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ABSTRACT

The purpose of this work was to determine the essence of the influence of the impact velocity (5, 7, and 9 m/s)
on Hertzian stresses and the erosion mechanism of ferritic-pearlitic S355J2 steel. The investigations were carried
out using a slurry pot tester. S355J2 steel showed a strong sensitivity to changes in impact velocity. A significant
increase in erosion rate was observed at a velocity of 9 m/s. This increase was 5-fold and over 15-fold compared
to velocities of 7 m/s and 5 m/s, respectively. The study of Hertzian stress is crucial in erosion research because
it helps understand how impact energy is absorbed by the eroded material and the mechanisms that cause surface
wear. A linear increase in mean contact pressure and maximum shear stress was observed with increasing impact
velocity. The mean contact pressure increased from 4.3 GPa to 5.5 GPa and the maximum shear stress increased
from 2.0 GPa to 2.5 GPa. The kinetic energy of the solid particles that hits the eroded steel is distributed in the con-
tact area, which leads to various deformations and wear mechanisms. The primary type of deformation was fatigue
degradation of the surface layers of the eroded steel. The high kinetic energy of solid particles contributed to the
formation of plastic deformations and strongly deformed steel flakes. Higher impact velocities generally result in
greater forces and contact stresses on the material surface. This led to the intensification of plastic deformation in
the contact areas and increased the Hertzian stresses.
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INTRODUCTION

Slurry erosion occurs when solid particles
suspended in a liquid medium impact the eroded
surface with sufficient force (energy) to cause
damage and loss of material [1, 2]. Slurry erosion
take places in various industrial sectors. This type
of erosion is often seen in the oil, gas and mining
industries. These sectors mainly use carbon steel
pipes, which provide a cost-effective and versatile
method of delivering these resources from extrac-
tion sites to users [3—6]. During slurry erosion
numerous parameters interact simultaneously,
resulting in a synergistic effect. Factors influenc-
ing slurry erosion are multifaceted and include
operating conditions (such as impact velocity,
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impingement angle, and solid particle concentra-
tion), properties of the eroding particles (includ-
ing shape, size, and hardness), and characteristics
of the target material (such as microstructure,
hardness, ductility, as well as yield and ultimate
strengths) [1, 3, 7, 8]. This type of erosion is sim-
ilar to the shot peening process, where round sol-
id particles (balls) are used due to their ability to
distribute stress evenly in the surface layer of the
material, resulting in better mechanical proper-
ties, such as fatigue strength. Although slurry ero-
sion and shot peening have different objectives,
both processes are based on the interaction of the
material surface with particles and lead to struc-
tural changes of the surface [9—11]. Impact veloc-
ity is a critical factor in slurry erosion, directly
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affecting the kinetic energy of the solid particles
and the resulting stresses generated in the eroded
material. Many researchers have studied the im-
pact of solid particles velocity on erosion rate
[12-16]. The velocity of the erodents exhibits an
empirical power-law relationship with erosion
rate [17-19]:
ER ~ k™ (1)
where: ER represents the erosion rate, V is the
impact velocity of solid particles (ero-
dents), & is a constant and 7 is the impact
velocity exponent, which ranges from
0.34 to 4.83 and depends on operational
conditions, target material properties,
and erodents [1, 20-22].

This relationship highlights the power effect
of impact velocity on erosion, emphasizing the
importance of controlling operating conditions to
minimize the wear of materials.

Higher impact velocities generate higher ki-
netic energy of solid particles and thus lead to
more serious interactions with the eroded surface
of the tested material [12, 23, 24]. As with impact
velocity, the size of the solid particle also plays
an important role. An increase in the size of the
solid particles at a constant concentration reduc-
es the number of particles in the medium, while
also increasing the kinetic energy of the impact
of the solid particles on the eroded surface [25—
28]. Ultimately, this leads to increased stresses,
which may cause plastic deformation, fatigue
of the surface of the eroded material, and even
brittle fracture [17]. Krella et al. [6] carrying out
slurry erosion tests on X10CrAlSil8 ferritic steel
using cast steel round solid particles (520 pm),
it was observed that the importance of craters in
the erosion process decreased with the increase in
the impact velocity, but erosion rate increased. It
was connected with a platelet mechanism (steel
flakes) that occurred at higher velocities. Desale
et al. [25] showed that the increase in erosion
rate was due to the increase in the size of the ero-
dents (quartz particles) in slurry suspension from
37.5 um to 655 um. At the impact angle of 90°,
no significant differences in the erosion mecha-
nism were observed with respect to the size of
the quartz particles, mainly deformational wear
was visible. In general, solid particles with sharp
and irregular edges lead to increased erosion rates
than rounded solid particles because they create
deeper indentations, pits and craters with irregular
edges [29, 30]. Vite-Torres et al. [31, 32] testing

two different steels (AISI D2 and AISI 420) under
the same erosion conditions using steel round grit
particles and angular silicon carbide (SiC). The
erodents size was in the range of 400—420 pm.
The tests conducted in the air jet rig showed that
the erosion rate caused by spherical particles was
twice as low as compared to irregular SiC parti-
cles, regardless of the impact angle. After erosion
tests using round steel solid particles, the eroded
surfaces showed pitting, scratches, craters, debris,
and steel flakes. The type of material of the solid
particles and therefore its hardness or density, as
well as their shape and size described above, is
a factor that significantly affects the erosion rate.
In general, solid particles that are harder than the
material being eroded lead to an increased ero-
sion rate [15, 33]. Moreover, when a solid parti-
cle collides with the material being eroded, they
can fragment and crack, or round off in the case
of sharp-edged particles [24, 34]. Higher-density
particles have more mass for the same volume.
At a given impact velocity, their kinetic energy
is greater than lower-density solid particles. Ac-
cording to the research on the shot peening pro-
cess conducted by Swietlicki et al. [35], the type
of material had a significant influence on the ma-
terial’s deep hardening. The impact of the balls
(ceramic, glass and steel) on the tested surface
of additive-manufactured 17-4PH steel increased
hardness in the material’s deepest parts due to
compressive residual stresses. The depth of these
stresses depends on the energy of a single ball,
which is influenced by its mass at constant peen-
ing pressure. The hardening depth was 40, 60,
and 80 pum using ceramic particles, glass beads
and steel shot, respectively

Regardless of the medium in which the tests
are carried out, the same dependences were ob-
tained regarding the impact velocity or properties
of erodents. Nevertheless, the medium in which
the erosion process takes place has a significant
influence on the erosion mechanisms and the rate
of material wear. Air, as a low-density medium,
allows for higher particle velocities, which can
lead to intensive surface erosion. Water, due to its
higher density and viscosity, causes slower move-
ment of particles, but a greater impact force can
lead to significant damage [14, 36].

In order to reduce the erosion of structural
steel, various coatings are deposited. Typically
these are cermets [37, 38].

According to Hertzian contact mechanics,
a particle impinging on the surface of tested
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material will create localized stresses (normal
and tangential) that may cause plastic deforma-
tion and, therefore, material removal [39, 40].
Johnson [40] emphasized that the contact stresses
in the Hertzian contact increase with the increase
in the impact velocity, which is the result of the
increase in kinetic energy converted into me-
chanical stresses. In [41] it was also found that
as the velocity increases, higher stresses occur
in the tested material and the damage penetra-
tion increases. In general, the response of steel to
such stresses depends on its microstructure and
mechanical properties. Steel can be subject to
significant work hardening due to high-velocity
impacts, which would change the surface hard-
ness and even further improve resistance up
to some limit [42]. However, continuous high-
velocity impacts may also lead to the initiation
and propagation of microcracks, surface spalling,
and increased material loss, leading to a decreas-
ing overall erosion resistance [4, 43]. Katsumata
et al. [44] investigated the influence of the shape
and size of solid particles on the erosion of TiN
coating. Katsumata et al. [44] found that spheri-
cal particles with a 3 pum diameter induce plas-
tic deformation and microcracking from fatigue,
resulting in cracks on the surface and within the
coating. The impact stresses were low since the
striking area on the eroded surface was vast and
the Hertzian stress caused maximum shear stress-
es to occur at a specific depth.

S355J2 steel grades are the structural low-car-
bon steel grades that are applied in many indus-
tries. It is often used for industrial pipes, pipelines
supplying gas and oil, hulls of ships, structural ele-
ments, and welded structures [45—47]. Due to the
wide use of these steel grades for components ex-
posed to slurry, it is important to know how these

steels degrade, the influence of impact velocity on
the degradation process resistance and what their
erosion resistance is. Although their strength prop-
erties are lower than those of higher-quality steels,
their price-quality ratio is a great advantage.

Because S355J2 steel is popular in many ap-
plications, it is important to know its erosion re-
sistance. Furthermore, the original environment
used for slurry preparation, i.e., cast steel round
solid particles, makes the slurry erosion similar
to the shot peening process. In order to achieve
this goal, the effect of impact velocity and ex-
posure time on the erosion rates was investi-
gated, as well as the effect of impact velocity
on surface hardness and Hertzian stresses was
analyzed. Understanding the effect of stresses,
such as Hertzian stresses, on slurry erosion can
help in designing more durable steel materials
and systems. The degradation process was iden-
tified through surface analysis using scanning
electron microscopy.

MATERIALS AND METHODS

The tests were conducted using a rotary
test rig (slurry pot), schematically depicted in
Figure 1. This test rig primarily consists of a
cylindrical tank with a 6.4-liter capacity, a mix-
ing system, and a drive set. A propeller, attached
to the end of the main drive shaft, ensures the
prevention of sedimentation and the even distri-
bution of solid particles (erodents) in the liquid
medium. Four baffles are mounted on the walls
of the slurry pot to disrupt the slurry flow and
minimize fluid centrifugation. The samples are
placed in two specimen holders, and the veloc-
ity is controlled with an inverter.
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main shaft
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mixing screw

Figure 1. Slurry pot tester (scheme)
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Erosion tests were performed on S355J2 low-
carbon steel samples as delivered. S355J2 steel is
characterized by a ferritic-pearlitic structure with
fine grain (Figure 2a). Ferrite grains have a size of
7 £+ 2 um, while pearlite grains are 2 + 1 um. The
pearlite content was about 21%. The samples had
dimensions of 40 x 10 x 5 mm and the sample
rounding radius was 5 mm. The hardness was 152
HV + 4 HV, and the Young’s Modulus was 210
GPa. Cast steel round solid particles (erodents)
were used for erosion tests (Figure 2b). The ero-
dents had a diameter of 0.52 £ 0.05 mm, a Vickers
hardness of 528 HV, a Young’s Modulus of 190
GPa and density of 7840 kg/m>.

The tests were carried out for three impact ve-
locities: 5 m/s, 7 m/s and 9 m/s. The angle of im-
pact of solid particles on the eroded surface was
90°. The suspension consisting of solid particles
and tap water had a concentration of 12.5%. De-
pending on the impact velocity used, the kinetic
energy of a single solid particle was: 7.2 puJ (5 m/s),
14.1 wJ (7 m/s) and 23.4 uJ (9 m/s). However, tak-
ing into account the mass of all solid particles used
in the erosion test, the kinetic energy was: 10.8 J (5
m/s), 21.1 J (7 m/s) and 34.8 J (9 m/s). The dura-
tion of the slurry erosion tests was 600 min (10 h).

The sample surfaces were ground and polished
using diamond paste to obtain similar initial surface

erosion rate, mg/min

@
0 60 120 180 240 300 360 420 480 540 600

time, min

erosion rate, mg/min

values. The samples prepared in this way were
weighed on an XA160 analytical scale and mea-
surements of hardness were performed on a INNO-
VATEST Falcon 401 Vickers hardness tester (300
gf load and dwell time of 10 s). Before and after
each exposure to erosion damage, in order to de-
termine the standard deviation, mass measurements
were performed three times and hardness measure-
ments four times. However, hardness tests on the
cross-section of the tested steel were performed
three times for each test condition (5, 7, and 9 m/s)
after erosion tests. Observations of the eroded sur-
face after erosion tests and on cross-sections were
made on a Hitachi SU3500 scanning electron mi-
croscope (SEM), while microstructure studies were
performed on a Neophot 2 optical microscope. 5%
nital was used to obtain the microstructure. Grain
size and pearlite content, size of solid particle, size
of craters as well as the thickness of the deformed
layer were determined using ImageJ software.

RESULT AND DISCUSSION

Slurry erosion tests

The conducted erosion tests in the form of
erosion curves (Figure 3) provided a new insight

b) 0.02

—A—5m/s

g
o
o

0 60 120 180 240 300 360 420 480 540 600
time, min

Figure 3. Erosion curves for (a) 5, 7 and 9 m/s, (b) 5 m/s
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into the erosion of S355J2 low-carbon steel at
three impact velocities (5, 7 and 9 m/s). A signif-
icant increase in erosion rate was observed at the
highest impact velocity (9 m/s). This increase is
fivefold and over fiftyfold compared to the veloc-
ity of 7 and 5 m/s, respectively.

In the case of the erosion curve obtained at
velocity of 9 m/s, a constant increase in the ero-
sion rate with exposure time was observed (Fig-
ure 3a). The tests carried out at 7 m/s show a
different course of the erosion curve, although
the maximum value occurs after 600 min of
tests like at 9 m/s, the increase in the erosion
rate is much slower (Figure 3a). Comparing
the presented results with a velocity of 5 m/s,
it was observed that after obtaining the max-
imum erosion rate value in 15 min of erosion
test, erosion rate decrease until 240 min of test
and then remain at a similar level until the end
of the test (Figure 3a and b). In all cases, the
largest increase in erosion rate occurred at the
beginning of the erosion tests (first 15 min of
testing). The increase in erosion rate with impact
velocity is associated with the increase in kinetic
energy of the erodents and the increase in impact
frequency caused more effective damage on the
steels surface. Moreover, such a large difference
in erosion rate at the velocity of 9 m/s and differ-
ent erosion curve profile (significant, continuous
increase in erosion rate) indicate a change in the
degradation process (increasing the intensity of
erosion leads to faster removal of material from
the surface, as well as higher stresses leading to
the appearance of e.g. cracks).

The effect of impact velocity on erosion rate
(Figure 4) is generally known [13, 15, 22]. It
is described as also presented above using the
Equation 1. In this case, a significant increase in
the exponent 7 is visible (6.75), which is closely
related to such a large increase in the erosion rate
at 9 m/s and 7 m/s (Figure 3a). The higher the ex-
ponent n, the more susceptible the material is to
the formation of cracks on the surface or below
the surface (more aggressive erosion), which is
consistent with SEM images (Figure 12). The
increase in the hardness of the eroded material
could also have contributed to the increase in the
velocity exponent n [48]. Moreover, in [49] was
shown that the highest values of the exponent n
are obtained when the rotary test rigs are used.
Such a test device was used in the present study
(Figure 1). Thus, one of the reasons for the high
exponents n was the test device.
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Figure 4. The effect of impact velocity on final
erosion rate

Hardness and Hertzian stresses

Solid particle impacts cause the steel surface
to undergo intense plastic deformations, which
leads to the material hardening by increasing the
dislocation density [50]. The change in hardness
during erosion tests is an important aspect in test-
ing the erosion resistance of materials. Observa-
tions of hardness changes during erosion tests al-
low us to indicate the limit to which the hardness
values increase and after which they stabilize, and
thus at what time of exposure such a limit is visi-
ble. In the case of an increase in hardness during
exposure to erosion damage (Figure 5), it was ob-
served that the increase in hardness at 9 m/s lasted
up to 120 min, at 7 m/s up to 240 min, and at 5
m/s until the end of the erosion test, i.e. up to 600
min. Therefore, when testing the same material at
different impact velocities, completely different
times were obtained at which the hardness values
increased. The obtained results were caused by the
amount of kinetic energy supplied to the eroded
surface of S355J2 steel and the stresses arising in
it. As the impact velocity increased, the exposure
times associated with the increase in hardness
shortened, i.e. not only the time of impact of solid
particles on the eroded surface was shortened, but
also the stresses in the steel increased, resulting in
a greater hardening of the surface layer. A similar
relationship was observed during the shot peen-
ing process, where an increase in peening pres-
sure and treatment time led to an increase in the
final hardness [23]. Skoczylas and Zalewski [51]
conducted the shot peening process on gray cast
iron EN-GJL 250 and also observed that the in-
crease in impact energy led to the increase in final
hardness. Moreover, using balls of smaller diam-
eter resulted in higher final hardness values. The
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Figure 5. Changes in hardness over erosion time

Hertzian stresses are essential to be considered
in the studies on solid particle interactions on the
steel surface. Under impact, concentrated stresses
appear at the point of contact of any particle with
the surface. These stresses are a function of mate-
rial properties, impact velocity, and solid particle
(erodent) geometry [52]. Figure 6 schematically
shows the pressure distribution when a solid par-
ticle hits the eroded surface. Taking into account
the Hertz contact theory [40, 53], the mean con-
tact pressure (P, ) between the erodent and the
sample surface can be calculated and is given by:
1/5 -4/5

Prean =2(F22) " (55) VS @
where: p,is the density of sold particle (erodent),
E, is the Young’s Modulus of the target
material (S355J2 steel), V' is the impact
velocity of solid particle, and S is a pa-
rameter calculated using the equation be-

low [40,53] (3):

‘Fmax

S= [ —vD+ (A -V)HEN B

where: £, and v, is the Young’s Modulus and
Poisson’s ratios of the target material
(S355J2 steel) and E,and v, is the Young’s
Modulus and Poisson’s ratios of the solid
particle (cast steel).

Using the above Equation 2, the influence of
impact velocity on stress changes in S355J2 steel
was presented (Figure 7a). Calculations showed
that at the highest impact velocity (9 m/s) mean
contact pressure (P ) was approximately 5.5
GPa, while at velocities of 7 m/s and 5 m/s, 4.9
GPa and 4.3 GPa were obtained, respectively. As
shown in Figure 7a, the increase in impact velocity
led to a linear increase in mean contact pressure
in S355J2 steel. The linear increase in Hertzian
stress with increasing impact velocity may suggest
a proportionality between the kinetic energy of the
particles and the stresses generated on the material

solid particle
E2 V2
g2 R
Pmax
Pmean=2/3Pmax { X o
Ll
a
E1H
target material z q1
A 4

Figure 6. Scheme of the Hertz pressure distribution during the impact of a solid particle (erodent) [54]
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Figure 7. Correlation between mean contact pressure and impact velocity (a) and hardness increment
(AH = Hﬁnal_ Hinitial) (b)

surface. Therefore, higher kinetic energy of solid
particles means higher contact stresses on the sur-
face, which can lead to greater damage, which is
in agreement with Johnson [40]. Siepak [55] test-
ed the wear of carburized steel with a high content
of retained austenite and found that the increase in
contact stress generated greater wear (mass loss),
so this is also consistent with the results obtained.
The linearity of the increment in Hertzian stresses
showed the uniformity of the erosion process for
the velocities investigated. This proves that chang-
es in the mechanism of erosion and response of
steel to different impact velocities were not sudden,
which allows the observation of changes in steel.
The eroded steel behaved linearly under changing
dynamic conditions. This suggests the cohesion of
the material in response to dynamic loads. The pre-
dictability over a wide range of erodent impact ve-
locities is important for strength analysis and also
design. Moreover, the hardness increment which is
the difference between final hardness (after erosion
tests) and initial hardness (AH=H, —H. .. ) also
showed a linear relationship with the P (Figure
7b). During slurry erosion, tested steel was subject
to intense deformation, especially in places of con-
tact with solid particles. Increased contact stress-
es led to plastic deformation of the eroded steel,
which affected its hardness. Such relationships
(Figure 7) can help predict the erosion resistance of
eroded material. Figure 8a shows cross-sections
of the steels tested at 5 m/s. The thickness of the
deformed layer was 9 = 1 um. The energy sup-
plied to the eroded surface was insufficient to cause
strong plastic deformations or cracks deep into the
material. However, a slight undulation was noticed.
The steel grains were slightly flattened. The minor
damaged surfaces shown in Figure 8a confirmed
very low erosion rates (Figure 3). Cross-sections
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of the steels tested at 7 m/s are shown in Figure
8b. The thickness of the deformed layer was 14
+ 2 um. The increase in impact energy resulted
in thicker deformed layers. This confirms that the
thickness of the deformed layer was an effect of
the impact energy. The surface of the S355J2 steel
showed undulations and pits with a depth of 1-2
um (Figure 8b). However, the undulation which
is the effect of plastic deformation was higher
than in the case of the test performed at a lower
impact velocity (5 m/s). The locations marked
with white arrows are places of strong deforma-
tion, there are voids in their core part. Their shape
and location indicate that they were created along
deformed grain boundaries. Some cracks (yellow
arrows) are also visible in the surface layer, which
proves its worse erosion resistance. In the case of
the tests performed at 9 m/s, the thickness of the
deformed layer was 18 + 2 um. Figure 8c con-
firms strong plastic deformations developed on
the eroded surface. Craters resulting from pearlite
grain removal are not observed. The most likely
reason is their small size (2 um). Nevertheless,
the strong deformation of the uppermost layer
and flakes are well visible. In the center of strong
deformation (white arrows), voids were formed.
Figure 8c indicates that the formation of voids, in
particular their development along grain boundar-
ies, was associated with the formation of flakes.
Flakes seem to have been the source of the craters.
It is believed that cracks develop and gradually
spread in weak spots of the steel due to repeated
impacts, rather than a single impact. After detach-
ment steel flakes, the strongly deformed area with
voids is very vulnerable to subsequent impacts of
solid particles. Subsequent impacts probably lead
to the removal of material and the formation of
craters in highly deformed places.
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Figure 8. Cross sections of S355J2 steel after erosion tests at: (a) 5 m/s, (b) 7 m/s, (c) 9 m/s

The erosion process led to the hardening of
the eroded surface due to plastic deformation,
which changed the erosion characteristics over
time. The lack of strong plastic deformations and
cracks at 5 m/s was due to the hardening of the
surface layer. As observed (Figure 5), the hard-
ness increased with increasing exposure time,
which led to the hardening of the surface layer.
However, the kinetic energy of solid particles
and mean contact pressure were insufficient to
cause serious damage to the eroded surface. The
opposite was the case with tests carried out at 7
and 9 m/s, where flaking appeared on the eroded
surfaces. The lack of increase in hardness at later
exposure times (Figure 5), which was most likely
caused by continued depletion of the surface layer
by erosion, led to higher erosion rates. Hardening
the surface in a short time (Figure 5) leads to the
opposite effect, i.e. the material becomes harder
but at the same time more brittle and cracks as
well as debris occur more easily.

Additionally, the hardness in depth (hardness
profiles) of the eroded material was also exam-
ined, providing information on the depth of hard-
ening of the surface layer (Figure 9). In this study,
the greatest decrease in hardness occurred at a
depth of 45 um, and the hardness at further depths
changed slightly for all impact velocities (5, 7,
and 9 m/s). Nevertheless, the curves obtained
different hardness values in the 0—45 pum section
depending on the impact velocity. At a depth of
5 wm, approximately 189 + 3 HV, 179 £ 2 HV,
and 173 £ 2 HV were obtained at 9, 7, and 5 m/s,
respectively. However, at a depth of 25 pm, these
values decreased by approximately 10, 8 and
6 HV. This indicates that the greatest hardening
of the surface layer for all velocities occurred
up to 25 um. The range of hardening depth cor-
relates well with the thickness of the deformed
layer (Figure 8). Regardless of the selected target
material and test conditions, shot peening pro-
duces hardness profiles similar to those obtained
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Figure 9. Relationship between hardness and distance from the eroded surface (hardness profile)

in slurry erosion [35, 56-59]. The shot peening
process causes local hardening of the material
surface through strain hardening. Plastic defor-
mations increase the density of dislocations in the
crystal structure of the material, which leads to an
increase in surface hardness [11].

In the case of erosion tests, the maximum ten-
sile stresses, which were calculated according to
Eq. (4), are also important. The impacting solid
particle generates maximum tensile stresses on
the steel surface in the contact area [60]. Higher
tensile stresses lead to greater material damage
and therefore lower erosion resistance. At higher
impact velocities (7 and 9 m/s), these stresses are
clearly higher, which indicates intensification of
erosion processes as shown in Figure 10.

1
Omax = E (1 _ Zvl)Pmean (4)
1.2
1.1
.,
R
| e N
| .
0.9
&
0.8
| 7

Tensile stresses led to surface deformations,
which in the long run contributed to the harden-
ing of the surface layer. This was especially vis-
ible at the lowest impact velocity (5 m/s), where
hardening the surface layer increased resistance to
further damage. Nevertheless, at higher velocities,
the effect of hardening may be insufficient to com-
pensate for the erosion intensity, which was con-
sistent with the erosion rates obtained (Figure 3a).

Shear stresses calculated according to Hertz’s
contact theory (Equation 5) provide information
about the distribution of stresses in the material
near the contact and how deeply these stresses
penetrate the tested material. This is crucial for
analyzing the strength of the material. The values
of maximum shear stresses were directly related
to the mechanisms of steel deformation and dam-
age. In general, higher values of maximum shear

2.7
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Figure 10. Maximum tensile stresses (o, ) and maximum shear stresses (t, ) as a function of impact velocity
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stresses can lead to greater plastic deformations
and thus to changes in the hardness of the mate-
rial (hardening) and even changes in the micro-
structure of some materials [40].
Tmax = 0.31 (e (5)

The analysis of maximum shear stresses (Fig-
ure 10) allows the assessment of the influence of
various process parameters, such as the impact
velocity of solid particles. The effect of the im-
pact velocity on the strength of the material is im-
portant in order to optimize working conditions
and minimize erosion. Higher maximum shear
stresses at higher impact velocities indicate that
the eroded steel will be more susceptible to ero-
sion at higher velocities. These stresses lead to
greater surface damage and more intensive steel
wear. The linear increase in maximum shear stress
with impact velocity shows that the effect of ve-
locity on stress is proportional (Figure 10). This
increase may suggest that the material has suffi-
cient ductility to partially dissipate impact energy,
which may be beneficial in certain applications.

The Hertzian contact theory makes it possible
to indicate the depth of maximum shear stress-
es during the interaction of the tested material —
solid particle. This depth is a key place because
the material undergoes significant deformation
and stress there [40, 61]. The depth of maximum
shear stress, z, can be calculated as follows:

z=048a (6)

where: a is the mean contact radius (7), and is
given by:

Fmax
a= \l TPmean (7)
where: F/ _is maximum contact load (8) and can
be described by:

5 3/5 45 _
Fpax = ( ?2) (3_151) 2/5R2y76/5 (8)

where: Ris the solid particle (erodent) radius.

The depth of maximum shear stresses (z) is of-
ten similar to the depth at which significant harden-
ing of the material occurs. Therefore, the material
hardens most intensely in the places of the high-
est shear stresses. The efficiency of the hardening
can be determined by comparing the material’s
hardening depth with the depth of maximum shear
stress. If the hardening depth is less than the maxi-
mum shear stresses depth, this may suggest that the
material is not sufficiently resistant to erosion. For
impact velocities of 5, 7, and 9 m/s, the calculated

maximum shear stress depths (Equation 6) were
11.6, 13.3, and 14.7 um, respectively. Therefore,
the depth of hardening of the surface layer, which
reached 0-25 um, was greater than the depth of
maximum shear stresses in this range. The depth of
maximum shear stresses is close to the thickness of
the deformed layer (Figure 8) and the depth of hard-
ening (Figure 9). In general, shear stresses are only
part of the overall stress state in a material. Normal
stresses can also play an important role in materi-
al deformation. In fact, these stresses can lead to
hardening and deformation at greater depths than
those predicted by shear stress alone. In the case of
velocities of 7 and 9 m/s, as the steel was exposed
to repeated impacts (cyclic loads), microcracks and
other damage accumulated in it. These damages
spread deep into the steel, leading to deformations
at a greater depth than would result from a single
exposure to maximum shear stresses. However, the
higher value of the maximum shear stress than the
thickness of the deformed layer, which was formed
at velocity of 5 m/s, may indicate that the kinetic
energy was not sufficient to create significant plas-
tic deformations in the material, the steel effectively
dissipated this amount of impact energy, the sup-
plied energy was mostly contributed to hardening
the surface layer. Tillett [62] showed that there is
a clear effect of the size of the solid particle on the
Hertzian stress. Increasingly higher impact veloc-
ities were required to create a crack using small-
er solid particles. Therefore, it can be expected
that higher impact velocities and an increase in
the solid particle size will lead not only to an in-
crease in the erosion rate but also in the stresses
in the material. This is consistent with Feng [63]
who observed that larger solid particles have high
kinetic energy, which leads to increased erosion.
This was due to the larger contact surface and
contact time in the case of larger erodents.

As observed in Figure 5, hardness changes
with the time of exposure to erosion and affects
the resistance to further damage. Typically, high-
er hardness is combined with better erosion re-
sistance [4, 20, 64, 65]. Figure 11 shows the final
hardness (after 600 min of testing) as a function
of the impact velocity. An increase in impact ve-
locity led to an increase in final hardness. How-
ever, it is not related to better erosion resistance.
An increase in velocity is also associated with an
increase in erosion rate. Therefore, the hardening
of the material due to impacting solid particles in
the case of S355J2 steel does not have a major
impact on the improvement of erosion resistance,
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Figure 11. Correlation of final hardness (after erosion tests) and impact velocity

but leads to easier and faster formation of cracks
on the steel surface and their propagation into the
material, which is consistent with the results of
the erosion rate.

Damage characterization after slurry erosion
tests

The microscopic examinations of S355J2
ferritic-pearlitic steel after the slurry tests are
presented in Figure 12. Mechanisms of slurry
erosion are intricate. Slurry erosion mechanisms
are significantly influenced by impact veloc-
ity. Depending on the operating conditions, the
size, shape, and trajectory of the erodent par-
ticle, many mechanisms were discovered act-
ing simultaneously. Erosion tests carried out on
the S355J2 steel at the impact velocity of 5 m/s
(Figure 12a and 12b) showed undulations due to
plastic deformation as well as craters and pits
with a diameter of 2—-8 um. The applied stresses
did not lead to the formation of cracks on the
eroded surface or steel flakes, which was relat-
ed to the gradual hardening of the surface layer
(Figure 5). In the case of the impact velocity of
7 m/s (Figure 12¢ and 12d), steel flakes, micro-
cracks and indentations appeared. The indenta-
tions were small, having a diameter of 1 pm to 5
pum. Increasing the impact velocity by 2 m/s con-
tributed to the formation of small steel flakes,
their deformation and the appearance of debris.
With the increase of the impact velocity to 9 m/s
(Figure 12e and 12f), more and extensive steel
flakes, microcracks and cracks as well as debris
appeared on the eroded surface. The indenta-
tions and pits became shallower and their diam-
eter ranged from | pm to 3 um. In the case of an
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impact velocity of 9 m/s, the erosion damage to
S355J2 steel was more serious, resulting from
large steel flakes detaching from the eroded sur-
face. It resulted in more severe wear.

During contact between the solid particle
and the eroded material, the deformed material
was extrusion of the contact zone. Thus subse-
quent impacts of solid particles, the resulting
steel flakes fragment (7 and 9 m/s). Consider-
ing the impact velocity 7 and 9 m/s, it looks
as if the formation of flakes were the source
which could significantly reduce the strength of
S355J2 steel. Furthermore, solid particles hit-
ting the eroded steel surface cause local stresses
that are cyclically repeated with each impact. As
in the case of impact velocities of 7 and 9 m/s,
these stresses led to microcracks, which over
time can propagate into the steel, causing mate-
rial fatigue. Moreover, any surface defect may
become a source of fatigue cracks, which will
develop under the influence of further cyclic
loads. Over time, surface damage accumulates.
Even minor damage can lead to more serious fa-
tigue problems over time because stress is con-
centrated at the defects, which accelerates the
development of cracks. At higher impact veloci-
ties, in addition to the fatigue mechanism, there
was also a platelet mechanism of erosion asso-
ciated with the appearance of steel flakes on the
eroded surfaces. During the interaction between
the solid particle and the surface of the target
material, the deformed material is squeezed out
of the contact zone. Continued impacts of sol-
id particles cause fracture of the formed steel
flakes as shown in Figure 12d and 12f as well
as then their cracking and detachment from the
eroded surface like in [17, 66].
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Figure 12. SEM images after the erosion tests at impact velocity 5 m/s (a, b), 7 m/s (c, d) and 9 m/s (e, f)

Taking into account the obtained results of
erosion tests, a scheme of erosion mechanisms in
the tested S355J2 steel can be presented (Figure
13). The collected research results show a certain
pattern. Analyzing the SEM images of the eroded
surface (Figure 12) and cross-sections (Figure 8),
it was observed that increasing the impact velocity
and thus the kinetic energy supplied to the tested
steel leads to the formation of similar deforma-
tions of the eroded surfaces. As mentioned above,

@
i,
:a¢=\

=
microcracks *

plastic deformation

Q detached flake

strong plastic deformations

tests carried out at an impact velocity of 5 m/s
showed that the steel surface did not have signifi-
cant surface deformations, mainly craters and pits.
Therefore, the surface layer is hardened first with-
out any visible spalling (steel flakes), only the sur-
face is hardened, protecting the steel against ex-
cessive erosion rates (I). In the second stage (II),
as the exposure time increases, the first stronger
deformations appear (surface hardness stabilizes),
then the first microcracks and small steel flakes

I

III

Figure 13. Scheme of impact of rebounding solid particles on the degradation process of S355J2 steel
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appear. The plastically deformed steel flakes are
subsequently removed upon further impact from
solid particles. In the third stage (III), large plastic
deformations appear, strongly deformed and large
steel flakes, cracks are more visible, and voids may
become a source of cracks and craters. Subsequent
impacts with solid particles lead to detachment of
steel flakes and material fatigue.

CONCLUSIONS

In the present study, the influence of im-
pact velocity on Hertzian stresses and failure of
S355]2 steel was investigated. The slurry erosion
resistance of S355J2 was tested at impact velocity
of 5, 7, and 9 m/s. The following conclusions are
derived from the presented slurry erosion tests:

e A significant increase in erosion rate was ob-
served at 9 m/s. This increase was fivefold and
over fiftyfold compared to the velocity of 7
and 5 m/s, respectively. Under test conditions,
S355J2 steel was characterized by a velocity
exponent n of 6.75.

e Alinear relationship between the mean contact
pressure and the impact velocity and hardness
increase (AH) was observed. This proves that
the erosion process is uniform in the tested
range of impact velocities.

e The hardness profile indicates significant
work hardening. The surface layer behaves
similarly to the shot peening process. As the
slurry erosion intensity increase, the depth of
work hardening layer increase. Moreover, the
range of hardening depth correlates well with
the thickness of the deformed layer.

e The linear increase in maximum shear stress
with impact velocity indicates that the effect
of velocity on stress is proportional. This sug-
gests that the material has enough ductility to
partially dissipate impact energy.

e The depth at which maximum shear stresses
occur is often similar to the depth at which sig-
nificant hardening of the material takes place.
The depth of maximum shear stresses was
close to the thickness of the deformed layer
and the depth of hardening.

e The dominant type of deformation mechanism
was fatigue degradation of the surface layers
of the eroded steels. The increase in impact
velocity and Hertzian stresses led to an in-
crease in the number of flakes on the eroded
surface after erosion tests.
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