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Abstract: In hydraulic drive systems, cavitation erosion affects especially the driving and distribution elements. In most
cases the working fluid is oil for which the cavitation erosion potential is smaller than for water. On the other hand, the
erosion affects exactly the areas destined to stop the leakage and as a consequence the reduction of erosion is an
important condition. The majority of the mobile elements being manufactured from weakly alloyed steels it is important
to use suitable heat treatments such as carburizing or nitrating for increasing the hardness of the areas exposed to
erosion. The article presents the cavitation erosion resistance researches realized with the vibratory device of the
Timisoara Polytechnic University Cavitation Laboratory upon specimens of 17CrNiMo6 steel in two conditions
annealed and carburized in a gaseous environment followed by quenching as well as tempering at low temperature. The
cavitation erosion resistance of the two states for the analyzed steel was compared with the steel 41Cr4 considered with
good cavitation resistance. The eroded area was also examined with performing microscopes. The comparisons show
that the carburizing and the applied heat treatments enhance significantly the steel behavior to erosion.
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1. INTRODUCTION
In hydraulic drive systems (especially in directional
control elements, valves, etc.) the cavitation appear in the
passing slots between the mobile parts and the devices
body, see Figure 1 and 2. The cavitation intensity is
determined by the oil velocity during the passage through
the slots, when the pressure can decrease significantly
under the vapor pressure. In Figure 3 is presented the oil
flow through a directional spool valve [5]. It can be seen
that in the passing slot the pressure became negative and
this fact determines the apparition of the cavitation
phenomenon, with all their negative effects. The principal
motive is the very small dimensions of the slots (the
magnitude order is tenth of millimeters) which determine
the increase of velocity and the subsequent reduction of
the pressure.

Fig.1. Cavitation eroded areas at a distributor apparatus

Fig.2. Cavitation eroded areas for conical valves

Fig.3. Stream lines and pressure evolution along
them, for x= 1 mm, (directional control valve)[5]
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Because the most noxious effect of cavitation is the
erosion of the solid boundaries limiting the flow [2], [3],
[8], [9] and the used materials are the special cast irons
(for the body of the devices [3]) and the weak alloyed
steels (for the mobile elements [4], [6], [7]) it appear the
necessity to use special manufacturing procedures able to
increase the cavitation erosion resistance of the affected
zones and as a consequence to extend their life. Such a
procedure which can be applied to the mobile elements is
the thermo-chemical treatments which increase the
hardness of surface subjected to cavitation. In the present
paper there are presented investigations upon cavitation
erosion resistance of the low alloyed steel 17CrNiMo6.
The experimental device used is a vibratory one existent
in Cavitation Laboratory of Timisoara Polytechnic
University. Both the device and the applied procedures
respect the ASTM G32-2010 Standard.

2. RESEARCHED MATERIAL. LABORATORY
DEVICE
The researched material is the low alloyed steel
17CrNiMo6. The chemical composition and the
mechanical properties are given in Tab. 1 and 2, both
those guaranteed by the manufacturer (given in EN 10084
and symbolized 17CrNiMo6S) and those measured in our
Laboratory (symbolized 17CrNiMo6M). The samples
destined for the chemical and mechanical measurements
as well as the cavitation erosion specimens were taken
from round rolled bars. From Tables 1 and 2 it can be
seen that the measured values are between the guarantied
ones. In the same tables are given also the characteristics
of the steel 41Cr4 taken as standard material for
evaluating the cavitation erosion behavior.

For the tested material there were used two types of
samples: in annealed state and after thermo-chemical
treatments. The thermo-chemical treatment was applied
with the purpose to increase the hardness and
simultaneously the cavitation erosion resistance. This
treatment was applied directly to the cavitation erosion
specimens. The shape and dimension of the used
specimens are given in Figure 4 which present such a
specimen winded in resin and axially sectioned for
electronic microscopy. The thermo-chemical treatment
consists in carburizing and quenching followed by low
tempering. The diagram of cycles is given Figure 5. The
thickness of the carburized layer is of approximate 1.2
mm.
In Figure 6 there are given the structures of the steel both
in annealed and after thermo-chemical treatment. In
Figure 6a it can be seen the structure formed from pearlite
(major component) and ferrite. Figure 6b put into
evidence the structural transformation as the consequence
of the thermo-chemical treatment, with the formation of
globular carbides of the alloying elements (Cr, Mn, Mo)
which as a result of the high mechanical properties
(hardness, tensile and compression strength) enhance the
cavitation erosion resistance.

Table 1. Chemical composition
Chemical
17CrNiMo6S
17CrNiMo6M
41Cr4
Elements
[%]
C
0.15-0.21
0.18
0.445
Si
≤0.40
0.20
0.28
Mn
0.70
0.72
0.025
P
0.50-0.90
0.012
0.025
S
0.011
0.025
0.015
Cr
1.50-1.80
1.65
0.94
Mo
0.25-0.35
0.3
Ni
1.40-1.70
1.55
Al
≤0.05
0.032
Cu
≤0.30
0.21
0.17
Fe
rest
rest
rest
S-represent the values given by EN 10084-1998; Mrepresent the measured values

Fig.4. Shape and dimensions of the specimen used for
cavitation erosion tests
(dimensions given in mm)

Table 2. Mechanical characteristics
Properties
Rp0.2 [MPa]
Rm [MPa]
2

HB [daN/mm ]
A5 [%]

17CrNiMo6S

17CrNiMo6M

590-830

805

41Cr4
790

830-1400

985

808

229-233
9-10

228
9.5

238
11

S-represent the values given by EN 10084-1998; Mrepresent the measured values
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Fig.5. The diagram of the thermo-chemical treatment
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a)
Fig.8. Details regarding the hardness measurements of
the carburized layer

b)
Fig.6. Steel microstructure (x 200)
a) annealed (perlite +ferrite)
b) after carburizing, quenching and tempering
(cubic martensite formation after tempering)
In Figure 7 is given the variation of micro-hardness in the
cross section of the thermo-chemical treated specimens in
conformity with the measurement scheme presented in
Figure 8. It can be seen that the chromium presence, as
principal alloying element, together with the carbon
enriching of this layer determine a substantial hardness
increase, till approximate 59 HRC. The reduction with 0.8
mm of the carburized layer as the result of the obligatory
grinding does not exceed 2 HRC and remain greater than
the core hardness (approximate 48 HRC). This fact is
beneficial for erosion resistance because all the previous
researches ([3], [8], [9], 10]) show that hardness is
extremely important parameter for increasing the behavior
of the material subjected to cavitation. Each point in the
Figure 7 is the mean of three hardness measured values at
the given depth point. For testing the hardness distribution
of the exposed area the measurements were made on three
diameters taking four points on each one. The final
conclusion was that the hardness has negligible variations
on these points.

The cavitation erosion research program was realized in
Timisoara Polytechnic University Laboratory for
Cavitation on a device with piezoelectric crystals [6], [7],
[9]. Because the ASTM G32 Standard [11] required that
all the cavitation erosions researches to be realized in
distilled water, this requirement was fulfilled even if the
great majority of the hydraulic installation have oil as
working agent. As a consequence all tests were carried
out in distilled water at 22 ± 1oC and so the results can be
compared with all other materials tested for cavitation
erosion, inclusively with the steel 41Cr4. The running
parameters of the device (frequency and amplitude of
vibrations, the power of the electronic generator of
ultrasounds) have been maintained constants during the
research [2], [8]. The specimen preparation, the data
registration and processing are those required by ASTM
G32-2010 Standard.

3. EXPERIMENTAL RESULTS

3.1. Behavior to cavitation erosion
To put into evidence the evolution of cavitation erosion,
after each intermediary exposure period [7], [8], [9] the
eroded surface was examined and photographed. The
mass losses were also weighted in order to realize the
characteristic curves MDE (t) and MDER(t). In Table 3
are given images for one of the three tested specimens at
three distinct times with relevance for the erosion
evolution.
Table 3. The evolution of the surface erosion after
cavitation exposure
Materials

0 min

90 min

165 min

17CrNiMo6
Carburized
17CrNiMo6

41Cr4

Fig.7. Variation of hardness in the cross section of the
specimen

Images show clearly that the mass loss is increasing
constantly till the minute 90 of the exposure time and
after that the erosion remain constant. Figures 9 and 10
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present the cumulative mean depth erosion (MDE) and
the mean depth erosion rate (MDER) during the 165
minutes of exposure.

a)
Roughness variation upon a measuring direction

Fig.9. Variation of cumulative mean depth erosion during
the exposure

b) Specimen mean roughness upon the three
measuring directions
Fig.10. Variation of mean depth erosion rate during the
exposure
The reduced scatter of the experimental points, both in
annealed state (curve 2) as well as thermo-chemical
treated (curve 3) show that the exposed surface of the
steel 17CrNiMo6 is homogeneous from the cavitation
erosion point of view. From the two tested states, the
carburized one (noted with 3) is net superior with regard
to cavitation erosion resistance.
Regardless of the considered parameter, the maximum
penetration depth after 165 minutes (MDE Figure 9), or
the value at which the erosion rate curve (MDER-Figure
10) has the tendency to become stable, the resistance of
the annealed steel is greater with 25% and those of the
thermo-chemical treated steel with approximate 60% in
comparison with the steel 41Cr4.
Both the curves evolutions and the values of MDE and
MDER at the maximum exposure time (165 minutes)
show that the thermo-chemical treatment through the
proprieties generated in the superficial layer (especially
the high hardness see Figure 7) enhances the cavitation
erosion resistance with 47%. Evidently this increase is the
effect of the mechanical properties of the Cr, Mo and Mn
carbides (high tensile and compression resistance,
increased hardness [1]) but also by the formation of the
tempered martensite, structural component with great
cavitation erosion resistance [2], [8], [9].

3.2

Erosion morphology

Figure 11 present some images which allow evaluating
the cavitation erosion resistance of the specimen
manufactured from an annealed sample. All the images
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c) Eroded surface micrograph (frontal view x500)

d) surface micrograph (axial section x 200)
Fig.11. Specimens (2), annealed, after 165 minutes of
cavitation exposure
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were obtained after 165 minutes of cavitation exposure.
Figures 11a and 11b present images of the area eroded by
cavitation. The profile of roughness in Figure 11a and the
close values of the Rz roughness in Figure 11b show the
uniformity of the erosions upon the whole surface. The
explanation consists not only in the high values of the
mechanical properties but also in the uniform properties
of the entire exposed area. The erosion profile diagram in
Figure 11a as well as the close values of the mean
roughness Rz from Figure 11b show that the cavitation
erosions is uniformly disposed on the surface. The surface
micrograph presented in Figure 11c and 11d show that the
surface presents secondary inter-granular cracks placed
between cavities with different dimensions, especially in
the ferrite matrices, the fractures having a fragile
character and being situated near the boundaries
pearlite/ferrite.
In Figure 12 are given images which allow to evaluate the
cavitation erosion of the thermo-chemical treated
(carburizing followed by quenching and low temperature
tempering) specimens. The Figures 12a and 12b present
the cavitation erosion of the carburized surface. The
profile diagram in Fig. 12a and the close values of the Rz
in Figure 12b show the uniformity of the erosion as a
result of the high values of hardness and mechanical
resistance of the formed carbides (of chromium,
manganese and molybdenum) against the jet impacts or
the shook waves created by the implosions of the
cavitation bubbles. The reduced level of the profile
variation show that the heat treatment after the gas
carburizing procedure conducted to a fine structure and to
homogenization of the properties in the carburized layer.
From the micrographs of Figures 12c and 12d we can see
that the eroded surface present fine, but also rude
cavitations generated by inter-granular fractures on the
linens where the different carbides structure meets.
In Figure 13 are given comparisons between the
parameters of cavitation erosion resistance and the
roughness of the eroded surface. It is to be observed that
for the same type of specimen the differences between the
mean roughness Rz and the mean depth erosion is very
small. In the case of the annealed specimens Rz is greater
than MDE but for the thermo-chemical treated specimens
the situation is reversed.
This aspect shows the complexity of the interaction of
cavitation influence and the material response which in
the annealed state can accept the carbides to be expelled
as a result of fragile fracture.
The differences between the parameter RT and the
maximum depth DEmax which appear in Figures 13 are
easy to be explained by the measuring procedure. The
profile measurements Rz and Rt are realized on a line of 4
mm length chosen arbitrary on the eroded surface while
DEmax is the maximum depth measured in the final cross
sections. So, the measurements were made on two
different lines. The comparisons between the two types of
specimens presented in Figure 13, show that carburizing
followed with quenching and tempering increases
substantially the cavitation erosion resistance against the
annealing heath treatment.

a) Roughness variation upon a measuring direction with
a length of 4 mm

b) Mean Rz roughness upon the three measured
directions

c) Micrograph of the eroded surface (frontal view x500)

d) Micrograph of the eroded area (axial section x200)
Fig.12. Specimens (3), annealed, after 165
minutes of cavitation exposure
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Fig.13. Comparisons between the
characteristic parameters

4. CONCLUSION
The researched steel has good cavitation erosion
resistance even in the genuine state.
The applied thermo-chemical treatment (carburizing
followed by quenching and tempering at low temperature)
increase the cavitation erosion resistance with
approximate 47%, by modifying the structure and
simultaneously increasing the mechanical properties.
The use of these steel together with the thermo-chemical
treatment is recommended for the life increase of the
details used in hydraulic drive systems.

REFERENCES
[1] Mitelea I. (2007). Materiale inginereşti, Editura
Politehnica Timişoara
[2] Anton I, (1985). Cavitation, Tom II, Romanian
Academy Publishing House, Bucharest, (in
Romanian)

154

[3] Bordeaşu I., (2006). Eroziunea cavitaţională a
materialelor, Editura Politehnica, Timişoara
[4] Balasoiu V., Cristian I., Bordeaşu I., (2008).
Echipamente si sisteme hidraulice de actionare si
automatizare, Vol. II, Aparatura hidraulica, Editura
Orizonturi Universitare Timisoara, ISBN: 978-973638-349-6, pp.500
[5] Rsazga C, (1998) Fenomenul de cavitatie in
distribuitoare cu sertar cilindric, Teza de doctorat,
Universitatea Politehnica Timisoara
[6] Ghera C, Mitelea I, Bordeasu I, Craciunescu C,
(2015). Improve resistance to cavitation erosion to
low alloy steel 16MnCr5 BY work hardened, Metal
2015, Jun 3rd - 5th 2015, Brno, Czech Republi pp.
[7] Ghera C, Bordeasu I, Salcianu LC, Duma ST, Katona
ES, Pugna A, Micu LM, Pascu FL, (2015).
Considerations regardind the behavior to cavitation
erosion of two carbon alloy stainless steel used in rhe
manufacturing of hydraulic equi[ment drawers of
command, adjustment and distribution, Hidraulica,
Magazine of Hydraulics Pneumatics, Tribology,
Ecology, sensorics, Mechatronics, nr.1, pp.25-31
[8] Popoviciu, M.O. & Bordeasu, I., (2013). Proposed
Model for Cavitation Erosion Test Results
Presentation, Machine Design, Vol.5, No.1, ISSN
1821-1259, pp. 11-16
[9] Bordeasu I, Popoviciu, Mo, Micu LM, Salcianu LC,
Bordeasu C, (2014). Cavitation erosion researches
upon two AMPCO bronzes, Machine design, vol.6,
nr.3, pp97-102
[10] Garcia R., Hammitt F. G., Nystrom R.E., (1960).
Corelation of cavitation damage with other material
and fluid properties, Erosion by Cavitation or
Impingement, ASTM, STP 408 Atlantic City
[11] *** (2010). Standard method of vibratory cavitation
erosion test, ASTM, Standard G32-10

