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Abstract:

In simulations of surface erosion, impacting particles have been systematically modeled as spheres. The use of other particle
shapes, closer to reality, was the motivation for this work. In it, a non-linear finite element analysis was carried out in order to
simulate, in 3D configuration, this type of erosion in surfaces of a ductile material. Impacts were done by rigid particles with
irregular polyhedral, as well as with spherical and cubic shapes. Being a case of dynamic compression in an elastoplastic target
material, involving effects of strain hardening, strain-rate and temperature, a Johnson and Cook formulation was used. Images
from these simulations were compared to SEM images from previous experiments with a ductile material, the Duplex Stainless
Steel UNS S32205, where their surfaces were eroded by impact of alumina particles entrained in air flux. Results of simulations
were compared to those of experiments, considering the morphology, dimensions of erosion craters and evidence of mass loss. In
simulations, results with irregular polyhedral particles reproduce the experimental ones better than those obtained with other
shapes. Despite this, it was observed that simulations with spherical particles still remain useful. Additionally, simulations with
polyhedral particles suggest further studies on a possible combination of two traditional models for erosion by impacting particles

in ductile materials.
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1. Introducdo

Degradation of engineering materials is a matter of
economics. Billions of dollars are expended annually to
improve design and to prevent and control the deleterious
effects of this phenomenon [1,2]. Erosion of surfaces,
especially in case of impact of hard particles entrained in
moving fluids, is a relevant issue in design, operation and
maintenance of pumps, turbines, separators, valves and tubes,
as well as in structures [3-8].

In ductile metals, the erosion craters play a relevant role
in elucidating the phenomenon and there is a model
(‘localization’) [9, 10] based on the effects of successive
impacts of single particles, on the same point of a surface.
This model explains erosion in ductile materials better than
others models, like the “cutting” model [7], which applies, for
example, to surface ploughing in machining and to erosion by
impacts with shallow angles of impingement. Both models are
shown in Fig. 1, the cutting model in (A) and the localization
in (B). According to the localization model, the craters
initiation and evolution are shown in (B): in a first impact on
the surface (a), a particle can have sufficient energy to; at
least, cause a localized plastic deformation in the target
material, creating a crater (b). A second impact on this crater
can increase deformation on the bottom of it, strain hardening
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the material and creating plastically deformed borders, or
“lips” (c). From the following impact on, the target material
could be submitted to strain conditions leading to fracture
along a heavily sheared layer at the base of the lip. The
detachment of the lip characterizes the loss of mass, i.e.
erosion. This is attributed to cracks in a narrow region of very
large shearing, called Adiabatic Shear Band (ASB).

Successive impacts of hard particles, in surfaces of
ductile materials involve effects of dynamic compression.
Thus, in simulations, high strain-rate plastic deformation of
ductile materials can be described by constitutive equations
that link stress with strain, strain rate, and often temperature
[11]. Part of the plastic work is converted into heat, and as the
temperature in the material increases, the flow stress usually
tends to decrease. There are many formulations relating those
variables; one of them is the Johnson and Cook formulation
[12].

Several works on simulation of erosion by impact of
particles consider spherical rigid particles [13-19]. Finite
element software is often used and, to simulate material
failure, it is necessary to define a damage initiation criteria
and its respective damage evolution law
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(A) Cutting model

(B) Localization model
Figure 1: Erosion models. Source: Adapted from [7, 9].

The damage evolution law describes the rate of
progressive degradation of the stiffness of the target material,
until the corresponding damage initiation criterion had been
reached, leading to material failure [20].

The present work aimed to simulate the surface erosion of
a ductile material by impact of individual rigid particles,
focusing in irregular polyhedral shape. Three analyses were
carried out with erodent particles also modeled as spherical
and cubic. The observations of erosion effects were
concentrated on craters and their morphology, dimensions, lip
formation, and mass loss evidences. For comparison, it was
considered the results of a previous experimental work [21]
[22], where surfaces of a commercial hot rolled plate of a
Duplex Stainless Steel (DSS) UNS S32205 were eroded by
impact of alumina particles entrained in turbulent air flux.
These particles had an irregular polyhedral shape, 100 mesh
(150 um) speed of 50 m/s and were oriented 30° with the
block surface. Alumina was chosen by its erosive
effectiveness [23]. SEM images allowed observing, on eroded
surfaces, the consequences of particle impacts in different
conditions. Additionally, the applicability of models for
erosion by impact of solid particles in ductile materials was
discussed.

2. Materials and Methods
2.1 Modelling
The erosion process was modelled in a dynamic and

adiabatic analysis, using a commercial finite element solver,
the Abaqus/Explicit (version 6.13). Three analyses were

109

performed based on an assembly containing a deformable
rectangular plate 0.2 mm x 0.4 mm x 0.3 mm for the target
material and rigid bodies for erodent particles. To match
experimental parameters, each particle was oriented 30° with
the top surface of the target, had a speed of 50 m/s, and was
aligned and spaced apart, as shown in Figure 2.

Figure 2: Assembly — polyhedral particles. Source: [Author].

In this solver, it is necessary to set some definitions as
detailed next.

2.2 Geometry

The settings, in this section of the solver, are shown in
Table 1.

Table 1: Settings in software geometry section.

Particle Inter-Particles Mesh Element
Shape/Size [mm] Spacing [mm] Size
Sphere [@ 0.150] 2 (mm) 0.004
Cube edge [0.121] 0.4 (mm) 0.002

Polyhedron [ 0.150] 2 (mm) 0.004

Volume and mass of each of the three types of rigid
particles were the same. To simulate alumina particle, a mass
of 6.9x10-6 g was associated to their centroid, as well as a
density of 3,490 kg/m3. In the simulation with cubic particles,
the first contact between particle and target was set to be done
by the vertex of the cube, being this approach considered the
worst scenario. The polyhedral particle’s shape was defined
arbitrarily, as shown in Figure 4, the closer as possible of the
experimental particles showed in Figure 3. In simulation, the
contact was done by a small edge.
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formulation [24]. In this model the flow stress (=) is
expressed as a function of the strain (first term), the strain-
hardening (second term) and the temperature (third term), as
shown in the equation (1).

o= LA+ [1+Cm(Z)][1- 'a,,__' ]
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Figure 3: Geometry of alumina prticles. Source: [22].

where, £ is the strain, 4 is the true yield stress, E is the
stress at £ = 1.0, = is the strain-hardening coefficient, =, is
the strain rate, =}, is the reference strain rate (usually 1.0), T is
T the current temperature, T, is the room temperature, T, is the
[ melting temperature and m is the temperature index. Those
coefficients can be obtained by specifics tests [24].

Heat generated by plastic deformation is considered in the

0,15

0,16

T
73; analysis and the inelastic heat fraction {#) was set as 0.9 [11].

{ B i It is also important to define the material density (z) and
\ specific heat (£,). The temperature variation is then

0,01 confact edse calculated by the equation (1) combined with the Johnson and

. I . Cook formulation.
Figure 4: Arbitrarily defined polyhedral geometry. Source: [Author].
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2.3 Material properties
The mechanical and others properties of this material are
The target material was modeled as having properties presented in Table 2.
close to the DSS UNS S32205, using the Johnson and Cook

Table 2: Properties of target material [25].

Yield Stress Ultimate Elongation Density Elasticity Poisson Hardness B Specific Heat
0,2% Tensile Stress | in 50 mm Module | Coefficient HRC [J/Kg.K]
586 MPa 784 MPa 34% 7,839 kg/m3 200 GPa 0.3 19 0.9 477
The constants of the Johnson and Cook formulation, where, L-_:-:'i is the plastic strain at the damage initiation,
adapted to represent the DSS UNS S32205, are in Table 3. d, — d< are the material damage constants.

Two damage criteria were considered in the analysis,
Table 3: Parameters of Johnson e Cook plasticity model [24] [25] ~ With their respective laws of evolution: the Johnson and Cook

[27]. damage criterion and the shear criterion. The damage

parameters are shown in Tables 5 and 6. Values for Table 5

A B n T | T | m | € | &  were taken from [26] as they were not found in the literature
587.2 754 0471 | 1793 | 298 |1.03(0.014| 1.0  forthe DSS UNS S32205.

MPa MPa K K . The damage evolution law [20], in terms of displacement,

was represented by a factor 0.003 for both criteria. The factor
value was fitted in an analysis using spherical particles in
order that elements deletion only occurs after three particles
impacts. Then, used for all analysis.

2.4 Damage model

Johnson and Cook damage criteria [24] considers the
damage initiate when the plastic strain is equal to the obtained
by the equation (3), which depends on the strain, the strain- Table 5: Parameters of Johnson e Cook damage model [26].
rate and the effect of the temperature. D, | D, | D; | D, | D

| . o 0.05 ] 3.44 | 2.12 | 0.002 | 0.61
&7 =d, + dyexp(dan)][1 + dyln 'Lz-'] [1+ 4 ___'m_'_:'J €)
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Table 6: Parameters of shear damage model [25].

8, £

£

pl pl

0.34 |06 |1.0x10-4s*

2.5 Contact

A “surface to surface” contact type was defined between
the erodent particles and the target surface. It was chosen the
external surface of the rigid particles (sphere, cube and
polyhedron, in their respective analysis) as master surface and
a node of the target as slave surface. The properties of the
contact were “normal behavior” and friction coefficient was
0.2 [17].

2.6 Mesh

Eight-nodded brick elements (C3D8R) with reduced
integration and maximum degradation were used to mesh the
target, while four-point tetrahedral elements (R3D4) were
used for the rigid particles. For both  geometries, mesh size
of 0.004. An analysis of mesh sensitivity was carried out.

2.7 Boundary conditions

For the rigid bodies (erodent particles), rotation and
lateral displacement were restrained. The bottom of the target
plate was fixed in all simulations.

3. Results and Discussion

Comparing the images from spherical particles analysis,
Fig. 5, with the (c) stage of “localization” model [9] described
in Fig. 1 (B), it could be noted that they satisfactorily
represent the morphological aspects (evidences of crater
formation and plastic deformation) of craters and their
evolution under erosion by successive impacts of hard
particles in ductile materials. These results are in accordance
with [13-19].

In the images in Figure 6 it was observed that, in the case
of craters created exclusively by plastic deformation, the
simulation with spheres reproduces the cross-section profile
of the experimental craters.
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Figure 6: Cross-section profiles comparison: simulation x experiment
[28].

However, the analysis with spherical particles seems not
reproduce experimental craters (irregular shape) that include
plugging effect. Then, another simulation with cubic particles
was carried out.

The analysis with cubic particles presented results that,
when compared with those obtained in experiments, meant a
better representation of the effects of erosion by irregular
shaped particles impacts. This can be seen in Figure 7 where,
in addition to the apparently deeper craters, due to vertex-type
contact, it is possible to see a more effective representation of
lip formation, not only on borders, but also in the opposite
side of the impact orientation. Additionally, it can be seeing
the occurrence of micro cutting (like in machining). Besides,
it was observed deletion of elements just after the first impact.
These facts were not verified in the simulation with spherical
particles and they are not expected under the localization
model.

Figure 7: craters morphology after impact of particles. SEM - 5 s erosion effect [21].
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Simulation with polyhedral particles provided an even
better representation of the effects of erosion by irregular
shaped particles impacts. It can be observed in Figure 8 that
the shape of the simulated craters approaches the experimental
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ones in view of their elliptical shape and borders formation.
These craters were shallower than in the case of cubic particle
simulation.

Figure 8: Morphological comparison: simulation [22] x experiment [21] [28].

Independently of the arbitrarily irregular polyhedral shape
adopted for the simulated particles, the very effect of them on
target surface was due to the contact of a small edge, instead
of a vertex in case of cubic particles.

It must also be pointed out that, in the experiments, there
was a turbulent flux of polyhedral particles. So, despite a
mean angle of 30° and a mean speed of 50 m/s, the impacts
were not of the same type, neither in orientation nor in kinetic
energy. In experiments, evidences of cutting can be found not
only in scratches but also inside plastically deformed craters.

Some measurements were made in images of craters from
simulations, after three impacts, as can be seeing in Table 7.
For comparison, it was included in such table the values
obtained from SEM images of some experimental results.

The geometric similarity between simulated and
experimental craters was roughly estimated on the basis of

their length/wide ratios, assumed to be an index of
ovalization.
Table 7: Craters dimensions.
Shape Dimension (um)
Length / Wide ‘ Depth
Simulation
Spherical 56/28 = 2.0 4
Cubic 55/36 = 1.7 14
Polyhedral 60/35=1.7 8
Experimental
Polyhedral 45/25=1.8 7

In such aspect, craters in all cases present the same order
of magnitude although, as expected, simulated craters with
cubic and polyhedral particles were closer to experimental
craters. In the case of the depth of craters, it became evident
that simulation with spherical particles hardly reproduces the
depths verified in experiments. The same applies to cubic
particles, since vertex-type impacts adopted in simulations are
relatively rare in reality, leading to deeper crater. Otherwise,
depth values from simulations with polyhedral irregular

particles matched the experimental ones. This could be
attributed not only to the fact that the polyhedral particle in
simulation was geometrically closer to the particles used in
the experiments, but to the edge-type contact.

Concerning erosion models, it seems that the
morphological aspects of the craters observed in the images
suggest that the localization model is not enough to explain
the morphology of some craters. In them, especially in case of
experiments and in simulations with cubic and irregular
polyhedral particles, it was possible to see cutting effects.

Conclusions

Simulations of erosion by impacts of solid particles were
made in a ductile material. The simulated particles were of
different shapes: spherical, cubic and irregular polyhedral.
Based on the results of simulations and of the experimental
results with a DSS UNS S32205, it was possible to conclude:

In simulations, the use of polyhedral particles, when
compared to spherical and cubic ones, better reproduced the
experimental results, regarding the morphology, geometry and
dimensions of craters. Additionally, with this type of
simulated particles, it was possible to detect evidences of
cutting in plastically deformed craters, in a way more realistic
than with cubic particles, where this effect was exaggerated.

The spherical particles, commonly used in simulations,
appear to be still interesting, but they only represent the
general morphology and the order of magnitude of
experimental craters. A relevant discrepancy was observed in
the depth of simulated craters, compared to experimental, and
an apparent inability to show eventual cutting effects.

Considering that the localization model for erosion of
ductile materials was established with spherical particles, the
results of the simulations pointed out to further studies toward
a possible association of the localization model with the
cutting model.
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