, Na tym tle omówiono czynniki wpływające na niszczenie materiałów (rys.2) oraz wskazano
l :-:,sbieg erozji kawitacyjnej w zależności od parametrów charakteryzujących przepływ z kawitacją
lFą .1 i 5).

, i;:ególną uwagę poświęcono ocenie odporności materiałów na działanie kawitacji. Przytoczono
hul: empiryczne (4) między maksyrnalną szybkością penetracji erozji i różnymi cechami wytrzymało,
fon,u,,-:i materiałów oraz wskazano na te§ty erozyjne służące ocenie (rys, ó) i przewidywaniu trwałoŚci

f,uurłjów w różnych warunkach kawitacyjnych (wzór 5).

e dalszym ciągu przytoczono wyniki badań materiałów (rys. 7,8 i 9), przedstawiono klasyfikację

1ch materiałów krajowych pod względem ich odporności na erozję kawitacyjną (tabela l) oraz
:zono informacje o materiałach angielskich, czeskich, francuskich, radzieckich i austriackich cha-

:r-.zujących się dużą odpornością na działanie kawitacji przepływowej.
,ę zakończenie zamie§zczono wskazówki ogólne dotyczące wyboru materiałów do budowy ma§zyn
rich na działanie kawitacji orazzalecenia międzynarodowej komisji elektrotechnicznej IEC w sprawie
rrwitacyjnej w turbinach wodnych, pompach zasobnikowych i maszynach odwracalnych.

[-Ior6op MaTepnaJIoB ,ąJIfi cl]poennf rnApaBJlnqecrnx lxepreTnqecx[x MailInH
noABepral()ll|rrxcn AeficTBrllo KaBuTaIIru

Pesrome

x.: rcrynlexuu [peAcTaBnęHLl nplłMepbl 9JIeMeHToB arłApaBfllłqecrux MaIuuH, norpexgĆHHux BBrłAy

f xaBlrTallntł (pnc. la.,.f). Ha erou Sore o6cyxłarorcr Qaxropu BJIIłrrouIue Ha pa3py[IeHue Ma-
l:a (pnc. 2), a rarxe yKa3blBaeTc, Ha xoA rasNiaIłnoxnofi 3po3llll B 3aBuclłMocTu oT IIapaMeTpoB
-isH3yroulnx Teqenne c rapnraqxei (pnc. 3, 4 ,ł 5).

,;,:óoe guIłMaHue yAe,,IfleTcfl oueHre conpoTlłBJtreMocTu MaTepl.ranon Aeficrsu}o xaauraquu. flpn-
]Mnupuqec(rłe 3aBucr.IMocTIł (4) vexły MaKcI{MaIbHofi cropocrrro nponr,IrHoBeHnfl 3po3rłIł

::,ii-lHbtMlł npn3naKaMu conpoTtłBleHnfl MaTepnaJIoB, a TaKxe yKa3blBaeTc, Ha 9po3lloHHble ncnbl-

:-l},xaulle oueure (pnc. 6) r.r npeABIłAbtBaHIł}o npoqxocTr.l MaTepIłaJroB B pa3nrłqHblx KaBHTa-

ri\ ycJ]oBrrrx (t}oprrłyna 5).
] :;-rlHefiureu npfiBo1rTc, pe3yabTaTH nccłeAosaHlłfi MaTepI{aJIoB (pnc,7,8 u 9), npełcraBleHa
:ł,;xrauur Hel(oTopblx oTeqecTBęHHbIx MaTepnaIoB c Toltl(lł 3peHu' tłx conpoTlrBJlreMocTu AeI,i-

raBHTaqLIoHHofi sposnu (ra6.nuqa l), a raxxe noMe[Ia}oTc, uuSoprrłaqnu o axr,rrrłficrnx. qeuJcKllx,

:ilfcKlłx, coBeTcKHx u aacrpłlficxnx MaTepuaJlax xaparTep[3yrouuxcn 6olrruoż conporuo.1rx-
,il leficrs[}o nporovrłofi I(aBIłTaqElr.

] :ax.nroqęn[n .łairu o6uue yxa3aulłfl oTHocnTeJrbHo or6opa MaTepIlaJIoB AJL cTpoenrł' MaillIłH

::arou[łxc, AeżcrsIłrc KaBIłTaurłu, a Ta(xe peKoMenA&Ilull MexAyHapoAnofi eaexrporexnuqecxofi
ąrł IEC no.ąely xaBllTallxoHHofi eposlłu n rrł4poryp6uHax, aI(KyMyJIrTopHbIx Hacocax u o6pa-

1 \{a[luHax.


