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Summary

Vibratory cavitation erosion tests of gray cast iron, together with tests
of tool steel and 316 stainless steel for comparison, were performed at
various water temperatures and horn amplitudes under a suppression pres-
sure of 1 bar. The erosion processes for cast iron under the highest tempera-
tures used (200 and 230 °F, i.e. 93 and 110 °C) are similar to those at room
temperature. For each of the materials tested, the maximum weight loss rate
increases, shows a peak and then decreases with increasing temperature.
However, the maximum damage temperature for cast iron decreases with
amplitude, i.e. 200, 170 and 160 °F (93, 77 and 71 °C) for double-horn
amplitudes of 1.0 X 1073, 1.38 X103 and 1.78 X 1073 in (25.4, 35.1 and
45.2 um). The peak for tool steel and 316 stainless steel occurs at 160 °F
(71 °C) regardless of amplitude. Liquid temperature effects for cast iron
erosion were explained by considering the interrelation between corrosive
action and mechanical action due to cavitation bubble collapse.

1. Introduction

Cast iron is used extensively for components exposed to cavitation
erosion in hydraulic machinery, internal combustion engines and other
devices. These components are often used in high temperature liquids, so
that the effect of temperature on cavitation erosion for cast iron becomes a
significant problem.

Temperature effects on cavitation erosion have been studied in water,
liquid metals and other fluids by a number of investigators (e.g. in refs. 1 -
7). Most of these papers indicate that the maximum damage rate occurs at a
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temperature roughly midway between the freezing and boiling points for the
liquid at the test pressure. This subject has been investigated using various
materials such as aluminum alloys, carbon steel, stainless steel and cast iron
(e.g. in refs. 8 and 9). A maximum damage rate MDPR,,,, exists at water
temperatures of about 140 - 160 °F (60 - 71 °C), but the differences in the
temperature effects on erosion rates among different materials were not
made clear.

Plesset [4]} reported that the maximum erosion temperature increases
for mild steel (a corrosion-sensitive material) when the test liquid is changed
from distilled water to 3% salt solution. Thus the corrosion sensitivity of the
material is a significant factor. The physical conditions of the liquid, such as
its vapor pressure, are also important.

Cast iron is a brittle material because of ifs graphite component and
thus generates locally deep erosion pits on the surface in cavitation erosion
[10]. It thus seems probable that cast iron erosion is strongly affected by
the liquid properties and accordingly may exhibit temperature effects on
erosion different from other materials.

In this work, vibratory cavitation erosion tests of gray cast iron, to-
gether with tests of a tool steel and 316 stainless steel for comparison,
were carried out at various water temperatures and horn amplitudes at a sup-
pression pressure of 1 bar. The effects of temperature on cast iron erosion
are discussed considering the interrelations between corrosive action and
mechanical action due to cavitation bubble collapse.

2. Test material and experimental procedure

2.1. Specimen material

The test material was a gray cast iron of tensile strength 20.4 klbf in™
(14.4 kgf mm™?). For comparison, a tool steel and 316 stainless steel (18%
Cr, 13% Ni) were also used. The cast iron and 316 stainless steel were pre-
pared at the University of Michigan and the tool steel at Fukui University.
The chemical compositions and mechanical properties are listed in Tables 1
and 2. The properties of the 316 stainless steel were measured for an ASTM
Committee G-2 cavitation round robin [11]. The Brinell hardness Hy gives
the macrohardness and the Vickers hardness Hy the microhardness of the
material.

2

TABLE 1

Chemical compositions (%) of the materials

Material C Si Mn P N Cr Ni
Cast iron 3.20 1.57 0.50 0.025 0.057 — —
Tool steel 1.11 0.34 0.98 0.014 0.009 — —
316 0.06 0.50 1.50 — — 18.00 13.00

stainless steel
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TABLE 2

Mechanical properties of the materials at room temperature

Material OB Hpg Hy

(klbf in~? (kgf mm™2)) (HB) (HV)
Cast iron 20.4 (14.4) 184 234
Tool steel 161.7 (113.9) 331 370
316 81.2 (57.2) 134

stainless steel
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Fig. 1. Schematic diagram of the vibratory cavitation facility.

2.2. Experimental procedure

Cavitation erosion fests were carried out using the University of Michi-
gan piezoelectric vibratory hom facility (Fig. 1). The horn frequency was 20
kHz and peak-to-peak amplitudes were 1.0 X 103, 1.38 X 1073 and 1.78 X
1073 in (25.4, 35.1 and 45.2 um). The stainless steel test vessel allows a
hydrostatic pressure to be applied to the liquid and the temperature to be
controlled. Four temperatures (80, 160, 200 and 230 °F (27, 71, 93 and
110 °C)) were used. The suppression pressure p,, =p — p, (where p is the
static pressure and p, is the vapor pressure), which was supplied by air, was
kept at 1 bar under different temperatures. Fresh tap water (Ann Arbor) was
used as the test liquid. No measurements of gas content were made.

The specimen was a cylinder 9/16 in (14.3 mm) in diameter. Specimen
surfaces were polished with 600 grade emery paper. The weight loss was
measured with a precision balance (sensitivity, 0.01 mgf).
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3. Experimental results

3.1. Cavitation erosion of cast iron

Figures 2 - 5 show curves of the weight loss rate, i.e. the weight loss per
unit test duration, versus test duration for various amplitudes (1.0 X 1073,
1.38 X103 and 1.78 X102 in) for water temperatures of 80 °F, 160 °F,
200 °F and 230 °F respectively. Generally, the erosion process of cast iron
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Fig. 2. Weight loss rate vs. test duration for a water temperature of 80 °F: 0, 1.0 x 1073
in;® 1.38 x103in;® 1.78 x 10 3 in.
Fig. 3. Weight loss rate vs. test duration for a water temperature of 160 °F: 0, 1.0 x 1073
in;® 1.38%x103in;®, 1.78 x 1073 in,
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Fig. 4. Weight loss rate vs. test duration for a water temperature of 200 °F: 0, 1.0 X 1073
in;® 1.38x1073in;®, 1,78 x 103 in.
Fig. 5. Weight loss rate vs. test duration for a water temperature of 230 °F: O, 1.0 X 1073
in;® 1.38%x10 3in;®, 1.78 x 10 3in.
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can be divided into several stages, an initial period, an incubation period, a
transition period and a stable period, which are similar to those found for
carbon steel [10].

In the present tests the weight loss rate for all temperatures increases
to a maximum after the initial and incubation periods except for a few cases
in which it then decreases gradually with test duration. The maximum
weight loss rate increases with increasing amplitude, although the precise
point of maximum rate is less evident for low amplitudes. For high ampli-
tudes at 80 and 160 °F the weight loss rate attains a maximum without a
discernible incubation period because the initial and incubation periods are
completed within the first test interval as a consequence of the greater
damage rate. However, it was found that cavitation erosion of cast iron pro-
ceeds in a similar fashion even when the water temperature is increased from
room temperature to the highest value (230 °F). These erosion stages are
close to those suggested by Thiruvengadam and Preiser [12]. We discuss here
the temperature effect especially for the maximum weight loss rate WLR,, ,«.

Figure 6 shows the relation between maximum weight loss rate
WLR,,.x and amplitude on a log-log plot. A linear relation is obtained for
every temperature, although the line slopes are different. Thus the expected
relation WLR,,, = k(amplitude)”, where k depends on the material tested,
is obtained. The values of the exponent n are listed in Table 3 for various
water temperatures. Thiruvengadam and Preiser [12] found that the cavita-
tion damage rate in distilled water (80 °F) was proportional to the square of
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Fig. 6. Relation between maximum weight loss rate and amplitude for cast iron: O, 80 °F;
S, 160 °F;©, 200 °F; ®, 230 °F.
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TABLE 3

The values of the damage exponent n for cast iron, tool steel and 316 stain-
less steel for various water temperatures

Material Values of n for the following temperatures
80°F 160°F 200 °F 230 °F
Cast iron 3.5 1.8 0.9 2.4
Tool steel 3.3 2.2 2.5 —
316 stainless 3.8 3.9 4.1 —
steel

the horn amplitude. Similar relationships, but with different exponents, have
been found (e.g. in refs. 6 and 8). By contrast, an exponent n = 3.5 was
obtained at room temperature in the present experiment, i.e. n was larger
than expected. This may be due to the fact that the exponent depends on
test parameters such as the frequency of the oscillator and the specimen
diameter. However, the discrepancy cannot be fully explained.

On the basis of data from Fig. 6, the variations in maximum weight loss
rate (for constant amplitude) versus temperature are shown in Fig. 7. For
any amplitude the maximum weight loss rate first increases, then passes
through a peak and finally decreases, with increasing temperature. The peak
damage temperature decreases with amplitude, i.e. 200, 170 and 160 °F for
amplitudes of 1.0 X103, 1.38 X103 and 1.78 X 1073 in. The temperature
effect on cast iron thus depends on the cavitation intensity. These results
have not been reported before since most previous investigations were per-
formed at constant amplitude.
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Fig. 7. Relation between maximum weight loss rate and temperature for cast iron: O,
1.0 X107 3in;®,1.38x1073in;®,1.78 x 10 3in.
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Fig. 8. Weight loss rate vs. test duration for tool steel (amplitude, 1.78 x 1073 in): O,
80 °F; ©, 160 °F; @, 200 °F.

Fig. 9. Weight loss rate vs. test duration for 316 stainless steel (amplitude, 1.78 x 1073 in):
0, 80 °F;®, 160 °F; @, 200 °F.

3.2. Cavitation erosion of tool steel and 316 stainless steel

In order to compare cast iron with other metals, cavitation erosion tests
were also carried out using high carbon (1.1% C) tool steel and 316 stainless
steel, a relatively non-corrosive material. The weight loss rates for the tool
steel and 316 stainless steel, obtained at various temperatures and at an
amplitude of 1.78 X 1073 in, are shown in Figs. 8 and 9. The erosion stages
for both of these materials are similar to those for cast iron.

Figures 10 and 11 show the relation between the maximum weight loss
rate and the amplitude for the tool steel and 316 stainless steel. Reliable
results for 316 stainless steel at an amplitude of 1.0 X 1072 in could not be
obtained because of the small weight loss rate. WLR,, ., exponents are calcu-
lated and listed in Table 3.

4, Discussion

To consider the effects of liquid temperature on the cavitation erosion
of cast iron, the relations between maximum weight loss rate and tempera-
ture for tool steel and 316 stainless steel are shown in Fig. 12 together with
those obtained for cast iron (from Fig. 7). For tool steel and 316 stainless
steel a peak of maximum weight loss rate occurs at 160 °F regardless of
amplitude. Similar results were obtained previously for AISI-SAE 1018 car-
bon steel [8, 9].

The temperature-effect mechanisms for the 316 stainless steel, which
involve little or no corrosive effect, are considered to be as follows and are
also explained elsewhere [1 - 5]. The quantity of dissolved air decreases and
the vapor pressure increases slightly as the water temperature increases from
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Fig. 10. Relation between maximum weight loss rate and amplitude for tool steel: O,
80 °F; e, 160 °F; @, 200 °F.

Fig. 11. Relation between maximum weight loss rate and amplitude for 316 stainless steel:
0, 80 °F; 8,160 °F; ®, 200 °F.
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Fig. 12. Relation between maximum weight loss rate and temperature for various mate-
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Fig. 13. Damage exponent n vs. temperature for various materials: O, cast iron; @, tool
steel; ® 316 stainless steel.
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room temperature to a relatively low temperature (120 °F). Consequently,
the cushioning effects on bubble collapse are reduced, whereas the number
of bubbles increases, because there is more dissolved air, resulting in an
increase in damage because of increased bubble collapse for this low temper-
ature range. Reduction in viscosity and surface tension may also be involved.
However, for higher temperatures, the amount of damage decreases strongly
because the.cushioning effect (now due to the increased vapor content of the
bubbles) increases strongly with the rapid increase in vapor pressure. These
variations in the physical conditions of the liquid cause similar behavior for
different cavitation intensities. For 316 stainless steel the peak of maximum
weight loss rate occurs for the present tests at about 160 °F for all amplitudes.

The maximum erosion rate of cast iron, however, moves to higher tem-
peratures with decreasing amplitude. This phenomenon is similar to the
results for mild steel reported by Plesset [4], i.e. the maximum damage tem-
perature increased when the liquid was changed from distilled water to 3%
salt solution. The temperature effects for cast iron may thus be considered
to depend on the variation in chemical action between liquid and material as
well as the behavior of collapsing bubbles at higher temperatures. The reduc-
tion in mechanical properties for higher temperatures may also affect the
cavitation damage. However, it seems to be less important in the shift in
maximum damage temperature with amplitude since the variations in me-
chanical properties can be expected to cause similar behavior for every
amplitude.

Under low amplitudes, the eroded surface is easily affected by the liquid
environment since particles are actually removed after long cavitation expo-
sure [13]. The degree of chemical action (corrosion rate) for cast iron is
known to increase with temperature over the range tested. Thus at 200 °F
erosion cracks propagate more easily because of surface oxidization although
the vapor-cushioning effect on bubble collapse is increased. The ejection of
erosion particles and the erosion rate are larger for 200 than for 160 °F. How-
ever, at 230 °F, although chemical action is reduced by decreased dissolved
oxygen, the damage-suppressing ‘‘thermodynamic effect’”’ (see for example
refs. 1 - 7) is more important so that the erosion rate is greatly reduced com-
pared with 200 °F. For larger horn amplitudes, the surface is fractured by
the mechanical action involved in bubble collapse so that the chemical effect
almost disappears. Thus the maximum erosion temperature shifts to a lower
temperature for a larger horn amplitude. This may also explain the differ-
ence in peak damage temperatures found for cast iron at various amplitudes.
Tool steel (Fig. 12) has a temperature dependence midway between cast iron
and 316 stainless steel.

Values of the damage exponent n are listed in Table 3 for various
materials and n is shown in Fig. 13 as a function of temperature. Nearly the
same values of n were found for all three materials at 80 °F. However, n
decreases with increasing temperature for cast iron and tool steel but
increases slightly at 230 °F for cast iron. For 316 stainless steel n is almost
independent of temperature. Corrosive effects on AISI-SAE 1020 mild steel
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greatly alter the effect of amplitude on erosion rate, i.e. n gradually decreases
with increasing salt concentration up to 9%. By contrast, there is no effect of
liquid corrosivity on n for aluminum alloy 1100-O [14]. Fukui University
tests [15] with 3% salt water show that n is smaller than for ion-exchanged
water for the corrosion-sensitive cast iron. Therefore it can be concluded
that cavitation damage is strongly affected for cast iron by the corrosive
action of tap water at 200 °F compared with temperatures either below or
above that value. Thus the temperature effect on cast iron erosion differs
somewhat from that for the other materials tested. This result is due to the
combined chemical and mechanical actions of cavitation under higher
temperatures.

5. Conclusions

Vibratory cavitation erosion tests in tap water on cast iron, tool steel
and 316 stainless steel were made with various water temperatures and horn
amplitudes. The following conclusions can be drawn.

(1) The erosion processes of cast iron under the highest test tempera-
tures (200 and 230 °F) are similar to those for room temperature, i.e. the
weight loss rate increases up to a maximum value and then decreases gradu-
ally with further test duration.

(2) For each material tested, the maximum weight loss rate increases,
shows a peak and then decreases with increasing temperature. However, the
maximum damage temperature for cast iron decreases with amplitude, i.e.
200 °F, 170 °F and 160 °F for amplitudes of 1.0 X 103 in, 1.38 X 1073 in
and 1.78 X 1073 in respectively. By contrast, the peak for tool steel and 316
stainless steel occurs at 160 °F regardless of amplitude.

(3) The relation maximum weight loss rate = k(amplitude)” is con-
firmed for various temperatures. The values of n are almost the same for cast
iron, tool steel and 316 stainless steel at room temperature but cast iron has
the smallest value of n at higher temperatures. n depends on temperature for
all materials.

(4) Temperature effects for cast iron differ from those obtained for the
other materials because of increased chemical action under higher tempera-
tures.
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