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Effect of microparticle properties on erosion in solid-steam mixtures
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Based on a custom-built experimental apparatus, irregular microparticles of different sizes and microparticles of the same size but
of different shape were added to wet steam, and erosion experiments were performed on polished medium carbon steel specimens.
After the experiments, the eroded surfaces were analyzed by scanning electron microscopy and the degree of damage was evalu-
ated by area loss. The results indicated that microparticle size significantly affects the degree of erosion damage. With an increase
in size, variations in the method of damage mainly cause different degrees of damage on an eroded surface. Microparticle shape
hardly affects the number of craters. Compared with spherical microparticles, irregular microparticles cause indentations more

easily and result in more severe abrasion on the material’s surface.
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Erosion in steam turbine blades is an important problem in
power generation systems [1,2]. It is commonly acknowl-
edged that water drop impact is the main reason for damage
on the surfaces of last stage blades and that the damage re-
sults from the direct impact of water drops [3—6]. Min et al.
[3] and Mann et al. [4] performed water jet impingement
experiments on solid surfaces and found that the initiation
and expansion of the cracks occurs on the surface because
of a stress wave and a high-speed lateral jet that is generated
by water drop impact. However, microparticles exist in
steam because ferric oxides peel from the inside of a super-
heated tube [7], which then changes the type of damage [8].
We have previously investigated erosion damage by wet
steam that contained microparticles [9]. The indentations
and scratches caused by microparticle impact and the cracks
caused by water drop impact are not the only types of dam-
age caused when the steel surface is eroded by wet steam
that contains microparticles because craters also appear on
the surface. Microparticles have been shown to have an
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important role in the generation of craters and the craters are
considered to be the result of cavitation erosion. Therefore,
we studied the effect of microparticle properties on wet
steam erosion.

As part of our ongoing study, erosion experiments using
wet steam containing different microparticles were carried
out with a custom-built experimental apparatus. According
to the degree of material surface damage, the effects of mi-
croparticle size and shape on cavitation erosion and abra-
sion were investigated.

1 Experimental section

1.1 Experimental apparatus

Figure 1 shows a schematic diagram of our experimental
apparatus. Wet steam is generated by the steam generator
(A). Velocity changes and variations in the flow rate of the
wet steam are controlled using valve (B). Microparticles are
forced into the pipeline by the designed thruster (H) after
being dispersed by the supersonic vibration device (G). The
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feed rate of the microparticles can be controlled by chang-
ing the rotary speed of the stepper motor. Wet steam carry-
ing microparticles then impact the sample surface (J) after
passing through a mixer (C), steam flow meter (D), pressure
transmitter (E), temperature sensor (F) and nozzle (I). After
completion of the erosion experiment the pipeline can be
cleaned with deionized water.

The sample is set in the jig (K). The distance between the
sample and the nozzle and the included angle between
steam impact and the sample can be adjusted by altering the
position of the metal bars and rotating the jig’s angle.

1.2 Experimental procedures

Two types of microparticle were added to the wet steam by
the designed thruster. One type is irregular SiC microparti-
cles and the other is spherical SiC microparticles. Figure 2
shows scanning electron microscope (SEM, FEI Quanta
200) micrographs of the microparticles. The spherical mi-
croparticles have smooth surfaces while crevices and con-
caves are found on the surfaces of the irregular microparti-
cles. To determine the effect of microparticle properties the
degree of erosion damage was evaluated. Many methods
exist to evaluate the degree of erosion damage such as mass
loss and pit number [10]. In our experiment, plastic defor-
mation appeared on the surface and the shape and size of
the erosion pits were different [9]. By contrast, area loss is

Figure 1 Schematic diagram of the experimental apparatus.
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more suitable to evaluate the degree of erosion damage [11].
Herein, the area loss is defined as the area of the indenta-
tions, scratches or craters that result from microparticle or
cavitation erosion.

Specimens were made using medium carbon steel (AISI
1045 steel). The surface was polished and the mean square
(Rq) value was 50+5.6 nm, which was measured by atomic
force microscopy (AFM, CSPM 4000). Deionized water
that contained a few microparticles was used as the steam
source. To avoid material destruction by water-drop impact
a steam velocity of 80 m/s was used because the estimated
damage threshold velocity for liquid impact is 120 m/s [12].
Because the diameter of the nozzle is 2 pm, the impact ve-
locity of steam can be controlled by steam flow. The other
experimental conditions were as follows: steam pressure of
0.1 MPa and a steam temperature of 110°C, which was ob-
tained using a pressure transmitter and a temperature sensor,
respectively. The impact angle was 20° and the impact dis-
tance was 10 mm. During the 10 min experimental time, a
total of 0.6 g of the microparticles were equally mixed into
the steam pipeline through the designed thruster.

2 Results and discussion

2.1 Effect of microparticle size

Huang et al. [13] investigated the effect of solid particle
properties on cavitation erosion in solid-water mixtures.
Particle abrasion was found to be so severe that it was dif-
ficult to distinguish the damage caused by cavitation ero-
sion. To differentiate the damage induced by abrasion and
cavitation erosion irregular microparticles with nominal
sizes of 0.5, 0.8, 1.0, 2.5, 3.5, 5, 6.5, 8, 9 and 10 um were
studied.

After the erosion experiments, the eroded surfaces were
analyzed by SEM and Figure 3 shows the micrographs of
some eroded surfaces.

Figure 3(a) shows that indentations and craters appear on
the eroded surface. The indentations are triangular while the
craters are circular. The indentation area is smaller than that
of the craters. Figure 3(b) shows that the indentations and

Figure 2 SEM micrographs of (a) irregular microparticles and (b) spherical microparticles.
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Figure 3 Scanning electron micrographs of surfaces eroded by adding irregular microparticles of different size to wet steam. (a) 0.8 um; (b) 3.5 um; (¢) 6.5

pm; (d) 8 um.

craters also appear on the eroded surface, but the number of
indentations and craters increase. Figure 3(c) shows that
scratches appear on the eroded surfaces next to the indenta-
tions and the number of crater decrease. The scratches are
strip shaped with lengths of 0.5-6 um and widths of 0.2-2
pm. When the 8 pum microparticles were added to the wet
steam the eroded surfaces had few craters and scratches are
the main type of damage, as shown in Figure 3(d).

To obtain the areas of the craters, indentations and
scratches, scanning electron micrographs were processed by
pit identification including pit profile recognition, border
connection and fill, and information statistics [11]. Accord-
ing to the statistical results a relationship between area loss
and microparticle size was obtained, as shown in Figure 4.
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Figure 4 Relationship between area loss and microparticle size.

Curve a represents the area loss caused by indentations
and scratches. The area loss increases with an increase in
microparticle size, which also agrees with the report by
Rickard et al. [14]. Curve b shows the area loss caused by
indentations, scratches and craters. With an increase in mi-
croparticle size the total area loss can be divided into three
parts: (i) A direct ratio I where the area loss increases rap-
idly. In this part, indentations and craters appear on the sur-
face; (ii) an inverse ratio II where the area loss decreases.
The reduction in the degree of damage is associated with the
reduction in the proportion of craters since the incremental
rate of area loss caused by indentations and scratches is
bigger than that caused by the craters; and (iii) a direct ratio
IIT where the number of craters decrease and particle abra-
sion increases.

Comparing curves a and b, when the 0.5 um to 6.5 um
microparticles were added to the wet steam the area loss of
curve b was higher than that of curve a. That is because the
area of a crater is usually larger than that of an indentation
and the area loss is mainly caused by the generation of cra-
ters, as shown in Figure 3(a) and (b). For microparticles
larger than 6.5 um the area loss of both curves is nearly
equal and increases rapidly. In this part, few craters appear
on the surface and abrasion is the main type of damage with
a further increase in microparticle size, as shown in Figure
3(c) and (d). Therefore, microparticle size has a significant
effect on crater generation and the degree of erosion dam-
age.
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2.2 Effect of microparticle shape

In this section, microparticles of similar size (4 pwm) and
different shape (irregular or spherical) were added to wet
steam to determine the effect of microparticle shape. Figure
5 shows the damaged surface after these experiments.

From Figure 5(a), the type of damage is identical to that
from the experiment described in Section 3.1. As spherical
microparticles were also added to the wet steam the eroded
surface also shows indentations and craters but few
scratches are present on the surface, as shown in Figure
5(b). The craters that come from the addition of irregular or
spherical microparticles to the wet steam have the same
characteristics such as circular and smooth brims. The brims
are smoother and smaller for indentations than that caused
by the irregular microparticles.

The scanning electron micrographs were also processed
by pit identification and Figure 6 shows the relationship
between area loss and microparticle shape.

Figure 6 shows that when the material surface is eroded
by the addition of irregular microparticles or spherical mi-
croparticles to wet steam the area loss caused by craters is
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nearly equal, which indicates that the microparticle’s shape
hardly affects the generation of craters. These results seem
to conflict with Harvey’s theory [15] to some extent be-
cause the crevices and caves on the surface are usually
thought to promote the growth of cavities. However, in the
work of Arora et al. [16] large vapor cavities were observed
to grow directly from small regions on the spherical particle
surface using high speed photography. Therefore, cavities
can grow from the microparticle’s surface and is almost
independent of the microparticle’s shape. The shape is,
therefore, not as important as the other microparticle prop-
erties such as its size as discussed in section 2.1.

The area loss caused by the irregular microparticles is
larger than that caused by spherical microparticles. Because
the two kinds of microparticle have the same hardness and
size, the shape of the microparticle is the main factor that
causes this difference. Because SiC microparticles are
harder than AISI 1045 steel (the hardness of SiC is HV-
1800-2000 and AISI 1045 steel is HV650) the microparti-
cles are like indenters when they impact the steel’s surface.
Because an indentation is more easily formed by a sharp
triangular indenter than by a spherical indenter, irregular

Figure 5 Scanning electron micrographs of the surfaces eroded by the addition of microparticles of different shape to the wet steam. (a) For irregular mi-

croparticles and (b) for spherical microparticles.
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Figure 6 Relationship between area loss and microparticle shape.

microparticles cause more severe damage than spherical
microparticles.

3 Conclusions

(1) Microparticle size significantly affects crater generation
and the degree of erosion damage. Because the main type of
damage is different for crater generation compared with
particle abrasion, the relationship between area loss and size
can be understood as three ratios including a direct ratio I,
an inverse ratio II and a direct ratio III with an increase in
size.

(2) Microparticle shape hardly affects crater generation
and the degree of damage induced by the microparticles
differs. Compared with spherical microparticles, irregular
microparticles cause more severe abrasion on material sur-
faces.
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