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ABSTRACT

Impact erosion of 2014 aluminum, 2014 alumi-
num + 20 vol.% particulate silicon carbide, and
2014 aluminum + 20 vol.% particulate aluminum
oxide has been studied at room temperature. The
alloys were tested in the as-received and heat—
treated conditions. Experiments were conducted
with aluminum oxide abrasive in vacuum in a
slinger—type apparatus over a range of abrasive
size, velocity, and angle of impact. Erosion rates
were influenced by reinforcement and heat
treatment. Reduced ductility, both overall and
local, attributed to reinforcement or heat
treatment, caused, under most conditions, more
rapid erosion of the composites. The data suggest
that erosion rate can be minimized by proper
microstructural control, involving reducing
reinforcement segrregation and the amount of
intermetallic compounds.

EROSION by solids entrained in gas streams can
cause severe damage in systems such as gas
turbines, cyclone generatcrs, fluidized beds, and
boilers [1]. Erosion of structural materials has
been studied extensively and much is known about
erosion of metals and monolithic ceramics [2.3].
Metal- and ceramic—rmatrix composites with
superior mechanical properties have been devel-
oped recently [4—7]. The erosion behaviors of these
advanced materials are now being investigated.
This paper will present results of experiments on
erosion, by a stream of aluminum oxide abrasive,

of cast 2014 aluminum, 2014 aluminum + 20 vol.%
particulate silicon carbide, and 2014 aluminum +
20 vol.% particulate aluminum oxide.

BACKGROUND

Solid~particle erosion of metals occurs by a
combination of cutting, gouging, tearing, and
ploughing [2,3]. The rate at which material is
removed [rom a target is dependent on the
properties of both erodent and target and on the
impact conditions: angle of impact and velocity
and size of impacting particles {2,3.8]. Because
the erosive processes are more efficient for oblique
angles of incidence, maximum material removal
in metals generally occurs at about 20° and
minimum removal occurs at 90° [3,8]. Hard
metals with limited ductility constitute an
exception to this rule. For metals such as
hardened steel {9} or electroless nickel [10],
maximum erosion rates occur at angles
approaching 90°,

Matenal removal in ceramics is dependent
on the shape of erodent. Blunt particles create
Hertzian cracks, which are cone shaped [3,11],
and sharp particles create radial and lateral
cracks [3,12—15]. Herzian cracks nucleate at
existing flaws in the ceramic. The process is
elastic and can be described by linear elastic
fracture mechanics [3.11]. Cracking induced by
sharp particles involves both elastic and plastic
deforination. The process is analogous to an
indentation test. Impact creates a zone of plastic
deformation beneath the impacting particle. The
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resultant stress causes formation of a radia!
crack. As the impacting particle recoils,
unloading produces tensile stresses below the
plastic zone. These stresses cause lateral cracks
to propagate parallel to the surface. Material
removal results when the lateral cracks extend to
the surface [3,12,13].

Maximum erosion rates for ceramics occur
at 90° [3,12-15]. Models of the erosion process,
which take into account only the normal compo-
nent of the erodent velocity, are successful in
predicting erosion rates for normal incidence.
Erosion rates for oblique incidence should be
proportional to the normal component of velocity,
Vsina, where V is the velocity and a the angle of
impact [3]. It has been found, however, that
oblique erosion rates are higher than predicted by
the models. The higher rates appear to be the
result of two contributions to material removal
that are not considered in the models: plasticity
[3.16] and cracking from Mode 11 or III loading
[3,17].

Erosion is not understood as well for
composite materials as it is for metals and
ceramics [14,15,18]. Several questions require
experimental investigation. Among them are the
extent to which erosion of fiber reinforced and
particle reinforced composites is similar; the
effects of reinforcement composition and
distribution on erosion; the effects of matrix
properties on erosion; whether consistent
relationships exist between erosion rate and angle
of impact; and whether erosion of metal-matrix
composites can be adequately represented by a
power law expression of erodent size and velocity.
To address these questions, solid-particle erosion
0of 2014 Al has been studied. The alloy was
reinforced with 20 vol.% particulate SiC or AlyOg.
The materials were tested in the as—cast and T6
heat—treated conditions. The goals of this work
were to identify which microstructural features
have the greatest influences on erosion and to
provide recommendations for alloy design.

EXPERIMENTAL DETAILS

The three materials tested [18,19] each had a
primary grain size of 15-25 um. The SiC particles
were approximately ellipsoidal. Small regions of
tightly agglomerzied particles were present,
however, and in many of these regions, the Al
matrix did not completely fill the space between

particles. The AlpO3 particles were about the
same size as the SiC. The particles were slightly
more segregated on a gross scale, but fewer tight
agglomerates were present and almost no large
voids were observed. These microstructures are
typical of cast aluminum-matrix composites.
Aluminum dendrites form and the reinforcement

- particles are forced into interdendritic regions

(Fig. 1).

The base alloy (Al) and the SiC composite
(Al/SiC) were tested in the as—cast and T6 heat—
treated conditions. The Al203 composite
(Al/Al203) was tested in the T6 condition only.

The T8 heat-treated specimens were heated in air
to 502°C, held at temperature for 1 h, water
quenched to 25°C, tempered in air for 16 h at
160°C. For each material, density was determined
by the Archimedes method, Vicker's hardness,
Hv, was measured with a 10-kg load, and
Young's modulus was measured ultrasonically
[20].

Erosion specimens were cut from billets by
diamond saw and then ground flat with 400-grit
SiC paper. The surfaces used for erosion testing
were approximately 19 mm x 27 mm. Erosion
tests were conducted at room temperature, in
vacuum, in an apparatus that has been described
[21]. The erodent used was commercial angular
AloOg (Norton Alundum 38), average particle size,
D, of 23, 42, 63, 143, or 390 um. Erodent velocities,
V., were 50, 75, or 100 m/s and angles of impact, «,
ranged from 10 to 90°. The specimens were
weighed to the nearest 0.1 mg, subjected to
erosion, cleaned ultrasonically in methanol, and
then reweighed. Steady-state erosion was
determined as the mass lost from the target per
mass of impacting particles. At least five erosion
cycles were performed to define the steady state.
Scanning electron microscopy (SIEM) was
performed on each steady-state surface. In addi-
tion, several specimens were polished to a 1-um
finish and eroded with only a few particles so that |
individual impact sites could be examined by
SEM.

RESULTS
The properties of the base alloys were affected
by reinforcement and heat treatment. Young's
modulus was 75 + 2 GPa for the Al, 101 £ 1 GPa for

the AV/SiC, and 95 + 1 GPa for the AlI/Als03. Hard-
nesses increased with reinforcement and heat

Goretta, Wu, Routbort, Rohatui

e ' ' " T ' i " . LR o



Fig. 1 — Optical micrographs of (a) as—cast Al/SiC
and (b) as—cast Al/Al203; bars equal 50 pm.

treatment, as expected: as—cast Al = 98 Hv, T6
Al = 166 Hv; as—cast Al/SiC = 139 Hv, T6 Al/SiC =
188 Hv; and T6 Al/AloO3 = 185 Hv.

A clear steady-state erosion rate, AW
(expressed in mg of target removed per g of
impacting particles), was established for each
material. All of the composite specimens obtained
steady state without appreciable Lransient
response. The Al specimens exhibited little or no
transients at low angles of incidence. For normal
incidence, however, the specimens gained mass
initially because of embedding of the erodent.
Steady state was achieved only after long tran-
sients. Embedding was less severe for the heat—
treated specimens and the transient periods were
shorter.

The effect of angle of impact on AW was
similar for all combinations of impact velocity, V,
and erodent particle size, ). Representative data
are shown in Fig. 2. For the Al, maximum

erpsion was always at 15° impact and minimum
erosion at 90°, For the composites, the maximum
erosion rate occurred from 15° to 30°, with the
maximum for impact by smaller particles tending
to occur at 15°; the minimum was always at 90°.
The composites always eroded more rapidly than
did the Al ‘

It was found that, AW was proportional to V',
where n is a semi—empirical exponent [3]. The
data for n values for the various targets and
angles of impact of 15, 30, and 90° are given in
Table 1. The exponents ranged from 1.8 to 2.7,
with most falling betweer. 2.0 and 2.5. The
exponents were generally higher (or the heat-
treated specimens and slightly lower for the
composites. Little or no effect of angle was
observed. Representative curves documenting fits
to the data are shown in Fig. 3.

The effect of D on erosion rate was complex
and a simple power—law expression could not be
used. Figure 4 contains representative data
gathered for a velocity of 76 m/s. All heat—treated
specimens exhibited a saturation phenomenon in
which the erosion rate was approximately inde-
pendent of particle size for D 2 143 um. The as-
cast specimens exhibited a bending of the AW vs )
curves for large D, but not a saturation. Little
difference was found between erosion of Al/SIC
and Al/AloO3. Heat treatment increased erosion
rates substantially for normal impact, but had
little influence for glancing impact.
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Fig. 2 — Steady-state erosion rates of heat-treated
(a) Al, (bY AY/SIC, and (¢) Al/AleQg for V = 75 m/s
and D = 143 pm.
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Table 1 - Velocity exponents for impact by
143 pm particles at different impact
angles; the values are accurate to £+ 0.2

Impact Angle

Targets () n
2014 (as—cast) 15 2.0
0 19
&0 19
D0 2.0
2014 Al (heat—treated) 15 2.5
: 30 2.5
20 2.5
AVSiC (as—cast) 15 1.8
30 2.0
6) 1.9
0 19
AVSIC (heat—treated) 15 2.2
‘ 30 2.1
&0 2.3
€N y
Al/A1903 (heat--treated) 15 2.7
‘ 20 21
28] 2.2

The surfaces of the Al impacted at 15” had a
smeared, gouged appearance. The AVSiC and
Al/Al203 surfaces were similar, but also
contained many regions of ductile tearing (Fig. 5).
The 90° surfaces lacked the oriented gouging of
the 15° surfaces, but exhibited the same sort of
general smearing. Significant tearing and many
shear bands were apparent vn the composite
surfaces.

At oblique single impact sites in the Al,
material was displaced forward, resulting in a
piling up of metal at the front of a gouge. Very
small tears were evident. In the Al/SiC and
Al/Al20g3, tearing was much more prevalent and
some of the reinforcement was fractured. The
piling up of metal was reduced by the reinforce-
ment particles (Fig. 6).

For impact at 90°, many of the damage sites
in the Al were characterized by laterally displaced
material. Some, such as Fig. 7a, exhibited mate-
rial removal. In this figure, the intermetallic
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Fig. 3 — Steady--state erosion rates as a function of
V with D = 143 um for ta) as—received Al/SiC and
(b) heat—treated Al/SiC.

inclusions in the Al were evident and were
ohserved Lo act as initiation sites for small tears.
The composites generally exhibited fractured
reinforcement particles and removal of material
with each impact. Regions of metal near clusters
of reinforcement were most susceptible to
removal. Figure 5b shows a region of material
removal in which SiC particles formed a tight
agglomerate below ‘I~ surface. The material
above this region was removed by a single impact.
For small particles impacting at low velocities,
material removal was only evident when these
regions of constrained metal were struck.
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Fig. 4 — Steady-state erosion rates as a function of
D for V.= 75 m/s for (a) as—cast AVSIC and h)
heat-treated Al/SiC.

DISCUSSION

The composite materials consisted of a
ductile metal reinforced with a brittle ceramic.
The erosion rate of 2014 Al is about an order of
magnitude higher than that of either SiC [23] or
AloO3 [14]. If some type of rule of mixtures
described erosion of the composites, the expec-
tation would be for lower erosion rates in the
composites. However, for all combinations of u,
V, and D, the composites had higher erosion rates
than did the Al. This difference in rate, although
never more than about 50%, is significant for any
application in which erosion is likely to determine
the life of a part.

Fig. 5 — SEM micrographs of steady-state erosion
surfaces for V.= 75 m/s and D = 320 um, (a) as-
cast Al impacted at 30° and (b) as—cast Al/SIC
impacted at 30% bars equal 10 pm.

Each of the materials exhibited maximum
arosion at oblique incidence, and minimum
erosion al normal incidence. As such, erosion of
each appears to be primarily by a ductile mecha-
nism 13]. Aluminum-matrix composites gener-
ally have much lower ductilities than unrein-
forced Al. Heat treating to the T6 condition
reduces ductility further [24-26], Although it is
clear that target ductility plays an important role
n erosion | 18,27.28], hardness is also important
[2,3.29.30]. The data presented van be analyzed in
terms of these competing factors, ductility
decreases caused by hardness increases.
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impact will contribute to subsequent erosion
resistance. Strains induced by particles above a
certain size will be sufficient to cause material
removal with the first impact. Thus, erosion rates
will be expected to increase with particle size,
until the particles become sufficiently large for
material to be effectively removed by a single
impact. Since failure strain will be affected by
temperature, inteiplay between adiabatic heating
[32] and strain to failure may be responsible for
the observed dependencies of erosion rate on D.

Velocity exponents, n, were calculated fiom
linear least-square fits to the log AW versus log V
data. Some of the plots exhibited significant
apparent curvature, which imparts a degree of
uncertainty to the n values. The n values were
generally independent of impact angle and all
were within experimental error of those predicted
in models of ductile erosion [3]. Heat treatment
caused n to increase appreciably. Independence
of n from impact angle has generally been
observed for metals, Morrison et al. [8] point out
that ductile erosive processes occur at all angles.
Ploughing, cutting, indenting, and tearing may be
more or less effective for different angles of
impact, but each will occur. Thus erosion rate
may change, as efficiencies of removal processes
change, but functional relationships do not in
general change because the basic mechanisms
remain unchanged. This argument appears to
apply to 2014 Al and, to some extent, to the Al-
matrix composites.

The higher n values associated with heat
treatment may be related to failure strains. For
low kinetic energies, strains from impact are
small and the lower ductilities of the hardened
specimens relative to the as-received specimens
do not lead to enhanced erosion. Both types of
specimen have adequate ductility. For higher
kinetic energies, the strains may be larger. If so,
the reduced ductilities of the hardened materials
would cause more severe wastage by ductile
fracture. The ductilities of the as—received
materials are sufficient to mitigate this ductile
fracture. Higher n values in hardened materials
result from enhanced erosion when impact
energies are large.

Steady-state erosion surfaces of the Al were
characterized by ductile ploughing. The com-
posite surfaces were a mixture of ductile
ploughing and tearing. Few reinforcement
particles remained on the surface, which may

imply that wholesale removal of ceramic particles
that have separated {rom the matrix is a principal
part of the material removal process. No signifi-
cant difference was observed between the AU/SiC
and Al/Al203. The overall appearances of the
steady-state surfaces is of gouged and extruded
metal, which is typical for erosion of ductile
materials [8,33]. ‘

Observations of single impact sites and
steady-state surfaces agree with the erosion data.
For Al impacted. at 15°, material is displaced by
the initial impact. A pile-up is crealed at the end
of a ploughed trail. For many of the impacts, the
resultant pile is only loosely bonded to the
remaining material, and it is clear that a second
impact will remove the pile. Impact sites were
similor for the as—cast and heat-treated Al. The
only difference observed was that the grooves in
the ploughed trails were continuous for the as—
cast Al, but often slightly discontinuous for the
heat—treated Al. 'The discontinuities appear to be
slight tears, probably caused by the lower ductility
of the heat—treated Al

Impacts at 15° into the composites caused
some {racture of, and tearing near, the ceramic
reinforcement, [for impact by smaller particles,
little damage was generally observed. When the
erodent struck in regions where the matrix was
constrained by ceramic particles, appreciable
material was removed. These areas correspond to
regions where reinforcement particles were
segregated because of dendrite formation during
casting, The severely reduced local ductility due
to the segregates appears to largely responsible for
the higher erosive wear of the composiles.

The results of the three materials for impacts
at 90° were similar to those for 15°. Significant
tearing was observed in the composites, but not in
the Al. Shear bands, indicative of constrained
plastic deformation, were only observed in the
composites. Regions of metal surrounded by
reinforcement particles were most easily removed
by impact. It may be speculated that improve-
ments in processing that produce uniform rein-
forcement distributions will improve erosion
resistance significantly.

The data indicate that heat treatment
influences erosion rate for 90° impact more than
for 15° impact. Normal incidence induces more
lateral displacement and less cutting than does
glancing incidence [8]. For material removal by
erosion, ductility considerations are likely to be of
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primary importance for lateral displacement
events. For cutting events, resistance to pene-
tration will also be important. Thus higher
hardness will effectively compensate for lower
ductility at glancing incidence, but strain to
failure will dominate for normal incidence.

The erosion rates of the AI/SiC and AVAl30g3
were virtually the same. Erosion rates of mono-
lithic SiC and AloO3 can vary by nearly an order of
magnitude. It appears that erosion rate of Al-
matrix composites will not be strongly influenced
by the composition of the particulate ceramic
reinforcement, Development of erosion-resistant
alloys should focus on improving microstructural
homogeneity and increasing ductility. Although
high strength and ductility are clearly desirable
properties, direct comparisons between erosion
studies, and hence between materials, indicates
that the product of strength and ductility is not
always useful in predicting erosion rate [34-37].
The reinforcement phase should be well dispersed
and should not have sharp edges. Especially for
erosion at normal incidence, ductility is more
important to erosion resistance than is strength
and should be maximized for optimal erosion
resistance.

CONCLUSIONS

Erosion data and SEM observations revealed
that weight loss was more severe for Al/SiC and
Al/Al203 composites than for the unreinforced
2014 Al alloy. Lack of ductility was the primary
cause of the reduced erosion resistance of the
composites. Regions of matrix constrained by the
reinforced particles appeared to be most suscep-
tible to wastage. Heat treatment increased
hardness, but decreased ductility. Erosion rates
were generally larger for the heat-treated
materials,
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