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Erosive wear of polymer surfaces by steel ball

blasting
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The erosion behaviour of a variety of polymeric materials has been studied using steel balls at
57 msec™' in an air-blast rig. It is shown that the softer polymers (polyethylene, polypropylene,
polybutene-1) exhibit an incubation period prior to stabilizing to a linear erosion rate, here
defined as reduction in thickness per testing time. The more brittle polymer, polystyrene, on
the other hand, shows no incubation time and possesses the highest erosion rate. Further
effects can arise from the morphology of semicrystalline polymers. In particular, it was found
that a coarse spherulitic microstructure in polypropylene wears much faster than a fine
spherulitic one. A decrease in testing temperature generally increases the wear rate. The
individual mechanisms of erosive wear are illustrated by SEM micrographs of the worn
surfaces. It is suggested that a “brittleness index” of the form (hardness H/fracture energy G,.)
is @ good indicator for the erosion resistance of polymeric materials.

1. Introduction
If solid particles impinge against a target surface and
cause local damage combined with material removal,
this kind of wear is generally referred to as erosion [1,
2]. The mechanisms of material removal involved in
the wear process are determined by the intensity of
surface damaging due to repetitive impact events and/
or severe scratching of the target material. For
example, scratching of ceramic surfaces produces
either brittle scratches with chip formation by multiple
cracking or ductile scratches with plastic deformation
and final rupture or cutting [3]. Surface fatigue and the
formation of a residual tensile stress field during
repeated impacting of metals have been found to be
responsible for the initiation of microcracks in subsur-
face layers and the subsequent flaking and detachment
of wear particles [4, 5]. All of these mechanisms are
not restricted to ceramic or metallic target materials
but may take place under erosion of polymer surfaces
as well. Their cumulative occurence depends, how-
ever, on the type of polymer tested (molecular struc-
ture, morphology, structure-property profile), and on
the testing conditions, in particular the testing tem-
perature, impact angle, type of erodent etc. Thus, as
for other materials and other wear situations, erosive
wear resistances is not a material property but
depends strongly on the system in which surfaces
function [6]. Schematically this is illustrated in Fig. 1.
The effects of various testing parameters on the
erosive wear behaviour of different kinds of polymer
have been demonstrated by several authors in the
past. A brief review on this subject was performed
quite recently by Walley er al. [7]. Many of the ductile
polymers possess an angular dependence of erosion
which is similar to that for ductile metals, peaking at
around 30° [8-10]. More brittle materials, on the other
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hand, may exhibit their highest erosive wear rates at
an impact angle of 90° [2, 11]. Tilly and Sage [12]
showed that various brittle ductile polymers undergo
the same velocity dependence of erosion as metals,
namely a power law of »**. With respect to the size and
type of the erodent material, two trends can be con-
sidered to be valid for harder and/or more brittle
materials such as metals, ceramics or epoxies: the
erosive wear increases the higher the hardness of the
erodent and the larger the erosive particle size (until a
level of saturation is reached in both cases) [2, 9, 11,
12]. In ductile polymers, however, the situation may
be quite different: (i) due to their relatively low hard-
ness no pronounced effects of changes in the hardness
of the usually much harder erodent materials should
be expected [9], and (ii) it has been observed that size
effects of the erosive particles only play a major role in
a diameter range under about 100 ym [12].

Studies on the erosion resistance of different poly-
mer target materials have been reported in several
papers (e.g. [12-17]). Under certain testing conditions,
different polymers may exhibit a range of erosion rates
spanning more than two orders of magnitude [13, 14].
This must be considered as a clear indication that the
wear properties are highly dependent on the molecular
structure [18] and the polymer morphology. For
erosive wear tests carried out at room temperature
(RT), the following trends of erosion rate as a function
of polymer structure can be assumed:

(a) erosion is higher for polymers with a glass tran-
sition temperature T, above RT relative to those with
T, < RT;

(b) for T, < RT, the wear rate decreases the
greater the difference between the experimental tem-
perature and T, [19];
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Figure 1 Material properties and testing parameters which may
influence the erosive wear results.

(c) erosion is least for low-modulus, highly elastic
rubbers or elastomeric polyurethanes;

(d) amorphous polymers usually erode faster than
semicrystalline thermoplastics.

In addition, Tilly and Sage [12] illustrated that fibre
reinforcement can help to reduce the erosive wear rate
of brittle polymer matrices (such as epoxy (EP)),
whereas the opposite may occur in the case of a ductile
polymer matrix (such as polyamide (PA)). These
results are in agreement with those found under slid-
ing, abrasive wear conditions of different kinds of
fibre-reinforced plastics [20, 21].

Walley et al. [7] pointed out that a connection with
measurable mechanical properties, as demonstrated
successfully by Ratner et al. [22] and Lancaster [23] for
single-pass abrasion of different polymers, is not easy
to transfer to erosion. This is mainly due to the very
complex stress state within the target material under
erosive impact conditions, the very high strain rates,
and possible fatigue mechanisms [24]. Especially it
was never found that the erosive wear rate is inversely
proportional to the hardness. Although this relation-
ship holds quite well for the erosive wear of metals [1,
8, 9] (but only in a lower hardness range [2]), for
polymers exactly the opposite trend may take place.
Analysing the test results presented by Brauer and
Kriegel [14] many years ago in this respect gives clear
evidence for different tendencies. This does not, how-
ever, mean that the hardness is the mechanical
property of polymers which controls their erosive
wear behaviour. A lower hardness is here only an
indication that a greater amount of the impact energy
of the erosive particles can be absorbed by elastic
deformation of the target surface. Thus a lower
amount of the impact energy is available for other
mechanisms such as plastic deformation, crack
initiation and local fracture.

To prevent the latter mechanisms leading to the
production of wear debris, material properties other
than hardness are of importance, for instance a
high stress yield o, and (after ¢, is exceeded) a high
strain to failure ¢. This combination means that the
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material must possess a high fracture energy, or in
general a high resistance against crack initiation and
propagation under very complex (fatigue and/or
impact) loading conditions. In fact, studies on severe
rain erosion of different types of polymer have shown
that within the typical scatter of these data some kind
of a relationship between the erosive wear resistance
and the notched impact fracture energy exists [13, 18].

Although hardness and impact fracture energy of
polymeric materials can be separately considered to
give a rough indication of their erosive wear
behaviour, it probably makes more sense to build up
a comparative figure involving both these parameters.
Lamy [3] has suggested using the quantity H/K,
(H = hardness, K, = static fracture toughness) as a
convenient “brittleness index” for materials subjected
to surface scratching in abrasive or erosive processes.
He found for the wear rate of materials of different
fracture energy classes an increase with increasing
“brittleness index”. A modified correlation of the
form H®*/K? has been found to work quite well in
describing the erosion resistance of brittle target
materials [25]. In the present approach an attempt is
made to use a similar relationship for the description
of the erosive wear behaviour of different thermo-
plastic polymers. An additional objective is to
elucidate the typical wear mechanisms which may
occur as a result of differences in molecular structure,
mobility and polymer morphology.

2. Experimental details

2.1. Target materials

The target materials used in the present investigation
provided a reasonably wide range of mechanical
behaviour and microstructure for study. Commer-
cially available materials (Table I) were obtained from
the manufacturers (PS, PE and PP from BASF,
Ludwigshafen, West Germany; PB-1 from CWH,
Marl-Hiils, West Germany) as compression-moulded
rectangular plaques, 20 mm in thickness. The material
selection was done in such a way that one polymer had
a glass transition temperature 7T, far above RT (PS,
T, ~ 90°C), and one polymer with T, far below RT
(PE, T, & —80°C). The T, values of the other poly-
mers covered the intermediate range between the T}, of
PE and RT: PB-1 with 7T, ~ —35°C and PP with
T, = 0°C [26]. In order to get an idea about the
mechanical characteristics of the different polymers as
a function of temperature, all of them were tested with
respect to their notch impact energy (German Stan-
dard DIN 53453) and their ball indentation hardness

TABLE 1 Commercial polymers tested

Material Code Morphology Company
type

Polystyrene PS Amorphous 168N

Polyethylene PE Semicrystalline 6011L

Polypropylene PP-A Semicrystalline 1120LX
5% atactic

Polypropylene PP-B Semicrystalline 1320L
20% atactic

Polybutene-1 PB-1 Semicrystalline -
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Figure 2 Notch impact energy, ay, against testing temperature, 7,
for the commercial materials used in this study.

(German Standard DIN 56456). The results are
represented in Figs 2 and 3 over a temperature range
from —40°C to RT (23° C). The differences in T, are
clearly reflected in the data for the notch impact
energy. They indicate a high brittleness of PS over the
whole temperature range tested, a brittle—ductile tran-
sition of PP-A and PP-B above T = 0°C, and an

enormous increase in toughness of PB-1 within the -

range —40 to 0°C. No impact fractures could be
obtained for PE at all, nor for PB-1 at RT. The
hardness of all the polymers increased with decreasing
temperature (Fig. 3), but the most pronounced effect
was found for the two kinds of PP when passing their
T,.

Concerning the PP samples, several modifications
were used in this study:

(a) PP-A with a morphology as received after com-
pression-moulding by the manufacturer (fine
spherulitic, spherulite diameter D, ~ 20 um, degree of
crystallinity X, ~ 55%),

(b) PP-B with similar spherulite size, but a lower
degree of crystallinity (X, ~ 45%) as a result of its
higher atactic content.

In addition, two different PP-A morphologies (PP-A-I
and PP-A-II) were produced in the laboratory in order

TABLE 11 Thermal treatment and morphology of poly-
propylene samples

Material Thermal treatment  Morphology

Polypropylene PP-A-1 Melt-quenched

and annealed

Fine spherulitic,
high crystallinity

Polypropylene PP-A-II  Isothermally Coarse
crystallized from spherulitic, high
melt crystallinity
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Figure 3 Ball indentation hardness of the polymers of this study as
a function of testing temperature.

to study the effects of microstructure on the erosion of
a given polymeric material (Table II). Details of typi-
cal thermal treatments to obtain different mor-
phologies in PP are described in previous papers
[27-29). Examples of the morphologies of PP-A-I and
PP-A-II are shown in Fig. 4.

2.2. Testing procedure
The particles used for the erosion measurements were
steel balls, type “cutwire”, with a diameter of
D ~ 500 um (Fig. 5). They were poured into an
apparatus designed to feed the erosive particles into a
high-velocity air stream which propelled the particles
against the specimen surface (Fig. 6). Under a con-
stant air pressure of p = 1.75bar (175 kPa) (controlled
by a reduction valve) the particles were accelerated by
passing them through a nozzle. In this way, a particle
mass flow of M = AM/At = 4.6gsec”’ was
achieved. The distance between the tip of the nozzle
and the specimen surface was 25 mm, and the velocity
of the particles at the moment of impact could be
calculated as v = S7msec™'. The corresponding
impact energy each particle carried at the time of
contact with the target was around W° ~ 107%].
Fig. 7a illustrates the specimen geometry used in
this study. The samples were mounted in a specimen
holder which was arranged in such a way that the
round, polished surface of the samples was normal to
the stream of erosive particles. As the holder could be
cooled by the use of different kinds of cooling liquid,
it was possible to control the temperature of the speci-
men at a distance 3 mm away from the target surface.
The two testing temperatures chosen for this inves-
tigation were 7; = RT; T, = —35°C.
Measurements of the erosive wear as a function of
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Figure 4 Transmitted optical light micrographs of thin sections taken from (a) the fine spherulitic morphology of PP-A-I, and (b) the coarse

spherulitic morphology of PP-A-11.

testing time, A¢, were performed in two different ways:

(a) determining the mass loss, Am, of the target to
at least 1% accuracy by the use of an analytical
balance,

(b) measuring the reduction in height, As (accuracy
1 um) at the centre-line position of the rod-shaped
specimens (Fig. 7b).

For several reasons which will be explained later, the
latter quantity was used for the final calculation of the
erosive wear rate, £,

E, = As/At  (umsec™') t))

A conversion into wear depth per mass of erodent can
be easily done by multiplying At by M. Using the
maximum diameter of the impact crater (& 65% of
the specimen diameter) a volumetric wear rate can be
roughly calculated as

E, = (mm’sec™') Q)

At

where A; corresponds to the part of the specimen
surface impacted by the erosive particles.

3. Results

3.1. Erosive wear data

Fig. 8 represents the reduction in specimen height of
the five commercial polymers as a function of testing

Figure 5 Photograph showing the size distribution and typical
shapes of the steel balls used as the erodent in this study.
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time. Two distinctively different trends in the erosion
characteristic can be recognized:

(a) the hardest and most brittle polymer, the
amorphous PS, having a 7, larger than the testing
temperature (RT), shows almost right from the begin-
ning a linear reduction in specimen length with time of
erosion;

(b) the semicrystalline polymers (PE, PP, PB-1)
with T, < RT exhibited S-shaped curves of As against
t. Curves of sinilar shape have been found in the past
for the erosive wear of Pyrex glass by glass beads [30]
and for the rain erosion of different polymeric
materials [13]. After an incubation period, a steady-
state wear condition was achieved in which the wear
rate was much lower than that found for PS.

Within the group of semicrystalline thermoplastics,
PE was worn faster than the two kinds of PP or PB-1,
in spite of its having the highest notch impact energy.
The lowest erosion rate was measured for the highly
atactic PP-B. The latter is compared with the other
extreme, amorphous PS, in a single-logarithmic scale
in Fig. 9, illustrating a difference in wear rate of almost
two orders of magnitude.

Two characteristic differences in the wear behaviour
can also be distinguished very easily when plotting the

Figure 6 Schematic diagram of the air blast erosion rig: (a) valve, (b)
abrasive feed and supply, (c) mixing nozzle, (d) nozzle thread, (e)
specimen holder, (f) thermocouple, (g) entrance for cooling liquid,
(h) test chamber, (i) nozzle, (j) erodent cleaning device, (k) specimen
(double arrow = air stream, single arrows and dashed line = cyclic
path of erosive particles).
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Figure 7 (a) Erosive wear specimen configuration (dimensions in
mm), (b) location of height-reduction measurements in the eroded
crater.

mass loss, Am, against the testing time (Fig. 10). In the
case of the semicrystalline materials, the shape of the
curve is, however, different from the As against ¢ plots.
In agreement with results reported by Tilly and Sage
[12] several years ago, the softer plastics exhibited very
pronounced incubation times during which erodent
material was obviously deposited on the target sur-
faces, thus producing a mass gain. In PE and the rigid
PP-A, the situation stabilized within a relatively short
period time in which the surface became saturated.
Material removal due to erosion then exceeded
deposition and a linear rate of mass loss was estab-
lished. For the softer plastics PP-B and PB-1, how-
ever, no mass loss could be observed within the testing
period chosen.

The effects of differences in polymer morphology on
the erosive wear rate are illustrated in Fig. 11. PP-A-I
with a fine spherulitic morphology and a higher crys-
tallinity due to annealing at elevated temperatures
exhibited a lower wear rate then the commercially
available starter product PP-A. If, however, the
microstructure is very coarse spherulitic, as in the case
of PP-A-II, the erosion rate is much higher, and the
extent of the incubation period is almost zero.

The influence of two different testing temperatures
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Figure 8 Reduction in specimen height, As, as a function of erosion
time, ¢, for the commercial polymers at room temperature.
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Figure 9 Logarithm of height reduction, As, against testing time for
the polymers with lowest (PP-B) and highest (PS) erosion rate.

on the amount of damage due to erosion (expressed in
terms of height reduction after 45 min) is illustrated on
Figs 12a and b. Relative to the results obtained at RT,
higher wear rates were expected if the specimens were
cooled down to —35°C. This particular temperature
was chosen because it is below the 7, of PP, almost
equal to the T, of PB-1, and still above the T, of PE.
It turned out, however, that PE, PB-1 and PS did
not show very pronounced increases in the erosion
rate with decreasing temperature. Only in the PP
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Figure 10 Corresponding diagram to Fig. 8, showing the change in

specimen mass of the commercial polymers as a function of testing
time.
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Figure 11 As Fig. 8, for two different PP morphologies.

modifications (PP-A, PP-B, PP-A-I, PP-A-II), which all
undergo a ductile—brittle transition in the temperature
range between RT and —35°C, were some clearer
increases in wear rate detectable. It should be men-
tioned, though, that the temperatures given here do
not represent the real temperatures in the contact
region during erosion, because they were measured
3mm away from the target surface.

3.2. Microscopy of erosive wear mechanisms
In the early stage of the erosion process, two extremely
different types of wear behaviour are found as a result
of different material characteristics. The brittle PS
starts to wear almost immediately, and a typical
erosion crater is formed very soon (Fig. 13a). The

< 1000z
i r
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q I
] I PP-A
100 |
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more ductile polymers such as PP-B or PB-1 show,
however, a pronounced incubation period before
material is really removed from the surface. Fig. 13b
illustrates that during the incubation period of the
ductile polymer, energy is dissipated in roughening the
target surface. The roughening process includes a high
degree of plastic deformation of the polymer under
compressive and tensile stresses, mainly resulting in
little surface bumps of material being pushed away
from the individual impact locations. As the intensity
of the particle stream is highest in the middle, this
pushing away of material occurs more there than at
other positions, so that after a while a reduction in
specimen thickness can be found even though no mass
loss may yet be detected. This will, however, take
place as soon as deformed surface material is finally
ruptured and removed with the particle stream, lead-
ing finally to the formation of a similar erosion crater
to that seen for PS right from the beginning.

A cross-section through such a crater is sche-
matically illustrated in Fig. 14a. Especially for PS it
could be observed that the crater has a plateau-like
profile, and that larger material chunks are preferen-
tially broken off at the plateau edges (Fig. 14b). This
does not exclude, however, that material removal
occurs also on the plateaus themselves. Figs 15a to d
show some typical examples of the formation of
material chips on the plateau regions in PS, PP-A and
PB-1. For the latter material it is shown, in addition,
that no pronounced differences in the wear mechan-
isms exist at the two different temperature levels
chosen (Figs 15¢ and d). In both cases, plastic
deformation of the material around local impact
events occurs, along with the formation of surface
cracks in the vicinity. These microcracks are
sometimes found to build up a dense network and
seem to be caused by residual tensile stresses in the
surface after repeatedly being impacted (Figs 16a to
d). Again, it can be noted that there is no clear effect
of the testing temperature on this particular surface
damage mechanism.
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Figure 12 Effect of testing temperature on the reduction in specimen height As after 45min of erosion: (a) commercial polymers (in

logarithmic scale), (b) PP-morphologies (linear scale).
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Figure 13 A 90° view on two specimen surfaces showing early stages of erosion (after 10 min) and the differences in wear behaviour as a result
of different material properties: (2) in the brittle PS an erosion crater is formed right from the beginning, (b) highly plastically deformed

surface of PB-1, typical for the incubation period of ductile polymers.

The latter statement is also valid for the embedding
of foreign particles in the surface of the softer poly-
mers. Figs 17a and b give two examples of erodent
material deposited on the target surface of PEat T =
—35°C and PB-1 at RT, respectively. In all of these
cases, the particles deposited on the surface were
found to be much smaller than the regular size of the
steel balls, indicating that besides the steel balls the
erodent material contained broken, irregular-shaped
steel particles and other impurities. The latter, includ-
ing some dust or dirty layers on the steel balls, also
appear as black spots on micrographs taken from thin
sections of the erosive crater profiles of the softer
polymers (Figs 18a to d). The profile sections indicate
that a very high degree of plastic deformation has
taken place in a narrow surface range. As a result,
local cracks are initiated between highly torn polymer
tips or bundles, which after rupture leads to the
formation of flake-like wear debris. »

Finally, Fig. 19 represents a mechanism of wear
debris formation which only occurred on the surface
of the coarse spherulitic PP-A-II samples. This kind of
morphology is known to consist of highly crystalline,
hard spherulites which are interconnected by very
weak spherulite boundaries [27-29]. As cracking and
fracture along these boundaries can happen very
easily, these sites are also preferred locations for
erosion damage (Figs 19a and b). In fact, a lot of zones
were found on the eroded target of this material in
which whole spherulites had been completely blasted
out of the surface (Figs 19c and d).

{a) #Direction of Crater
erodent plateaus
| N\ D_
| B c
' A

I

1
Centre line of
crater profile

Chip formation
at plateau edges

4. Discussion

4.1. Model of the erosive wear process

Fig. 20 presents schematic plots of the height loss and
mass loss as a function of time, typical for polymers
with medium ductility. Within the incubation period,
t;, no height loss is detectable; at the same time, the
mass of the target increases due to the deposition of
erodent material on the target surface. The actual
magnitude of the incubation time is dependent on the
brittleness of the material investigated, decreasing
with increasing brittleness. In the given study, the
more brittle materials (PS, PP-A-II) exhibited no
incubation period, whereas in the ductile systems
measurable reductions in specimen height could first
be detected after 10 to 15min blasting time (4,, =
oo, = 10min; £, = ¢, = t, = 15min).

The incubation phase is followed by a period of
material removal which is reflected in a reduction of
specimen height. Nevertheless it can happen that at
the same time there is still enough erodent material
deposited on the target surface, so that the measurable
mass loss remains negative for a certain time (At,,).
From the results of this study it can be concluded that
At,, is especially long when the target surfaces are
rather soft (A7, > 90min for PB-1 and PP-B;
Aty ., = Smin; Az, = 17min; At = 18min).

From a practical point of view it seems reasonable
therefore to identify the slope of the As against ¢ curve
in the range where a steady-state condition is reached
as the erosive wear rate of the material (according to
Equation 1). Consider for example a pipeline which is

Figure 14 (a) Schematic sketch of
a crater profile, and (b) SEM view
into a crater of PS showing con-
centric regions where material
had been removed on different
plateau levels.
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made of one of the very soft polymers and which
transports particles capable of causing erosion of the
pipeline wall. Leak failure of the part would occur

when the thickness of the wall was reduced to zero.-

According to the results of this study, the latter can
happen even if no reduction in mass of the polymer
has taken place, simply by pushing plastically

Figure 15 SEM  micrographs
showing events of local chip
formation on the crater plateaus
of (a) PS and (b) PP-A at room
temperature. Micrographs (c)
and (d) represent early stages in
the formation of plastically defor-
med material regions on the sur-
face of PB-1 at (c) room tem-
perature and (d) T = +35°C.

deformed polymer material away from the point of
erosion. In practice, of course, thickness reduction due
to local plastic deformation, deposition of erodent on
the polymer surface and material removal from the
surface due to cracking and rupture will occur
simultaneously.

With respect to the erosion process as a result of 90°

Figure 16 Typical networks of
microcracks on the eroded sur-
faces of (a) PS at RT, (b) PP-A at
RT, (c) PP-A-I at —35°C and (d) .
PB-1 at —35°C.



degree impacts by hard* steel balls on a relatively soft
polymer target surface, one can distinguish between
typical mechanisms associated with the different
characters of the materials and their microstructure
(Fig. 21). As a consequence of the repeated impact
situation combined with a multiple loading and
unloading of the target surface, the material is sub-
jected to complicated cyclic stress fields, varying
between tension and compression from point to point,
and from one moment to another. In simplified form,
this is illustrated by Diagram 2 in Fig. 21, although the
actual situation is much more complicated [31, 32].
Fig. 21a represents the possible sequence of surface
damaging as a result of repeated impact on a hard and
brittle polymer. Damage is dominated by the forma-
tion of microcracks being initiated at the surface or in
subsurface regions, which finally can coalesce to form
brittle wear debris.

Figure 17 Sites of embedded
foreign particles on the eroded
surfaces of (2) PE at —35°C and
(b) PB-1 at RT.

On the surface of softer and more ductile polymers,
on the other hand, a high degree of plastic deforma-
tion takes place (Fig. 21b). In addition, crazes, shear
bands, or cracks may be initiated within these regions.
At the same time it is possible that smaller foreign
particles are embedded in the deformed surface layer.
Material removal occurs also here after the final com-
bination of neighbouring cracks around deformed
material tips, but the average time for this process is
much longer due to the higher fracture energy
{associated with better resistance against fatigue crack
propagation) of this kind of polymer. The differences
in mechanisms relative to the harder, brittle polymers
are reflected in longer incubation periods ¢, in the
mass gain period Ar,,, and in lower erosion rates E,.

A special situation arises in the case of the
coarse spherulitic PP-A-II samples, in which the very
soft spherulite boundaries cause very low fracture

Figure 18 Transmitted light micrographs of thin sections taken from the profiles of eroded samples after 90 min of erosion: (a) PP-A at RT,

(b) PP-B at RT, (c) PE at RT, (d) PB-I at RT.

**“Hard” implies that the balls will suffer no plastic deformation and only negligible elastic deformation during experimentation [4].
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toughness of the material [33]. Fracture under tensile
loading is here usually associated with cracking along
spherulite boundaries; even under a shear mode of
crack opening these sites are preferred for fracture
development [34]. Therefore, it is not surpirising that
in addition the formation of erosive wear debris is
favoured by the presence of these weak planes in the
morphology (Fig. 21c¢).

With respect to the effect of testing temperatures
used in this study, no remarkable changes have been
observed in the wear mechanisms. A possible expla-
nation for this fact is the possible build-up of heat due
to the work done in deforming or cracking the surface
in each impact [35]. The eroding surface will rise in
temperature if the rate of work done on it exceeds the

As
Am

l\ Period of
| material removal

Incubation y
period

-~

el
|
o g AT

Figure 20 Schematic representation of the height loss (As) and the
mass loss (Am) as a function of erosion time (7).
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Figure 19 Transmitted  light
micrographs of PP-A-1I surface
profiles eroded at (a) RT and (b)
—35°C. Both micrographs show
preferred surface cracking along
the boundaries of the coarse
spherulites (arrows). (c, d) Cor-
responding SEM micrographs of
the eroded surfaces showing
individual locations where com-
plete spherulites had been broken
out of the surface (arrows).

rate at which heat can flow away through conduction,
radiation or forced convection [7]. Under the assump-
tion that the latter effects are almost the same in all of
the different polymers tested in this study, the rise in
temperature relative to the testing temperature as
measured 3 mm away from the sample surface should
be the same. The assumption of a temperature rise of
about + 30° C yields no tremendous difference in the
state of ductility for PE, PB-1 (both ductile), or PS
(brittle) at both testing temperatures. For the PP
variants, however, which undergo a glass transition
temperature at 7, = 0°C, the materials should
behave in a more brittle manner at the nominal testing
temperature of T = —35°C relative to their ductile
state at RT testing. The most pronounced effect
should be expected for the materials PP-A-II, for
which under low-temperature conditions the
embrittlement effect and the weak spherulite bound-
ary effect act synergetically in enhancing the mechan-
isms of material removal, and thus the erosive wear
rate.

4.2. Correlation of erosive wear rates with
other material properties

Referring to the studies on erosion of surfaces by solid

particles published by Finnie in 1960 [1], the volume of

material, V, removed by erosive grains of mass M and

velocity v could be expressed as

V = kMv? (3a)
or, making use of Equations 1 and 2,
E, o« kMv? (3b)

The term & can be considered as a parameter which
takes into account both the characteristic details of
external parameters like erodent (material, geometry)
and nominal impact angle «, and the mechanical
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Figure 21 Schematic sketches of sequential surface
damage as a result of repeated particle impact on brittle
and ductile polymer targets.
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property profile of the material tested:
k = f(a, erodent, material properties)  (4)

If the external conditions are held constant, the
erosive wear rate E, should be proportional to that
part of parameter k£ which represents the influence of
the material properties (k¥ = erosive wear factor).
For ductile metals it has been found that k* is pro-
portional to the inverse of the plastic flow stress
(~hardness H) [1, 8, 9]. However, erosion studies on
different kinds of polymer and on brittle surface
materials have shown clearly that the hardness can
cause opposite tendencies as observed for ductile
metals [31]. Better correlations for these kinds of
material have been found to be based on the fracture

energy or a combined term of hardness and fracture
toughness 3, 13, 14, 18, 25]. For polymer composites
under severe abrasive wear conditions, an expression
of the form (H'?/G,) has been shown to correlate
quite well with the wear rate of these materials [36].

In the present study a modified version of the latter
expression, namely H/Gy., gave a good indication of
the erosive wear resistance of the polymers inves-
tigated (Tables IIT and 1V, Figs 22a and b). For a
better comparison of the results obtained here with
those of other investigations on the erosive wear
behaviour of polymeric materials, all the data were
normalized to the values measured for PE. In fact,
doing this for selected polymers tested under different
erosion conditions leads in all these cases to the same

TABLE 111 Normalized erosive wear rate £, and normalized “brittleness index”” (H/G,.) of the polymers tested in this study at room

temperature (Fig. 22a)*

No. Material E (umsec™!) EJE,,. H(MPa) G, (kITm~?%) (HIG)/(HIG )
1 PS 15.00 10.34 117 0.9 16.60
2 PE 1.45 1.00 41 5.4 1.00
3 PP-A 1.11 0.77 53 15.0 0.46
4 PP-B 0.23 0.16 31 20.4 0.16
5 PB-1 0.44 0.30 27 13.5 0.26
6 PP-A-I 0.67 0.46 50 21.7 0.30
7 PP-A-II 3.10 2.14 53 1.8 3.90

*y = 5Tmsec” !, D = 500 um, M = 4.6gsec”!, & = 90°.
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100 —— Figure 22 Double logarithmic
. | 1 plot comparing the erosion rate
-u.,""l E, with the brittleness index
- (H/G,) of all the materials tested
o in this study. The data are nor-
/ malized to the values obtained for
7 PE. Note that the jumps along the
line as a result of decreasing test-
ing temperature are highest for
the PP variants: (@) 7 = RT
(23°C), (b) T = —35°C,
— v = 5Tmsec™’, o« = 90°.
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trend of E, against H/G, (Tables V to VIII; Figs 23 to
26). Only those polymers were selected from the
erosive wear papers [12-14, 37] for which correspond-
ing values of H and G (at least of a reasonably
assumable size) could be found in other literature
sources [26, 38-41]. Fig. 27, which summarizes the

results of the different sources, shows that within a
scatter of roughly one order of magnitude all the data
pairs follow a linear relationship of E, against H/G,,
over about four orders of magnitude when plotted on
double-logarithmic scales. Slight differences in slope
or relative level of erosive wear rate for a given (H/G,.)

TABLE IV As Table 11, but for a testing temperature of —35°C (Fig. 22b)

No. Material E,(umsec™") EJE,, T H(MPa) G (kJm~?)* (H/G)/(H|G )egrT
1 PS 17.78 12.26 132 0.9 19.30
2 PE 1.91 1.32 71 5.4 1.73
3 PP-A 1.69 1.17 108 15.0 0.95
4 PP-B 0.33 0.23 82 204 0.53
5 PB-1 0.47 0.32 50 13.5 0.49
6 PP-A-1 0.89 0.61 101 21.7 0.61
7 PP-A-1 8.53 5.88 110 1.8 8.04

*Assuming G (T = —35°C) & G(T = 23°C)
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Figure 24 Erosion rate against
brittleness index for polymers
tested under sand erosion at an
angle « = 90° at RT [12]; v =
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Figure 23 Erosion rate against
brittleness index for polymers
tested under rain erosion at RT
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TABLE V Erosion rate and brittleness index of polymers tested under rain erosion [13] (Fig. 23)*

No. Material® E (umsec!) EJE,, H(Rockwell R) G, (k) m~?) (H/G)/(HIG\ )ex
1 PUR 0.20 0.05 1 13.0 0.01
2 PP-A 8.48 2.01 95 15.0 0.86
3 PC 20.30 482 118 10.1 1.58
4 ABS 20.35 4.84 112 8.2 1.84
5 PVC 111.00 26.37 95 1.4 9.16
6 PS 384.50 91.33 110 0.3 45.00
7 PMMA 113.70 27.01 125 0.5 33.06
8 PE(HMW) 421 1.00 60 8.1 1.00

*9 = 410msec™’, D = 1.2mm, & = 90°.
PC = polycarbonate,

TPUR = polyurethane,

ABS = acrylonitrile—butadiene—styrene copolymer,
PMMA = poly(methyl methacrylate), HMW = high molecular weight.

PVC = poly(vinyl chloride),
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tested under sand erosion at an 0.0l 0.l 10 100 1000

angle a = 45° at RT [37}; v =
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TABLE VI Erosion rate and brittleness index of polymers tested under quartz sand erosion and an angle « of 90° {12] (Fig. 24)*

No. Material® E.(cm’kg™") EJE,, H(Rockwell R) G (kTm~2) (H/G)/(H/Gy)pe
1 PA6.6 1.18 118 12.0 1.33
2 PP-A 1.57 95 15.0 0.83
3 PA6.6 + 30% GF 3.65 121 6.5 2.46
4 EP 100.0 52.18 125 0.1 165.23
5 EP + 70% GF 30.0 15.65 135 1.4 12.75

*y = 243msec™', D = 137 um; ratios (PA 6.6 : PE) taken from Strickle [37].
fPA 6.6 = polyamide, GF = glass fibre, EP = epoxy.

TABLE VII Erosion rate and brittleness index of polymers tested under sand erosion and an angle « of 45° {14] (Fig. 25)*

No. Material E (mm*h~1) EJE,, H(Shore D) G (kIm™?) (H/G)/(H|G g
1 PUR - 0.10 18 26.0 0.07

2 PE (HMW) - 1.00 58 5.4 1.00

3 PVC - 4.50 78 1.4 5.20

4 PMMA - 7.68 85 0.5 15.60

*y = 77msec”!, D = 400 um, hardness of erodent H; = 765 MPa.
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Figure 27 Normalized erosion rate against normalized brittleness index of polymers tested under different erosive wear conditions. Symbols
and numbers refer to () Table 1L, (O} Table IV, (0O) Table V, (O) Table VI, (a) Table VII, (v) Table VIII.

value are due to variations in the sensitivity of the
materials to differences in the testing conditions (angle
o; rain-, steel-, or sand-particles; velocity v, etc.).

5. Conclusions

An air-blast technique has been used to produce steel-
ball erosion of different polymeric materials. Testing
was carried out at room temperature and at — 35°C.
The principle conclusions arising from the investigation
are as follows:

1. The erosion rate, defined as the reduction in
specimen height per testing time, is linear for brittle
polymers, such as PS, right from the beginning,
whereas the more ductile plastics, such as PE, PP or
PB-1, involve an incubation period in which no
reduction in height can be measured. Instead, particles
become embedded in the surface causing a weight
gain. This trend can be, however, changed after
further bombardment so that finally a linear rate of
erosion is established in this kind of polymer as well.

2. In general, the erosion rate of the ductile poly-
mers is much lower than that of the brittle polymers.

3. A decrease in the specimen temperature leads to
an increase in the erosion rate; the latter is most

pronounced in those polymers which undergo a
ductile-brittle transition by changing the testing
temperature.

4. The molecular and morphological structure of
semicrystalline polymers has a tremendous effect on
the erosion resistance. For example, the less crystal-
line, highly atactic PP-B exhibited the highest wear
resistance. Material PP-A, on the other hand, with a
higher crystallinity and lower atactic content, was
eroded much faster, especially when the morphology
was coarse spherulitic.

5. The erosion rates of the different polymers tested
are governed by different material dependences [42].
An increase in hardness, H, for example, may cause an
increase in brittle erosion, whereas a higher fracture
energy, G, of the material usually leads to an
improvement in erosion resistance. It was found that
a “brittleness index” term of the form (H/G,,) can be
used as a good indication for the material’s erosion
resistance (a high brittleness index yields low erosion
resistance).
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