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ABSTRACT

A simple cumulative damage model has been developed for the low velocity,
normal incidence erosion of ductile metals by spherical particles. The model
correlates the computed plastic strain distribution for different impact ve-
locities and materials with the experimentally measured erosion rates. This
paper describes the surface and sub-surface changes which occur in Cu and
Cu-6wt%Al specimens during erosion testing. Scanning and transmission elec-
tron microscopy have been used to study these changes. The object of this
study was to determine whether the deformed microstructures are consistent
with the predictions of the model. Because the deformation due to the impact
of a 50um diameter spherical particle occurs at high strain rates (100s-1)
and is also highly localized, the deformation mechanisms differ slightly from
bulk deformation which has been reported for low strain rates. The contribu-
tion of strain localization (adiabatic shear) and twinning will be discussed
in light of the microstructural observations.
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1. TNTRODUCTION

Material wear by narticle erosion has received increased attention recently
due to the interest in the design and operation of coal conversion systems.
In order to solve some of the problems associated with containment and trans-
port of erosive streams, a number of research efforts have been initiated.
Some of these investigations centered on the fluid dynamics of a particle
laden gaseous or fluid stream, while others have fccused on material wear
mechanisms. The latter group has been divided roughly by the impact condi-
tions being studied. Those interested in high impact velocities (> 50 m/s)
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and oblique angles of impact have generally applied and extended Finnie's
tool cutting or gouging models (Finnie, 1977). At lower impact velocities
and at impact incidence angles closer to 909, it no longer can be assumed
that material removal occurs during each impact event; thus, some other ero-
sion mechanism must be responsible for the observed wear.

Follansbee, Sinclair and Williams (1981) have analyzed the erosion process to
see if, under the highly simplified conditions of low velocity (5 m/sto 50 m/s),
normal incidence impact of rigid, spherical particles, the mechanism of ero-
sive wear might be analogous to that responsible for metal fatigue. An ero-
sion model was developed (Follansbee, 1981) which incorporated a fatigue
failure criterion and which yielded predictions of relative erosion rate
based only on results of a stress analysis of the indentation process and da-
ta determined from standard low cycle fatigue (LCF) tests. A comparison be-
tween predictions of the model and experimental erosion rate test results in-
dicated good agreement for Cu and Cu-7.5wt%Al specimens eroded by 50um diam-
eter glass spheres travelling at impact velocities ranging from 7.5 m/s to
30.5 m/s.

In this paper, we describe in more detail the surface and sub-surface obser-
vations obtained from such erosion specimens using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). We will show that the ob-
served microstructures are consistent with the cumulative damage or fatigue
fracture model which has been proposed. We also will discuss the effect of
strain rate on the microstructure and rate controlling erosion mechanism.

2. EXPERIMENTAL PROCEDURE

The present investigation combines the results of finite element stress analy-
sis of the indentation event, measurement of weight loss in an erosion test,
and microscopic characterization of surface and sub-surface features present
in test specimens after erosion. Copper was chosen for study because it is a
simple, single phase, well characterized, ductile FCC metal suitable for a
modelling study. In addition, experiments were conducted using Cu-7.5A1 be-
cause this material exhibits planar slip due to its low stacking fault energy.
The difference in slip character, which is related to stacking fault energy,
leads to distinct differences in both monotonic and cyclic deformation behav-
ior, especially low cycle fatigue (Liird, 1967). The choice of a system with
well documented low cycle fatigue behavior was a primary consideration for
these experiments. ‘The impacting material was glass spheres with an average
diameter of 50um.

Details of the stress analysis techniques used to predict erosion rates and
the erosion test apparatus used to perform erosion experiments are given by
Follansbee (1981).

The morphologies of eroded surfaces, sub-surface regions, and wear debris were
characterized with SEM. The erosion test specimens are small enough to fit
intact into the specimen chamber of the JOEL JSM35 microscope used for the
surface studies. This allowed examination of the entire eroded surface at
various stages of weight loss. Sub-surface regions were prepared for SEM
according to the following procedure. A layer of Cu was first electrodeposited
on the eroded surface in an aqueous solution of 250 gm/liter CuSO4 . H20 and
75 gm/liter HpSO04 (Ives, 1977). Slices normal to the eroded surface were cut
with a slow speed diamond saw. These surfaces only required light polishing
with Linde A and Linde B. Care was taken to not over-polish which could dis-
rupt the regions just below the eroded surface. Although polished surtaces
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exhibit poor definition in the microscope, some of the slices were examined in
this condition. Others were polished electrolytically in equal parts of nitric
acid and methanol at room temperature to enhance surface definition.

Samples for TEM studies of crosion damage were made from annealed Cu (cold
worked 30% and annealed at 600 C for one hour) and annealed Cu-6.5%Al. Strips
of these materials, Imm thick, were eroded for two hours by glass beads strik-
ing at normal incidence with a velocity of 24.7 m/sec. After erosion the
samples were flash plated with nickel from a Watts bath and then with OFHC cop-
per using the Cu plating technique mentioned earlier, until a total thickness
of 4mm was reached. Cross-section slices 0.4mm thick were removed from these
samples so that the eroded surface was perpendicular to the plane of the sec-
tion. These slices were then rechanically thinned down to 0.2mm, and 3mm dia-
meter discs were punched from these slices keeping the interface between the
electroplated deposit and the eroded surface at the center of the disc. These
discs were electropolished in a Fischione Jet Polisher in a solution of 33%
nitric acid in methanol. It often was difficult to obtain thin areas exactly
at the interface, and ion-milling was used to extend the thin portions to the
interface.

3. RESULTS

We include in this section a brief summary of results obtained by Follansbee,
Sinclair and Williams (Follansbee, 1981) to provide a background for the micro-
structural observations. These include a description of the modelling of the
erosion process and prediction of the erosion rates. We then describe in some
detail the microstructural observations on the eroded samples.

3.1 Stress Analysis and Erosion Modelling

Following Mamoun (1975a&b), Follansbee (1981) assumed that the erosion rate was
proportional to the cycles to failure (Ng) in a fatigue test, multiplied by the

volume of material undergoing strain reversals. Thus, they obtain
n
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using the Coffin !Manson law

N. = Ae (2)

where E and E are the rates of erosion of two materials, and V is the volume
experiencing the strain €. A and n are constants for a given material.

€ and V are obtained from a finite element analysis as a single impact event by
a rigid, spherical indenter (Follansbee, 1981). A typical result of the finite
element analysis is shown in Figure 1. The maximum plastic strain is seen to
occur in the near surface region at the edge of the contact area, and the
strain-state in this location is one of pure shear. The stress analysis indi-
cates that no significant strain reversal occurs on unloading the sphere.
However, a significant strain reversal can occur if a second particle impacts
at a point which is located at a 'mirror image' position with respect to the
point of pure shear of the first particle.



1526

A set of data obtained from the erosion rate experiments described earlier
(Follansbee,1981) is shown in Figure 2. A steady-state weight loss is seen to
follow a transient period.

The steady-state erosion rates derived from these curves (obtained at various

impact velocities) were compared with predicted erosion rates, as shown in
Table 1.

TABLE 5 Predicted and Measured Relative Erosion Rates

Cu Cu Cu-Al

L. 15m/sec 30m/sec 25m/sec
Predicted E/E0 0.18 2.01 0.45
Measured E/E_ 0.17 1.90 0.39

The measured erosion rates are normalized by the measured value of Cu at
25m/sec (Eg), and the predicged rates are also relative to that predicted for
Cu at 25m/sec (also denoted Eo)u

3.2 Microstructural Characterization of Erosive Wear

Included in Figure 2 are SEM micrographs of typical surface regions at various
stages of weight loss. The eroded surfaces are characterized by platelet form-
ation from the very early stages of exposure (108 impacts). As the time of
corrosion increases, a large density of voids appear on the surface. Figure
3(a) shows detail of a platelet held to the surface by only a small ligament.

Although 108 impacts corresponds to the first measurable weight loss in Figure
2, this stage of erosion is actually a relatively advanced stage when expressed
in terms of degree of deformation of the specimen surface. To see this, note
that 108 impacts over the entire surface corresponds to approximately 103 im-
pacts over an area the size of a single impact crater (Follansbee, 1981). In
addition, the estimated weight of a single wear particle (sece Fig. 7 in
Follansbee, 1981) is 4x10-10 grams which is six orders of magnitude below the
resolution of the analytical balance used in this investigation. The observa-
tion of well-developed platelets after only 108 impacts further verifies that
deformation is extensive at this early stage. 'These early stages of weight loss
are convenient to study in that, as argued, sub-surface deformation should be
well-developed, whereas a high density of voids, which complicate TE!M of sub-
surface regions, are not present. Thus, for the remainder of this paper, we
will concentrate on observations at these early exposure times.

Sub-surface regions of specimens exposed to 108 impacts have been prepared for
SEM according to the procedure outlined previously. At low and high magnifica-
tions the sub-surface regions are relatively featureless. Voids and embedded
glass fragments are rarely found. Sub-surface crack patterns, as shown in
Figure 3(b), are occasionally observed. The thumbnail pattern seen in these
figures is the typical configuration of these crack patterns, although in some
cases only half of the thumbnail crack is observed.

A detailed observation of the dislocation substructure resulting from erosion
was carried out for the annealed Cu sample. A high density of dislocation di-
poles were observed in a zone area extending from 60 to 100um beneath the erod-
ed surface (Fig. 4(a)). Beyond this depth deformation substructure was practi-
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Fig. 1. Computed octahedral strain Figs 2
contours for maximum pene-
tration for impact on copper
at 24.7 m/sec.

The weight loss behavior of
annealed copper eroded at

24.7 m/sec. Scanning electron
micrographs are superimposed
on the weight loss curve to
illustrate the evolution of
surface morphology.

Fig. 3. a)Detail of platelet separation from the
surface of copper at the early stages of
erosion (108 impacts at 24.7 m/sec). b)
In the same condition microstructure of
sub-surface shows details of crack forma-
tion.
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cally absent. The beginning of cell wall formations were seen at a depth of
about 40um beneath the surface. The zone 30-40um from the surface consisted of
diffuse equiaxed cell walls with a low dislocation density within the cells
(Fig. 4(b)). The cell walls sharpened considerably in regions closer to the
surface (10-30um) and cells were, i1 general, clongated with a width of 0.4-
0.5um. Figure 4(c) shows an area just beneath the eroded surface (0-2um) .
Here, well-defined equiaxed grains vith a size of 0.2-0.3um are scen with a
high random dislocation density within them. The associated selected area
diffraction (Fig. 4(d)) shows fairly sharp spots clustered in certain zones.
The combination of the SAD and the image suggests that dynamic recrystalliza-
tion has occurred just below the eroded surface. The substructure in all re-
gions is very uniform and no indication of adiabatic shear or twinning were
recorded.

The substructure in the Cu-6.5%A1 alloy is quite different. The regions just
below the eroded surface (0-3um) coisist of fine slip bands and a heavy dislo-
cation density (Fig. 5(a)). The dislocation density decreases appreciably
within 5um of the eroded surface to isolated partials and non-extended dislo-
cations (Fig. 5(b)).

Fig. 4.

4. DISCUSSION

The microstructures observed by TEM ire qualitatively consistent with the nature
of deformation predicted by the finite element analysis of the impact event. At
distances 5-10um below the eroded surface, the analysis predicts strains ranging
trom 1 to 5%. The cell structures observed 10-30um below the eroded surface of
annealed Cu bear a strong resemblance in size (0.4-0.5um) as well as in the
cell wall appearance to the substructures documented by others (Feltner, 1967)
for cyclic loading at these strain levels. At distances greater than 40um be-
low the surface, no cell structure is observed but a high uniform density of
dislocation dipoles and small dislocation loops exists. This structure also

is characteristic of cyclic (rather than uniaxial) deformation at very low
strain ranges (less than 0.05%) (Segall, 1959).

At portions just below the eroded surface (0-2um) sharp, fine equiaxed grains
are observed with a high dislocation density within them. The SAD from these
areas shows sharp spots clustered around certain zones. Dynamic recrystalliza-
tion cannot be ruled out in this region. However, no evidence of shear band
formation or twinning, as observed by Kosel (1979) and others (Winter, 1975)
was seen in this study. The deformition substructures were quite uniform.
These observations are generally identical to those reported by Ives (1977).

In the latter experiments, however, the eroding particles were angular Al203
which severely intensified deformation in the immediate sub-surface regions.

No cell structure was observed in the Cu-6.5%A1 alloy. The dislocations were
arranged in planar arrays and a high density of slip bands was observed. This
Ls consistent with the low stacking fault energy of this material (Feltner,
1967; Saxena, 1975). The dislocation density dropped off very rapidly with in-
creasing depth below the eroded surface which probably reflects the more rapid
work hardening of Cu-Al compared to pure Cu. Here, also, the deformation pat-
terns agree quite well with the deformation levels predicted by the finite
element analysis.

The absence of deformation twinning, or severe strain localization, in the sub- Fig. 5.

surface regions raises the question of strain rate cffects. The lack of evi-
dence in the microstructure of deformation features which normally correspond
to the high strain rates that were estimated is surprising. Perhaps, however,
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Transmission electron microscopy of the substructure in

annealed copper in the early

stages of erosion (108 im-

pacts at 24.7 m/sec). a)Dipoles and loops observed
60-100 microns below the eroded surface. b)Diffuse cell
walls 30-40 microns below the eroded surface. c)Strongly
misoriented equiaxed grains exist up to S microns below
the eroded surface. The surface is shown in dotted lines
on the micrograph. d)SAD from the area in (c).

Transmission electron microsc
in the early stages of erosion
bands formed 2-5 microns below

and randomly oriented dislocati
face.

T DAz

opy of eroded substructure in Cu-6Al

(108 impacts at 24.7 m/sec). a)Slip
the eroded surface. b)Stacking faults
ons 5-10 microns below the eroded sur-
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this emphasizes that strain rate effects are not well understood. In particu-
lar, it may not be correct to assume that the response to highly localized de-
formation (with respect to a structure .parameter such as the grain size) should
be the same as that documented for large-scale deformation. Our results sug-
gest that the role of scale of deformation relative to microstructural scale
may be more important than has been generally acknowledged.

4.1 Possible Void Formation Mechanism

The high density of dislocation loops and dipoles observed with TEM is also con-
sistent with cyclic loading. The creation of vacancies at jogs in moving screw
dislocations is conceptually well-known (Read, 1953: Mott, 1951), and Cottrell
has suggested that the generation rate is enhanced by cyclic loading (Cottrell,
1957). Segall and Partridge (1959) reported a high density of dislocation
loops in Al deformed by fatigue. The formation of pores, ostensibly

from the condensation of vacancies, is also well documented. Rosi and Abrahams
documented pore formation in Cu under low strain rate uniaxial strain (Rosi,
1960). That pore formation is a thermally activated process was demonstrated
by Koppenaal who observed pores in single crystals of Cu-10Al1 deformed at low
strain rate at room temperature but none in identical specimens deformed at

77 K (ioppenaal, 1961)

There is a direct correlation between these observations and evidence from ero-
sion test specimens. It might be speculated that at least in the case of Cu,
the sub-surface regions experience cyclic loading which leads to vacancy gener-
ation through dislocation intersections, as cvidenced by the high density of
dislocation loops. The coalescence of these vacancies into voids, however, is
a thermally activated process and requires time or temperature. The time de-
pendence of void growth in these erosion experiments is verified by the series
of micrographs in Figure 2. The situation is less clear for Cu-Al since many
fewer dislocation loops are observed. The formation of loops by dislocation
interaction is less common in low stacking fault energy materials. Vacancies
can still be created by non-conservative motion of jogs, however,

4.2 Platelet Formation

All of the microscopic evidence obtained from the Cu and Cu-6Al erosion speci-
mens examined in this investigation emphasize the importance of the formation
and subsequent fracture of platelets as the operative material removal mechan-
ism. Platelets partially separated from the surface were a dominant feature
of the surface morphology. The size and shape of the wear debris particles
match closely the appearance of platelets seen on the surface. Further, the
number or density of platelets found on the surfaces as a function of impact
velocity follows the measured variation in erosion rate. Thus, we conclude
that material removal is directly related to the formation of platelets on

the eroded surface, We also note that platelet formation during erosion has
already been extensively documented (Bellman,1980; Brown,1981; Rickerby,1979).

The results of the stress analysis of an indentation are consistent with the
observation of platelet formation. The maximum plastic strains were shown to
develop near the edge of the contact area. As described previously
(Follansbee, 1981), the stress state at this location of maximum plastic

strain is close to pure shear, and the plane of maximum shear strain is seen to
be almost parallel to the surface. The magnitude of the plastic strains de-
creases rapidly with depth below the surface, but less rapidly along the sur-
face toward the point of initial contact. All of these results agree with the
shape, location, and dimension (thickness) of the observed platelets.
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It would be difficult to predict the nucleation and growth of a crack beneath
the particle impact zone in these complex and non-uniform loading conditions.
Such predictions are currently only feasible for simple geometries in well
characterized materials tests. But it might be speculated that after suffi-
cient plastic strain reversals, cracks nucleate on the surface at the edge of
the most recent indentation. Initial crack growth would be along the plane of
maximum shear which is not quite parallel to the surface. As the crack enters
the region of decreasing plastic strain amplitude, the path turns parallel to
the surface and either connects with another crack or leads to separation of
the cracked platelet from the substrate.

The evidence described here supports the cumulative damage model for low veloc-
ity particulate erosion. This evidence includes 1) the good agreement between
measured and predicted erosion rates, the latter resulting from a simple model
based only on an elasto-plastic stress analysis and on data from standard low
cycle fatigue tests, and 2) the correlation between microstructures in fatigue
test specimens and erosion test specimens described here. Vacancy generation
and subsequent void formation is also consistent with cyclic deformation. Fi-
nally, the events leading to platelet formation have been described from re-
sults of the stress analysis and sub-surface microscopic observations.

Finally, we comment that the weight loss transient seen during the early stages
of erosion (cr Fig. 2) may be related to the in-situ grain size refinement
which occurs at the surface of the specimen. From our TEM observations, it can
be seen that a very fine (< lum) recrystallized grain size develops during the
initial stages of erosion exposure. Once developed, this fine-grained zone
should have a greater fatigue resistance than the coarser-grained starting
structure (Laird, 1967). Accordingly, we suggest that the initial higher
weight loss rate is characteristic of the starting structure, whereas the low-
er, steady-state weight loss rate is characteristic of the fine-grained
steady-state structure. We must also point out that the formation of a steady
array of voids may also contribute to the transient in the weight loss curves.
At this juncture our results do not permit the relative contributions of these
two factors to be estimated. From our standpoint, it seems more important at
present to suggest that the weight loss transient reflects an in-situ struc-
tural change which occurs during the erosion experiment. It is such changes
that may complicate comparison of erosion data obtained under different exper-
imental conditions.

It is important to emphasize once again the limited conditions over which these
observations and conclusions apply. The simplified conditions of normal inci-
dence impact of rigid, spherical particles at low impact velocities were pur-
posely chosen to investigate the cumulative damage erosion model. Even in
these conditions the time dependent formation of voids and eventual presence

of fragmented and embedded glass complicate such a model. At early stages of
erosion before these complications apply, however, the observations support the
importance of cumulative damage in erosive wear.
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