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ABSTRACT

The cavitation erosion of carburized and untreated low alloy steel (AISI 5117) has been investigated
during the incubation period. Scanning electron microscope images of eroded surface were
obtained, forming a data base for further analysis. It has been shown that carburizing can effectively
improve the cavitation erosion resistance of AISI 5117 low alloy steel and prolong the incubation
period. The fractal dimension and Fourier intercept values can be used to characterize the cavitation
damage. The fractal dimension and Fourier intercept value for the untreated surfaces were higher
than that of the carburized surfaces.

Keywords: cavitation erosion, carburizing, image analysis, AISI 5117 steel.

1. Introduction

Cavitation is defined by the ASTM standard [1] as the formation and subsequent collapse
of cavities or bubbles that contain vapor or mixture of vapor and gas within a liquid. In
general, cavitation originates from a local decrease in hydrostatic pressure in the liquid
produced by motion of the liquid or of the solid boundary. Cavitation erosion is one of the
major problems confronting the designers and users of modern high-speed hydrodynamic
systems as reported by Hammitt [2]. It is a serious problem in hydraulic turbines, pumps,
valves, control devices, hydraulic structures, sluices, energy dissipators, ship propellers,
hydrofoils, bearings, diesel engine wet cylinder liners, aircraft engines, sonar domes,
acoustic signal devices, and processing and cleaning equipment [3]. As the cavitation
erosion occurs at the liquid/solid interface, it is related to surface properties rather than
bulk properties. Therefore the cavitation erosion resistance of a component may be
improved by some surface engineering techniques. Surface engineering techniques have
the advantage of consuming only a small amount of expensive material on the surface
while using an inexpensive substrate for the bulk. Therefore, researches on surface
engineering techniques and coating materials are emphasized for enhancing the cavitation
erosion resistance of mechanical parts in the recent years [4].
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To improve surface properties, it is possible to create hard, wear and corrosion resistant
coatings by carburizing [5]. Using carburizing it is possible to increase parts lifetime,
reliability and safety. Carburizing is the addition of carbon to the surface of low-carbon
steels at temperatures (generally between 850 and 950 °C) at which austenite, with its high
solubility for carbon, is the stable crystal structure. Hardening is accomplished when the
high-carbon surface layer is quenched to form martensite so that a high-carbon martensitic
case with good wear and fatigue resistance is superimposed on a tough, low-carbon steel
core. Of the various diffusion methods pack carburizing is one of the most widely used
surface hardening processes. This method has the following advantages: ease of operation;
adaptability and portability of its equipment; ability to heat-treat a component after
surface-finishing (since there is little oxidation, decarburization or distortion); and the ease
of producing deeper zones of case depth.

Low-carbon or low-alloy steels (such as AISI 5117 steels) are used for machine elements
such as cam shafts, gears and other power transmission elements after surface treatment by
carburizing or nitriding. It has been shown [6-8] that, carburizing has improved the
tribological properties of low carbon steel. However, the cavitation erosion of carburizing
steel has not received much attention [9].

Detection and monitoring of wear are rather important in tribological researches [10, 11]
as well as in industrial applications. Some typical examples are: measurement of dynamics
of wear processes, engineering surface inspection, coating failure detection, tool wear
monitoring and so on. With wide and extensive use of wear resistant materials, wear
becomes negligibly small in some precision application down to nanometer scale.
Accordingly new techniques, methodologies, and instruments for detecting or monitoring
of micro-wear are increasingly demanded. Also, as a result of the dynamic and complex
nature of wear process, measurement of wear is usually conducted offline and online.
Consequently, detection and monitoring of wear remain challenges for tribological
researches.

The objective of the present work is to use fractal analysis to assess the degree of
cavitation erosion for carburized and un-carburized low carbon alloy steel. The dependence
of the fractal value on the image magnification is also examined.

2. Fractal analysis

Fractal is a term introduced by Mandelbrot [12] to describe the shape and appearance of
objects that have the property of self-similarity. The main concept of fractal geometry
analysis is that a fractal dimension can be considered as a quantitative measure of object
surface heterogeneity because of its inherent self-similarity features. In a simplified
representation, one could interpret the fractal dimension as a measure of heterogeneity of a
set of points on a plane, or in space. For example, when calculating the length of a
coastline, the length becomes larger as the length of scale rule gets smaller. The following
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numerical formula can be obtained from the fact that the length of scale rule and the
coastal length are related in terms of exponential function:

1 D

&
where ¢ is length of scale rule and L(g) is the total measuring length. When the above
expression is converted into log coordinates, the exponent D becomes the slope of the

straight line. This is called power law; that is, if the compass length becomes infinitely
small, the total length increases to infinite value.

From this concept, D, which can indicate the degree of complexity of length, surface, and
volume, is called a fractal dimension. Fractal calculation mainly includes the calculation of
profile fractal dimension (1 < D < 2) and the calculation of the surface fractal dimension
(2 < D < 3) in tribology fractal research. Low values of D (D < 2), indicate regularity
and smoothness of surfaces, intermediate D values indicate irregular surfaces and D values
close to 3 indicate highly irregular surfaces [19].

The fractal dimension of an object provides insight into how elaborate the process that
generated the object might have been, since the larger the dimension the larger the
numbers of degrees of freedom that are likely have been involved in that process [13].
Fractal analysis has been used to describe complex physical phenomena such as
turbulence, brittle fracture of materials, machining, and tool wear [14, 15]. Fractal
characterizations have also been used to describe complex two- or three-dimensional
surfaces, such as deposited surfaces [16], wear-erosion surfaces [17, 18], and wear
particles [19- 22]. Eroded surfaces are likely to be multifractal because they are produced
by the accumulative effects of multiple impacts, i.e., rough surfaces. Fractal dimension at
low frequency describes raw structures, while fractal dimension at high frequency
represents texture. Textural fractal should define very fine features in the object boundary,
surface, area, or volume. Structural fractal should describe an overall object morphology.
Therefore, the distinction between structural and textural fractals allows investigators to
characterize microstructure and macrostructure effects on the surface behavior.

Various methods have been proposed to estimate fractal values such as, Fourier,
Kolmogorov, Korcak, Minkowski, root mean square, Slit Island, etc. These techniques
differ in computational efficiency, numerical precision, and estimation boundary. The most
efficient procedure for measurement of fractal dimension (FD) of eroded surfaces, and one
which allows characterization of anisotropic surface as well, seems to be through Fourier
analysis (e.g., Refs. [38, 39]). Therefore, Fourier analysis is adopted to estimate fractal
values in this work. For a surface image represented by the function I(x, y), the power
spectral density (PSD) is equal to the square of the Fourier transformation F(u, v) of the
surface function I(x, y). The power spectral density function is defined as
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S, v) =|F(u,v)|’ 0

where u and v are the spatial frequencies (number of waves per unit wave length) in the x
and y directions, respectively. The PSD is converted to the polar coordinate system S (f),
such that f = Vu? + v2. The value of S(f), at each radial frequency f, is averaged over
angular distributions. For a fractal surface, Fig.1(a) , the power spectrum shows a linear
variation between the logarithm of S(f) and the logarithm of the frequency as shown in
Fig.1(b). The slope of the linear regression line f is related to FD by the equation [23]:

FD=8_’B

2 )

It is reported in the literature that fractal dimension and intercept are significant fractal
parameters that describe the irregularity and complexity of the surfaces. Moreover, the
intercept correlates well with the overall magnitude of roughness of the observed texture
appearance of the surface images.

(a)
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3. Experimental work
3.1. Material and heat treatment

AISI 5117 steel, (Bohler Gesellschaft, M.B.H., "Special steel" Co., Kapfenberg,
Germany) in the form of rods of 16 mm diameter was selected for the study. This steel was
subjected to a normalizing heat treatment process carried out by the supplier (at 850—-880
°C, followed by air cooling) [24]. The nominal chemical composition and mechanical
properties of AISI 5117 steel are listed in Tables 1 and 2, respectively.

Table 1

Chemical composition of low alloy steel AISI 5117 [24].

Element C Si Cr Mn S P Fe

Wt. % 0.17 0.3 0.9 1.2 0.003 0.005 Balance
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Table 2

Mechanical properties of low alloy steel AISI 5117 [24].

Yield Tensile Strength  Modulus of Hardness, Hv ~ Density
Strength(MPa) (MPa) Elasticity (GPa) (200 g) (kg/m3 )
600 950 210 200 7850

Test specimens that have a cylindrical shape of 14 mm diameters and 10 mm height were
cut from the AISI 5117 steel rod. Prior to carburizing treatment, the surfaces of specimens
were polished using silicon carbide abrasive paper (grade No. 3000) to remove oxide
layers and irregularities in order to enhance the uniformity of the carburized layer. The
specimens were packed in a stainless steel box filled with charcoal powder (carburizing
agent) with 10 % of calcium carbonate to prevent caking. The box was first filled with the
carburizer compound, about 20 mm thick, and then rammed flat. The specimens were
placed about 25 mm away from the sides of the carburizing box and then covered with a
plate. The container was then introduced into the muffle furnace maintained at the required
carburization temperature of 950°C and kept there for 6 hours followed by quenching in
salt water, i.e. the hardening was effected immediately after carburization. All the
carburized specimens were tempered at 200 °C for one hour. Some of the treated
specimens were sectioned, polished and etched with 2 % nital solution for microstructure
examination. Vickers microhardness was conducted using a Highwood HWDM-3 (TTS
Unlimited Inc., Japan) instrument at a load of 200 g. The micro-hardness profile was done
using sample cross-sections. The surface roughness plays an important role in developing
the erosion and the material removal [25, 26]. Therefore, the specimen’s working faces
were polished with SiC paper successively down to 4000 grit. Before and after each test,
the specimens were rinsed in acetone and dried in air and weighed with a 100 g £ 0.1 mg
sensitivity balance. The eroded surface was inspected by a scanning electron microscope
(SEM). The results reported below, in most cases, are the average of results obtained from
tests on two specimens.

Cavitation damage tests were carried out using an ultrasonic vibratory facility
conforming to ASTM standard G32-06 [27] with the stationary specimen method. A
schematic diagram of the test rig is shown in Fig. 2. The peak-to-peak amplitude and the
vibratory frequency used were 50 pm and 19.5 +0.5 kHz, respectively. The specimen was
placed co-axially with the horn tip held stationary at the distance L. from the horn tip as
shown in Fig.2. The separation distance, L, between the stationary specimen and the horn
tip was initially adjusted using a dial gauge at a value of 0.8 mm to obtain a significant
value of erosion [28].
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Distilled water with a pH of about 7.5 was used as a cavitating liquid. The specimen and
the end of the horn tip were immersed in 1200 ml open beaker, made of stainless steel, in
which 700 ml of distilled water was contained. Since the test liquid temperature markedly
affects the degree of erosion [29,30], the test water temperature in the beaker was
controlled by cooling water circulating around and was always maintained at 24+1 °C , as
shown in Fig.2. Preliminary tests showed that temperature of the liquid film on the
specimen surface rose rapidly regardless of the constant temperature in the beaker. This
temperature was measured for a maximum duration test time with a thermocouple inserted
in the center of test piece. It was taken into account that the insertion of thermocouple has
no effect on the film thickness. It was found for 10 min. (maximum interval test time), that
the film temperature did not exceed the controlled temperature of beaker by more than 2C.

4. Results and discussion
4.1. Morphology and hardness of carburized steel

When the material (AISI 5117 steel) was examined, it was seen that the microstructure
composed of proeutectoid - o phase (white areas in Fig. 3 ) and fine pearlite micro-
constituent (o + Fe3C) (dark areas in Fig. 3). After carburizing, the microstructures of
specimens have been examined and the following conclusions have been drawn. The
micrograph of sample shown in Fig. 4 shows that the case depth attains approximately 0.65
mm. The microstructure near the surface is almost completely martensitic due to the high
carbon content and again small amount of retained austenite can be seen as well (Fig. 3).

Hardness measurements of the specimens were done before and after the heat treatment
on a straight line from the surface to the core as shown in Fig. 5. The hardness of the
untreated specimen is 200 HV and is constant with depth. The hardness of treated
specimen at or near the surface attains a value of approximately of 930 HV. It then
decreases gradually with the depth and reaches a constant value about 430 HV at the core.

4.2. Eroded surface topography
4.2.1. Untreated specimens

Figures 6 and 7 show the damage developed on the specimens surfaces of untreated steel
after cavitating for test time of 15, 30, 45, 60, and 75 min. for low and high magnification,
respectively. Eroded surface topography for t =15 min, shown in Fig.6. illustrates that there
are three distinct features of damage, namely: corrosion pits, cavitation pits and slip bands.
The characteristic feature of the corrosion pit is the presence of two parts: cavity at the pit
center and a rough circular band or ring area, which is labeled 1 in Fig. 6. Some of these
pits appear to be individuals and the others to be overlapping. The circular band size may
reach to 40 um. These circular bands around the corrosion pits represent the corrosion
products. The same features for these corrosion pit has been observed before in the
literature on cavitation erosion on 1045 carbon steel [31, 32].
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Fig. 3. SEM microphotograph of 5117 steel microstructure.
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Fig. 5. Hardness distribution of treated and untreated material.
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The cavitation pits, which are labeled 2 in Fig. 6, are few in number and small in size.
They have an irregular shape. The maximum size of cavitation erosion pits is of order 2
pm. Such a tiny pit cannot be successfully described by the shock wave. It is therefore
clear that it arises from highly erosive microjet impact of stress larger than the strength of
the tested materials.

It can be seen in Fig. 6, that there are numerous small white areas which have a
longitudinal shape. These areas differ from the large ones which are classified as

corrosion pits. They are classified as slip bands. These slip bands can be seen from Fig. 6
at t = 15 min. at high magnification.

The development of erosion and the role of corrosion pits, cavitation pits and plastic
deformation can be revealed from photos for t = 30-75 min. in Figs. 6 and 7. It can be seen
that the surface suffered from severe plastic deformation. It can also be observed that many
holes of relatively large sizes are formed and many cracks have been developed at t = 30
min. The formation of the holes is attributed to the coalescence of the voids in material due
to plastic deformation [33], and not to the particle dislodged off and not to the joining of
pits. This was verified by trying to collect the particle debris after the test using the
magnetic technique [34], and no particles were observed by SEM observation. In previous
works, some of the authors have observed that the pit size does not change with the time
and their number decreases also with the time [26, 35]. In the light of the eroded surface
morphology [25, 26, 33, 35], the feature morphology of particle debris [30, 34] and the
cavitation bubble behavior, it can be concluded that the microjet pits scarcely play an
important role on the erosion accompanied with considerable amount of mass loss. It is
worth to be noted that the corrosion pits disappear for t = 30 min. This means that the
corrosion effect in developing the severe damage in such case may be negligible.

The initial surface roughness of the surface plays an important role in developing the
erosion. This can be revealed from Fig. 7 at t = 30 and 45 min., where it can be seen that
many cracks nucleated and propagated along the traces of polishing lines. This is due to
the fact that the surface roughness represents one of the origins of the stress concentration.
In previous investigation by one of the authors [23, 24, 35, 36], it was found that the initial
roughness, even when it was very small (maximum roughness height, R, = 25 nm), it not
only acts as weak spots for gathering the pits [26] that develop to microcracks [25], but
also accelerates the crack propagation and the material removal [36]. It was also observed
that the initial surface roughness facilitates the fall-off particles, especially the longitudinal
one [37]. This is also clear in photo at t =45 min. in Fig. 7, where many longitudinal
particles in the bottom part of the photo developed. With increasing the exposure time,
many particles have fallen-off as in Fig. 7 at t = 60 min., but there is no detectable weight
loss. At t =75 min., the material removal become detectable and it was 0.8 mg.
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Fig.6. SEM photographs of eroded surfaces for untreated steel at low magnification
for t = 15, 30, 45, 60, and 75 min. respectively

t =15 min:
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Fig.7. SEM photographs of eroded surfaces for untreated steel at high
magnification for t = 15, 30, 45, 60, and 75 min. respectively
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4.2.2. Carburized steel specimens

The surfaces of carburized steel specimens which were exposed to cavitation erosion at t
= 15, 30, 45, 60, 75 min. are depicted in Figs 8 and 9. By examining
the eroded surfaces for low and high magnifications, it was difficult to find any features for
cavitation damage except some few indentations or pits randomly distributed and
delineation of polishing traces. This proves that carburization is effective in prolonging the
incubation period. Therefore, carburization and its effectiveness on the development of
erosion will be treated in detail in future.

t= 15 min.
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t = 30 mih.

t =45 min.
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t =75 min.

Fig.8. SEM photographs of eroded surfaces for treated steel at low magnification
for t = 15, 30, 45, 60, and 75 min. respectively
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Fig.9. SEM photographs of eroded surfaces for treated steel at high magnification
for t = 15, 30, 45, 60, and 75 min. respectively

4.3. Fractal characteristics of surface damage

To investigate the possibility of application of fractal analysis to detect the degree of
damage for untreated and carburized specimens, the fractal dimension and Fourier
intercept values are measured for the eroded surfaces with the test time. Because fractals
determined in this study are not a measure of special dimensions but rather of variation in
structure, or more properly, variations in the gray scale of micrographs, fractal determined
from micrograph will be referred to as fractal values [18]. In this case, the fractal values
are the slope of fitted lines, as shown in Fig. 1. The results are shown in Figs. 10 and 11.
Figs. 10 and 11 illustrate the fractal dimension and intercept values versus the time for
treated and untreated eroded surfaces at magnifications of 200 (a) and 2000 (b),
respectively, Both the fractal dimension and the intercept change with the time, However
the change in the data for the untreated surface fluctuates with the time for low
magnification. Generally, it can be observed that fractal dimension and intercept steadily
increase with time for treated surfaces. From these figures, it can be seen that fractal
dimension and intercept values for untreated specimen are higher than that for treated
specimens. This is in consistence with the appearance of the eroded surface topography,
where the untreated specimen has been severely plastically deformed and the treated
specimen still resists the deformation. However the difference in fractal values for treated
and untreated surfaces are remarkable for t < 75 min. while at t = 75 min. the difference is
negligibly small.
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Fig. 10. Variation of fractal dimension versus time for treated and
untreated surfaces at (a) low magnification and at (b) high magnification.
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This investigation confirmed the usefulness of the Fourier analysis dimension and Fourier
intercept as quantitative descriptors of visual texture in eroded surface images [38, 39].

5. Conclusions

In this investigation, the cavitation damage behaviour of untreated and carburized AISI
5117 steel has been examined at incubation period. The main conclusions from this
investigation can be summarized as follows:

1-

Carburizing of AISI 5117 low carbon alloy steel specimens shows a higher
cavitation erosion resistance than the untreated specimens as well as increase of the
incubation period.

The fractal analysis can be used to characterize the surface topography of cavitation
damaged surfaces.

The fractal dimension and Fourier intercept values vary with time and their values
for the untreated surfaces are higher than that for carburized ones.
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