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Cavitation erosion of aluminium alloys

W.J. TOMLINSON, S§. J. MATTHEWS*
Department of Materials, Coventry University, Coventry, CV1 5FB, UK

Cast aluminium-silicon, cast aluminium—zinc and mechanically alloyed aluminium alloys were
eroded in distilled water using a 20 kHz ultrasonic vibratory device. The erosion was measured

by weight loss, and the damaged surface was examined using metaliographic and
profilometric techniques. The maximum differences in the incubation period, in the linear
erosion rate and in the mass loss after a 10 h exposure for the nine materials investigated were
620%, 740% and 250%, respectively. The mechanically alloyed materials had by far the best
combination of erosion properties. The cast Al-Si alloys had the poorest resistance to erosion.
Age hardening was particularly beneficial with the Al-Si alloy. The main mechanism of
material removal in all the alloys is by plastic deformation and ductile fracture.

1. Introduction

Cavitation is the growth and collapse of bubbles due
to local pressure fluctuations in a liquid [1]. This
collapse is accompanied by a sudden flow of liquid
which may generate a stress pulse ranging from a few
hundred to 1000 MPa [2], and the rapid repetition of
the stress, on nearby solids, erodes the surface material
by a process that has been likened to shock fatigue
[1, 3]. Recent work has shown that good correlations
exist between material-removal rates and cyclic-
deformation parameters, and this is taken to be a
strong indication that damage in cavitation erosion is
basically a fatigue process [4]. In general, there are
only two ways that the extent of cavitation erosion
damage may be reduced: by the design of hydrodyn-
amic profiles, and by the use of erosion-resistant
materials [1].

Aluminium is one of the least erosion-resistant ma-
terials (see for example the data in [4]), and it has
frequently been used to study the early stages and
mechanism of cavitation damage [5-8]. Aluminium
alloys have a wide range of properties from the relat-
ively weak, commercially pure aluminium to the high-
strength aluminium—zinc alloys. The cavitation ero-
sion of the AlI-Cu, Al-Mg and Al-Zn-Mg—Cu alloys
have been investigated in detail [9-12]. Vaidya and
Preece [9] observed that for a number of age-
hardening alloys the mechanism of erosion depended
strongly on the microstructure. In the dilute alloys,
extensive plastic deformation and ductile fracture
occurred evenly over the surface. As the concentration
of the alloy elements increased (by a few percent), there
was a gradual change in the mechanism of damage
until the surface was covered with large pits. The
fracture surface of the pits in the more concentrated
alloys had fatigue-like striations. Alloys with the high-
est concentration of alloying elements (about 10%),
had a quite different erosion behaviour: the amount of

surface deformation was small and the pits were of a
microscopic size.

A particular problem that occurred in the past, was
the cavitation erosion of cast aluminium-silicon alloy
rotors and stators in hydrokinetic brakes using a
water/glycol mixture [13]. However, there have been
no studies on the cavitation erosion behaviour of these
and other alloys, and the present work investigated
the cavitation erosion of a low-alloyed aluminium,
and various commercial Al-Si, Al-Zn and mechan-
ically alloyed alloys.

2. Experimental procedure

A range of materials covering a low-alloyed alumi-
nium, various casting alloys and two mechanically
alloyed materials were investigated, and the main
details, suppliers, and properties are given in Table 1.
The low-alloyed aluminium contained about 2.5%
solute (Si,Mg,Mn) and had a high ductility and uni-
form microstructure. It was included as a standard for
the test procedure and as a comparison for the other
alloys. The major feature of the Al-Si alloys was the
interdendritic network of coarse intermetallic com-
pounds. The Al-Zn alloys were gravity die cast and
tested in the as-cast (AC) condition, in the solution-
treated and artificially aged (T6) condition and in the
solution-treated and stabilized (T7) condition.

Mechanically alloyed (MA) alloys are new materials
with excellent mechanical properties due to a fine
dispersion of aluminium oxide and carbide particles in
a very fine microstructure. Microstructures of the
materials are illustrated later in the presentation of
eroded surfaces.

An anvil erosion-testing arrangement was used (see,
for example [3]). The specimen was firmly attached in
a rigid stainless-steel jig attached to the body of a
20 kHz ultrasonic device (type S3820, Sonic Systems
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TABLE I Material properties

Material Specification Metallurgical Microstructure® Microhardness ~ 0.2% yield
designation® condition (HV 0.2)° stress?
(MPa)
Al AL6082 Extruded Fine dispersion of 115 -
intermetallics
Al78i-AC LM25 Cast Intermetallic 54 -
network
Al7Si-T6 LM25 Age hardened Intermetallic 104 -
network
Al11Si-AC LM13 Cast Intermetallic 86 -
network .
AlZn-AC AL7049 © Cast Elongated grains - 212 -
and fine dispersoids
AlZn-T6 AL7049 Age hardened Elongated grains 213 -
: and fine dispersoids
AlZn-T7 AL7049 Solution treated Elongated grains 211 -
and stabilized and fine dispersoids
AlMg-MA AL9052 Extruded Fine dispersoids in a 144 380
very-fine-grain matrix
AlMgLi-MA AL905XL Extruded Fine dispersoids in a 145 448

very-fine-grain matrix

* Suppliers: Al, Philip James Engineering Ltd, Coventry; Al7Si, Milver Metal Co., Coventry; Al118i, ICI plc, Runcorn; AlZn, Royal Ordnance

ple, Westcott; MA, Inco Alloys Ltd., Hereford, UK.
®For the main features, see the text.

¢ An average of six measurements of the microhardness of the matrix.

4From Inco Alloys International Ltd, Hereford, UK (see?).

Ltd, Taunton). The erosion fluid was a fresh charge of
800 ml of distilled water in a 2 1 polypropylene beaker
held in a water bath. The temperature of the water was
maintained at 18 &+ 1°C during testing.

The operating conditions were: horn peak-to-peak
amplitude 50 + 2 ym, horn-tip immersed 3-6 mm in
the water, sample surface 1 + 0.1 mm from the horn
tip, and the specimen at least 5 mm thick with a
surface finish of 1 um. Full details of the apparatus,
calibration, materials, and the effects of horn—-sample
separation, and the surface finish on the erosion kin-
etics, have been given elsewhere [14].

The erosion was measured by mass loss using a
chemical balance accurate to 0.1 mg. Three series of
experiments were conducted on separate specimens. A
specimen was weighed every 30 s until a weight loss of
0.1 mg was detected, and the total time taken was
defined as the incubation period. Erosion kinetics for
up to 3 h exposure were obtained by weighing the
specimen every 15 min for the first hour and thereafter
every 30 min. Samples tested for 10 h were reweighed,
as above, for up to 3 h exposure, and then every hour.
Standard metallographic and profilometric tech-
niques were used to examine and measure the eroded
surfaces. All microhardness results were for an average
of six measurements.

3. Results

The erosion behaviour for each of the materials is
shown in Fig. 1. A uniform pattern of erosion kinetics
occurs. In each case there is an incubation period
where no, or less than 0.1 mg loss of material, occurs,
followed by a period of accelerating erosion which
leads to a linear erosion rate. The linear erosion rate is
also the maximum erosion rate, and after further
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Figure 1 Mass loss, w, as a function of time, t, for various
aluminium alloys eroded in distilled water. Some points near the
origin have been omitted for clarity. (a) (@) AIMg-MA, and (H)
AIMgLi-MA; (b) (O) Al (@) Al7Si-AC, (M) Al7Si-T6, and (A)
Al11Si~-AC; (c) (@) AlZn-AC, (W) AlZn-T6, and (V) AlZn~T7.

exposure to cavitation there is a steady decrease in the
erosion rate (Fig. 1). The final decrease in erosion can
be considerable; for example, the final erosion rate of
the Al11Si—-AC alloy was only 3% of the maximum



erosion rate. Full details of the erosion results and
parameters are given in Table II. The incubation
period was measured by weighing a specimen every
30 s until a weight loss of 0.1 mg was observed. Du-
plicate tests were used to obtain graphs (not illust-
rated), and from these graphs the linear erosion rates
and the extrapolation of the linear rate to the time axis
intercept were obtained. For convenience, the ratios of
the incubation period of the alloy to that of low-
alloyed aluminium, and of the average linear erosion
rate of the alloy to that of low-alloyed aluminium, are
also given in Table I1.

There is a large amount of information in Table II.
Overall, it can be seen that there is a wide variation in
the value of a parameter from one material to another.
Thus the differences between the maximum and min-
imum values of the incubation period, the linear ero-
sion rate and the weight loss after 10 h were 620%,
740% and 250%, respectively. The most important
feature of the results is the outstanding cavitation
erosion resistance of the mechanically alloyed mater-
ials, which have an excellent reproducibility, and the
combination of by far the longest incubation period
with one of the lowest erosion rates measured in terms
of either the linear rate or the total weight loss. The
aluminium-zinc materials also have a low erosion
rate, but unlike the mechanically alloyed materials,
this is combined with a short incubation period. The
aluminium-silicon alloys have the least resistance to
erosion. Age hardening has a substantial effect on the
cavitation erosion resistance of the Al7Si-AC mater-
ial. It increases the incubation period by 300% and
decreases the linear rate by 50%.

Eroded specimens were examined macroscopically
at the end of the incubation period and after 3 h and

TABLE II Erosion results and parameters

10 h erosion. Two photographs are shown in Fig. 2. In
all the specimens, the surface was finely and uniformly
deformed with many fine pits (Fig. 2a) at the end of the
incubation period. After 3h and 10h erosion, the
surface was very rough with deep pits and craters. The
Al-Zn alloy was unusual inasmuch as the erosion
occurred preferentially on certain planes, and this
effectively etched the cast grain microstructure
(Fig. 2b).

Metallographic sections of each of the alloys, at the
end of the incubation period and after 3 and 10h
erosion, were examined; representative features are
shown in Figs 3-5. A similar pattern of behaviour
occurred in the Al, AIMg-MA, and AIMgLi-MA
materials, see Fig. 3, for example. The surface was
roughened in the incubation period (Fig. 3a). After 3h
erosion, large craters formed which were about
500 pm wide and 250 um deep in the Al, and 100 um
wide. and 50 pm deep in the MA alloys, many fine
cracks also formed (Fig. 3b). The craters later joined
to give a very roughened surface with cracks up to
30 pm deep (Fig. 3c).

Deformation: and roughness was far less in the
Al-Si alloys, and there was a tendency for the inter-
metallic compounds to be preferentially removed
(Fig. 4). The compounds generally influenced the
formation of cracks near the surface, particularly
where the interdendritic regions were normal to the
surface. Once the thickness of the damaged layer was
appreciable, there was a tendency for the cracks to be
parallel to the surface and to be relatively uninfluen-
ced by the intermetallic network (Figs 4b and ¢).

In contrast to the other materials, all the Al-Zn
materials showed only extremely light deformation in
the incubation period, and thereafter generally local-

Material Incubation Ratio Nominal Weight loss® Erosion Average Ratio
period, Ip (I P (alloy)> incubation rate® erosion . (r (alloy))
period® 3h 10 h (mgh™") rate, r
(mi) @Y7 i) (mg) (mg) (mgh™Y) A

Al 9 1.0 27 76.0 162.2 300 30.6 1.0
7.7 312

Al7Si~-AC 25 0.3 7 97.1 196.3 415 374 1.2
89.7 332

Al7Si-Té6 7 0.8 17 41.0 86.6 19.9 188 0.6
343 152 :
378 19.1

Al11Si-AC 2.5 0.3 16 86.4° 136.7 66.2 63.3 2.1
84.7° 60.4

AlZn-AC 6 0.7 55 284 732 9.7 93 0.3

‘ 255 8.8

AlZn-Té6 4 04 9 224 59.4 79 15 0.2
21.1 7.1

AlZn-T7 4 04 2.5 340 87.4 113 12.5 04
41.3 ) 13.6

AlMg-MA 15 1.7 24 29.2 67.9 12.6 12.6 04
27.1 12,6

AIMgLi-MA 18 20 31 21.9 56.8 84 84 0.3
19.7 8.4

#Intercept of the erosion rate with the time axis.

b Duplicate tests for exposure up to 3 h. From each of these tests the steady state (maximum erosion rate) was determined. Only one run was

continued for 10 h.
°The test ran for 2.5 h.
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Figure 2 The surface of the AlZn-AC alloy after erosion for: (a)
6 min (incubation period), and (b) 10 h.

ized plastic deformation (Fig. 5). After 3 h erosion,
there were broad, largely flat-bottomed craters about
50 pm deep, and many cracks 2—5 pm long parallel to
the surface. Further deformation formed pits nearly
200 um deep with cracks up to 100 pm long (Fig. 5¢c).

When the surface roughness during the incubation
period was sufficiently small, it was possible to obtain
a microhardness reading on the exposed surface. Not
all the materials were examined in this way, and the
results obtained are shown in Fig. 6. It can be seen
that a uniform increase in the hardness and work
hardening occurs during the early stages of erosion.
The microhardness of all the alloys were also meas-
ured on sections just below the surface after erosion
for the incubation period, 3 h, and 10 h, and also at
depths of 250 pm and 500 pm below the surface. In
contrast to the hardness on the surface (Fig. 6), the
hardnesses in these sections (not illustrated) did not
show any regular pattern with respect to either the
erosion time or the depth below the surface.

All the materials were examined on the eroded
surface at intervals in the incubation period, and
beyond, to determine the origin and evolution of the
surface damage. For example, the Al11Si—AC material
was examined after polishing and after erosion for
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Figure 3 Sections of eroded surface of the AIMg-MA alloy after
various times: (a) incubation period (15 min), (b) 3 h, and (c) 10 h.

10 s, 30 s, 1 min and 10 min. Selected photographs are
shown in Fig. 7. In Fig. 7a, the intermetallic com-
pounds and shrinkage porosity are clearly visible.
Deformation of the matrix closed the porosity (Fig.
7b). After 1 min erosion, considerable distortion of
the matrix occurred, leaving the intermetallic com-
pounds apparently unaffected (Fig. 7c). Continued
deformation of the matrix leads to necking and
rupture of the surface layers, and undermining and
detachment of the intermetallics (Fig. 7d). All the
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Figure 4 Sections of the eroded surface of the Al78i-T6 alloy after
various times: (a) incubation period (7 min), (b) 3 h, and (c) 10 h.

materials followed a broadly similar pattern of behavi-
our, but with two significant differences. First, the
finely dispersed phases in the mechanically alloyed
materials strengthened the matrix; this clearly resisted
the deformation, the onset of pitting and the break-
down of the surface (Fig. 8a), and it promoted a
smaller scale of deformation (Fig. 8b). Secondly, in the
Al-Zn alloys, the bottom of the pits had fatigue-like
striations (Fig. 9).

50 um
(C) | ERE R

Figure 5 Sections of eroded surface of the AlZn-AC alloy after
various times: (a) incubation period (6 min), (b) 3 h, and (c) 10 h.

Roughness parameters at the end of the incubation
period are given in Table IIL It is seen that materials
that had a small dispersed phase (Al, AIMg-MA,
AlMgLi-MA) had the roughest surfaces, whereas the
cast materials (Al7Si—AC is an exception) had a
smoother surface. The negative skew indicates a pitted
surface [15]. The A111Si—AC material with a positive
skew is unusual. This indicates that the material has a
lumpy surface rather than one that is pitted. We may
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Figure 6 Microhardness, HV 0.1 of the exposed eroded surface as a
function of time, r. (@) AlMg-MA, (H) AIMgLi-MA, (A)
Al7Si—-AC, and (V) Al7Si-Té.

also note that a Gaussian surface has Sk = 0 and Ku

= 3 [15], and hence on the basis of Sk and Ku values
the Al and mechanically alloyed materials appear to
have a more regular deformation behaviour than the
cast alloys.

TABLE III Roughness parameters at the end of the measured
incubation period

Material Roughness
Ra® Sk® Ku®
(pm)
Al 221 —04 2.9
Al7Si-AC 1.66 —0.2 2.6
Al7Si-T6 0.66 —11 6.3
Al118i-AC 0.84 +12 6.0
AlZn-AC 0.38 —04 32
AlZn-Té6 0.35 —11 49
AlZn-T7 0.35 —13 6.2
AlMg-MA 139 —01 3.0
AlMgLi-MA 1.41 —05 3.6

*Ra = root mean square.
>Sk = skewness.
¢Ku = kurtosis.

Debris collected after erosion for 10h for each
material was collected and examined by scanning
electron microscopy (SEM). In each case (not illustra-
ted) there was a range of particle sizes. The largest
particles, 200300 um, occurred in debris from the Al,
Al7Si~AC and Al11Si~AC materials. The other ma-
terials had particles with a maximum size of about
50 um. The particles were always very irregular in
shape.

Figure 7 The surface of the Al11Si—~AC alloy: (a) polished; and after erosion for (b) 10s, (c) 1 min, and (d) 10 min.
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Figure 8 The surface of the AIMgLi~MA alloy after erosion for: (a) 5 min, and (b) 60 min.
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Figure 9 The surface of the A1Zn—T7 alloy after erosion for 30 min.

4. Discussion

Cavitation damage generally occurred by plastic de-
formation of the surface leading to roughening, work
hardening, necking, ductile fracture and removal of
material. This is consistent with earlier work that
cavitation erosion of aluminium was similar to other
face-centred-cubic (f.c.c.) metals [6]. However, in the
present work, the basic deformation processes are to a
large extent modified and controlled by the presence
of intermetallic compounds or other microstructural
changes, and this is reflected in the considerable varia-
tion in the values of the erosion parameters between
the different materials.

The Al, AIMg—MA and AIMgLi~MA materials had
the simplest microstructures of all the materials. They
consisted essentially of fine particles dispersed in a
ductile matrix, and deformation was effectively homo-
geneous and extensive. Consequently, these materials
had the longest incubation periods for developing the
roughest surfaces. The very fine dispersions of oxide
and carbide particles in the mechanically alloyed ma-
terials are the basis of a toughness that resisted both
the nucleation of pits and loss of material (Fig. 8a),
and the continuing loss of material during further
deformation. The superior mechanical properties of
the AIMgLi-MA alloy compared with those of the

AlMg-MA alloy (Table I), is reflected directly in the
larger incubation period, lower erosion rate and lower
total weight loss of the AIMgLi—-MA alloy.

In sharp contrast to the fine and largely uniform
microstructures of the above wrought alloys, the cast
Al-Si alloys had a coarse network of intermetallic
compounds (Figs 4 and 7). The hard compounds con-
centrated the stress, and localized and limited the
flow of the ductile matrix. This promoted the forma-
tion of cracks and, to some extent, influenced the crack
path (Figs 4 and 7). Thus erosion occurred more
readily, and the materials had a low incubation period
(Table IT) and a low roughness (Table III). The inter-
metallic compounds are generally undermined and
detached from the surface by the removal of the
surrounding matrix, but in the Al11Si—AC material,
the large volume of the interdendritic microconstitu-
ent provided an anchor to the underlying material and
the compounds resisted detachment. This left the com-
pounds standing proud of the surface, with the result
that the bumpy surface had, most unusually, a positive
skewness (Table I1I). The poor resistances to fracture
of the cast structures are also seen in the high erosion
rates (Table II). Strengthening the matrix by age-hard-
ening had a dramatic effect on the erosion behaviour
of the Al7Si alloy: the incubation period was increased
by 200%, the linear rate was decreased by 50% and
the total weight loss was reduced by 60%.

Cast aluminium-zinc alloys are inherently strong
materials and they are characterized by low erosion
rates. A particular feature is the low erosion rate of the
cast material compared with the Al-Si cast alloys. The
short incubation period also reflects the high strength
of the alloys, since only a small amount of deformation
will be needed to work harden the surface and to
fracture the material.

Hardness is the simplest parameter that has been
used to establish, or otherwise, a relation with the
erosion rate. The cavitation erosion properties of the
present alloys as a function of hardness are shown in
Fig. 10. Clearly there were no linear relations between
the properties and the hardness. However, the behavi-
our of the Al-Zn alloys is very significant. On the
basis of their incubation period they form a separate
and markedly different group (Fig. 10a), whereas, in
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Figure 10 The erosion parameters of all the alloys as a function of
the hardness: (a) Measured incubation period (MIP), and (b) erosion
rate (ER). () Al-Zn alloys, (@) other alloys.

terms of the erosion rate, they show no such distinct
behaviour (Fig. 10b). This implies two things. First,
the mechanism of accumulation of damage in the
incubation period of the Al-Zn alloys is different from
that of the other alloys; and secondly, the mechanisms
of damage of all the alloys during the period of steady-
state erosion is similar. This is reflected in the metallo-
graphic aspects of the erosion process.

Despite the considerable variation in the erosion
parameters of the materials investigated, there is a
similar pattern of deformation and erosion that is
modified by the strength and microstructure of the
material. Cavitation stresses knead the surface layers
and tend to make them flow parallel to the surface.
This creates tensile stresses in the surface and cracks
tend to form perpendicularly to the surface. Micro-
structurally homogeneous materials absorb energy by
plastically deforming, and this may occur to a con-
siderable extent before work hardening and cracking
occur. The presence of intermetallic compounds in the
Al-Si alloys limits the amount of deformation and
promotes the formation of cracks and the loss of
material. Stresses due to cavitation decrease with dis-
tance into the surface, and only those layers stressed
beyond the yield stress deform. Weak materials read-
ily deform, and ductile fracture occurs. In the stronger
Al-Zn alloys, it may be that the slower rate of material
removal allows the material just below the yield stress
sufficient time to undergo a process of high strain
fatigue to produce the removal of patches of material.

Bb. Conclusions
Under the conditions of cavitation erosion investig-
ated for various aluminium alloys in distilled water the
following conclusions can be made.

1. The maximum differences in the incubation
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period, the linear erosion rate, and the mass loss after
10 h exposure for the different materials were 620%,
740% and 250%, respectively.

2. Mechanically alloyed materials had by far the
best combination of erosion-resistant properties. The
AlMgLi alloy had the longest incubation period and
one of the lowest linear erosion rates.

3. As-cast Al-Si alloys had the shortest incubation
period and the highest erosion rates.

4. As-cast Al-Zn alloys had a low incubation
period and a low erosion rate.

5. Age hardening the Al7Si alloy increased the
incubation period by 300% and decreased the erosion
rate by 50%. Age hardening the Al-Zn alloy was far
less beneficial.

6. The predominant mechanism of material re-
moval in all alloys was by plastic deformation and
ductile fracture. Erosion in the Al-Zn alloys depended
on the grain structure, and a fatigue-like process also
appeared to be involved in the detachment of material
to form flat-bottomed craters.
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