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Abstract

In this work, an analysis of erosive wear was carried out on hot-work tool steels, AISI S1 (non-
deformable steel with high chromium content) and AISI H13 (steel with high chromium,
molybdenum, and vanadium content) subjected to the impact of alumina spherical particles (Al20s)
and silicon carbide angular particles (SiC), to understand their behaviour and performance under
different particle shapes. An erosion rig based on the ASTM G76-95 standard was used to perform
the testing. Tests were carried out using different impact angles, 30°, 45°, 60° and 90°, with a
particle velocity of 30 + 2 m/s and a particle flux of 63 g/min. Characterization techniques such as
hardness tests and optical microscopy was used to know the morphology of the abrasive particles
and identify the wear mechanisms. The erosion rates showed that AISI S1 steel exhibited higher
erosion resistance than AISI H13 steel after the consistent impingement of abrasive particles. In
addition, SiC particles inflicted higher erosion damage on surfaces than Al>Os grits.

Index terms: erosive wear, AlISI S1 steel, AISI H13, particle shape, erosion rates.

Resumen

En este trabajo, se realizo un analisis del desgaste erosivo en aceros para herramientas de trabajo
en caliente, AISI S1 (acero no deformable con alto contenido de cromo) y AlISI H13 (acero con
alto contenido de cromo, molibdeno y vanadio), sometidos al impacto de particulas esféricas de
alumina (Al2O3) y angulares de carburo de silicio (SiC), para comprender su comportamiento y
rendimiento bajo diferentes formas de particulas. Se utilizé un equipo de pruebas de erosion basado
en lanorma ASTM G76-95 para realizar las pruebas. Estas se llevaron a cabo utilizando diferentes
angulos de impacto, 30°, 45°, 60° y 90°, con una velocidad de particula de 30 = 2 m/s y un flujo
de particula de 63 g/min. Se utilizaron técnicas de caracterizacibn como pruebas de dureza y
microscopia Optica para conocer la morfologia de las particulas abrasivas e identificar los
mecanismos de desgaste. Las tasas de erosion mostraron que el acero AISI S1 presentdé mayor
resistencia a la erosion que el acero AISI H13 tras el impacto constante de las particulas abrasivas.
Ademas, las particulas de SiC causaron mayor dafio por erosion en las superficies que las particulas
de Al,O:s.

Palabras clave: desgaste erosivo, acero AISI S1, AISI H13, forma de las particulas, tasas de erosion.
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|. INTRODUCTION

Erosive wear is one of the most damaging wear processes affecting mechanical components in industry; it accounts for
approximately 70% of problems with mechanical components subjected to various damaging conditions. Essentially, it
refers to the progressive loss of material due to the impact of abrasive particles or liquids on a surface. This type of wear
commonly occurs in mold boxes and cores in die castings, pipes carrying liquids or gases, pipe fittings such as elbows,
T-fittings, valves, chutes used in grain sorting machines (rice, corn, chickpeas, coffee), turbine blades, helicopter
propellers, automotive paints or coatings, and other mechanical components. Due to this wear process occurs in different
mechanical elements and materials, several erosion research studies have been conducted to determine the resistance of
different types of steel alloys. For instance, Bingyuan Hong, et al. [1] conducted a study, in which the main objective was
to experimentally investigate the erosion phenomenon of two very common materials used in pipelines for shale gas
extraction, specifically AISI 304 stainless steel and L245 carbon steel, when impacted by solid particles entrained in gas.
The author and his team discovered how factors such as gas velocity, impact angle, erosion time, and particle type affect
wear. Additionally, analyses were performed using SEM to observe the metal surface after erosion and to understand the
wear mechanisms. These experiments led to the discovery that the most critical impact angle for both materials was not
the conventional 90°, but rather close to 30°, a condition in which particles behave like micro-blades, causing grooves
and scratches on the surface. In contrast, at angles close to 90°, repeated impact favors the formation of cavities or craters.
Furthermore, gas velocity was found to be an important parameter because it influences damage exponentially: the higher
the velocity, the more severe the erosion. Regarding materials resistance, L245 carbon steel, being less hard, suffered
significantly greater deterioration than 304 stainless steel. The explanation of the identified wear mechanisms was relevant
because it explained why L245 carbon steel, having lower hardness, exhibited deeper grooves and larger craters compared
to 304 stainless steel, thus supporting the differences observed in experimental erosion. In the context of foundry

3 operations, where tool steels are constantly attacked by solid particles (silica sand particles), the phenomenon of erosive
wear represents a significant threat for tools. Rodriguez, et al. [2] addressed this problem by investigating the erosive
behaviour of two widely used steels: AISI H13 and AISI 4140. Their research demonstrates concisely that increasing
material hardness through heat treatment is not entirely guaranteed to improve erosion resistance. In fact, for high impact
angles (close to 90°), harder steels suffered significantly greater material loss due to the formation of adiabatic shear
bands, which act as sites for crack initiation and propagation. In this work, three clearly distinct wear regimes were
identified. At low angles (10° and 20°), erosion tends to decrease as hardness increases, with micro-cutting being the
predominant mechanism. In this case, particles act as small cutting tools that remove material and generate finer grooves
in harder steels. In the range of 30° to 40°, the erosion rate remains practically constant without a clear dependence on
hardness. For angles above 60°, softer materials show better erosion resistance than harder ones. In the latter, normal
impact (90°) promotes crater formation and, furthermore, the appearance of shear bands that give rise to subsurface cracks,
which considerably increases material loss.

Due to the interesting works mentioned above, interest arises in carrying out erosive wear tests on materials that are
commonly used in mechanical elements such as mold boxes and cores in die castings. In this work, two alloy steels

were subjected to erosion tests to know their behaviour against this wear process. Total erosion rates were obtained for
both materials using two different particle shapes. The results showed significant differences in erosion damage.

I[I. EXPERIMENTAL DETAILS

A. Test procedure

The materials used in the tests were AISI S1 and AISI H13 steels (as-received condition), which are used to protect
surfaces subjected to high fatigue and wear. Both materials were supplied in the form of standard steel slabs (25mm
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wide and 3mm thick) and then cut carefully with a hacksaw crosswise to achieve the following dimensions, 50 mm X
25 mm and 3 mm in thickness to fix in the sample holder of the erosion rig. Additionally, hardness tests were conducted
using a Microhardness Tester LECO LM 700. Five hardness data were calculated for each tested material in accordance
to ASTM E384-17 [3] and an average value was obtained. The hardness of AISI S1 and AISI H13 steels was 320 HV
and 363 HV, respectively. The applied load to the Vicker’s indentor (square-based diamond pyramid) was 1000 gf,
whereas the dwell time was 15 sec. In respect to the selected erodents, spherical Al,Os and angular SiC particles were
employed to cause the erosion damage on the material surfaces. The morphology of both abrasives was obtained using
a Radical 1200 model microscope and are shown in Fig. 1a-b.
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Fig. 1. Micrograph of abrasive particles, (a) Silicon carbide (SiC), (b) Alumina (Al203).

The erosion tests were performed using a sand blasting erosion equipment, based on ASTM G76-95 [4]. The materials
were subjected to erosion impacts by 10 min, however each sample was removed every 2 min to determine the mass
loss. The impact angles were 30°, 45°, 60° and 90°. In addition, a particle velocity of 30 + 2 m/s and a particle flux of
63 g/min was used. In all tests, the samples were located 10 mm from the end of the stainless steel nozzle. The nozzle
dimensions were 4.7 mm internal diameter, 6.3 mm external diameter and 260 mm length. The room temperature was
between 35° C and 40° C. The specimens were weighed using an analytical balance (with an accuracy of + 0.0001 g)
before the start of each test (initial weight) and removed every 2 min, cleaned by using acetone and weighed again to
measure the mass loss values. The micrographs of the eroded surfaces were analyzed using optical microscopy to
identify the wear mechanisms of both steels at all incident angles.

I1l. RESULTS

A. Wear mechanisms analysis

The micrographs of the erosion damage caused by SiC angular particles on AISI S1, are shown in Fig. 2a-b. Here, it
is possible to observe typical wear mechanisms such as micro-cutting actions, irregular indentations (scratches), a few
pits (small holes) and micro-ploughing actions on the worn surfaces at 30°. It is assumed that at lower impact angles
(0 < 45°), the particles firstly impact the surfaces, causing a micro-cutting actions similar to that of a cutting tool,
where material removal is significant [5], [6], [7], [8], [9]. Then, after this initial impact, some erosive particles slide
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across the surface in various areas with such force that they cause wear similar to the ploughing action of the soil. In
this particular case, the material is only removed or displaced due to the sliding of the particles. Irregular lines can also
be caused by this action. In addition, more pits filled by wear debris, craters (large holes) and irregular indentations
located in random areas, are seen on the damaged surfaces at 90°. These wear mechanisms are quite common at this
incidence angle, because the abrasive particles act more directly on the surfaces.

On the other hand, the wear damage on AISI S1 inflicted by the impact of spherical alumina particles is shown in Fig.
2c-d. In this particular case, the material is more plastically deformed (displaced), and the pitting actions on the surface
are consistent at 30°, whereas the erosion damage at 90° is characterized by craters seen on the surface of the AISI S1
steel and some pitting actions are identified as well. These wear mechanisms are very common when spherical particles
impact the surfaces of different materials [10], [11], [12]. Due to the spherical shape of the particles, the wear intensity
is lower compared to angular particles.

In relation to the wear damage on AISI H13 caused by SiC particles, the wear mechanisms were characterized by
micro-cutting and micro-ploughing actions and scratches as observed in Fig. 3a-b. These mechanisms were also
exhibited in other erosion studies using the same material [2]. On the other hand, the erosion damage originated by
alumina impacts, is mainly characterized by large craters of different dimensions on the surfaces at 30° and a more
uniform pitting action (small holes) are seen on the surfaces at 90°. In this specific case, the spherical particles actually
left their shape printed on the surfaces of this material. Again, it is possible to see the differences in the mode of erosion
damage caused by each of the particle shapes used in this work.
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Fig. 2. Erosive wear on AlS| S1 steel, (a) 30° SiC, (b) 90° SiC, (c) 30° Al20s, (d) 90° Al20s.
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Fig. 3. Erosive wear on AISI H13 steel, (a) 30° SiC, (b) 90° SIC, (c) 30° Al20s, (d) 90° Al,0.

B. Wear mass loss and erosion rates

Fig. 4a-d shows the mass loss vs time graphs of the tested materials at all incident angles. The curves showed a tendency
to increase the damage over time. This trend has been commonly seen in other erosion studies [13]. The graphs show
that silicon carbide caused significantly greater mass loss in each of the test materials compared to the results obtained
using alumina. This was mainly due to the angular shape of the particles, which led to the removal of greater amounts
of material from the steels due to the more severe micro-cutting actions. In the specific case of damage caused by
silicon carbide, the performance of both steels was very close, which is related to the similarity of the wear mechanisms
observed in both materials. In respect to mass losses caused by alumina, the behaviour of the materials was not as
similar, and it was clearly observed that AISI S1 steel showed higher erosion resistance than AISI H13 steel. In fact,
in general terms, AISI S1 steel performed better against this wear process.
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Fig. 4. Mass loss vs time graphs, (a) 30°, (b) 45°, (c) 60°, (d) 90°.

In respect to the erosion rates results, it is important to mention that the literature related to solid particle erosion
indicates that materials exhibit ductile behaviour when they reach their maximum erosion rate at low impact angles (o
< 45°), while they present brittle behaviour when erosion rates are greater at higher angles, close to normal incidence
(o> 45°) [14]. Based on the literature, AISI H13 steel displayed ductile behaviour when impacted by silicon carbide
at 30°, due to the constant and more intense micro-cutting actions of the angular particles. In contrast, when attacked
with alumina particles, its behaviour was brittle, reaching its highest erosion rate at 90°. This could be because at 30°,
the spherical particles regularly displace the material but do not detach it, while at 90°, these same particles can generate
craters of considerable diameter, which can lead to higher erosion rates under normal conditions. On the other hand,
AISI S1 steel exhibited similar brittle behaviour when impacted with both abrasive particles. The highest erosion rate
was reached at 60° when impacted by silicon carbide, while the maximum erosion rate was observed at 90° as alumina
was used for the erosion tests. In the case of silicon carbide, the combination of wear mechanisms such as micro-
cutting, micro-ploughing, pitting, and craters may have been decisive in causing greater damage at this impact angle,
while the alumina particles, based on the wear mechanisms observed, created a surface with a significant amount of
pitting, which could have occasioned a high erosion rate at 90°.
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Fig. 5. Total erosion rates vs impact angles.

IVV. CONCLUSIONS

The results presented in this research work lead to the following conclusions,

1. Inrespect to the performance of both materials, it is possible to determine that AISI S1 exhibited higher erosion

resistance than AISI H13 at all incidence angles and in each particle shape.
8 2. Erosion rates were much higher when angular silicon carbide was used for erosion testing compared to those

obtained using alumina.

3. Typical wear mechanisms of solid particle erosion were identified; micro-cutting and micro-ploughing actions
were observed due to the contact of angular particles on the surfaces of both materials. Furthermore, the
formation of craters and holes or pits on the surfaces was common when spherical particles impacted both

steels.
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