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Abstract

Erosion behaviors of AISI 430 and 304 stainless steels, ARC-TEN weathering steel, brass, and 6063 aluminum alloy were
experimentally investigated using a sandblasting type test rig and silicon carbide erodent particles. Surface morphologies of eroded
specimens were examined using scanning electron microscopy. The volume loss was measured for the evaluation of erosion rates. This

Ž .paper stresses the relationship between erosion rate and surface hardness before and after erosion . It was found that the erosion rate is
Ž .ynproportional to Hv , where Hv is the microhardness number after erosion testing, and the exponent n is 1.4 or 3, depending on

conditions. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Metals and alloys are extensively used as building
materials. The degradation of these materials might cause
color fading or structural damage, particularly in outdoor
or harsh environments. The synergy of wind and sand may
result in eventual erosion of the building materials.

In the selection of building materials, one needs to
consider whether the material is to be exposed to an
erosive environment. However, a harder material is not

w xnecessarily more resistant to erosion. In 1967, Finnie 1
showed some correlation between erosion rate and hard-

w xness of pure metals. In 1968, Patel 2 made a comprehen-
sive study on the effect of surface hardness on the erosion
of metals. The relationship between surface hardness and
erosion damage was then studied by other researchers
w x w x3–6 in the 1970s. Finnie’s 5,7 cutting or micromachin-
ing model predicts an inverse relationship between the
erosion rate and the hardness of the target material. Ac-

w xcording to actual experimental data 8–13 , such a relation-
ship is only valid for annealed pure metals, but not for
alloys. It was reported that any increase in hardness
achieved by heat treatment, cold work, or by precipitation
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w xhas no effect on erosion resistance 5,7 , with the exception
Ž . w xof precipitation hardened 6061 aluminum Al alloy 14 .

It was observed, however, that the erosion rate of plain
carbon steel increases with an increase in hardness through

w xmicrostructural modifications 15 . Under normal impact
w xconditions, Sundararajan and Shewmon’s 16 localization

model predicted the insensitivity of the erosion rate to the
hardness of a metal or alloy. Several other observations
w x17,18 also indicated that erosion rates are independent of

w xmaterial hardness. Oka et al. 19 postulated that good
correlations were recognized only for pure metals or alloys
with the same composition system.

In general, it is accepted that hardness is a good predic-
tor of erosion for pure metals with the exception of
materials with partial covalent bonding such as Mo and W.
On the other hand, the dependence of erosion resistance on
hardness in alloys is minimal or nearly non-existent. The

w xreasons can be many. Hutchings 20 postulated that the
critical strain to fracture of the target material needs to be
considered as well. He proposed a model showing that
erosion resistance is proportional to H 1.5e2, where H is
the dynamic hardness of a material and e is the critical
strain to fracture. In their study of WC and TiC-base hard

w xmetals, Reshetnyak and Kuybarsepp 21 found that the
difference in wear resistance between hard metals with
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Table 1
Chemical compositions of the tested materials

C Si Mn P S Cu Ni Cr Mg Fe Al Zn

AISI 430 0.11 0.89 0.88 0.04 0.02 – – 17.85 – bal. – –
AISI 304 0.08 0.94 1.22 0.04 0.02 – 8.41 18.14 – bal. – –
ARC-TEN 0.12 0.42 0.45 0.09 0.02 0.46 0.85 0.61 – bal. – –
Brass – – – – – 70.4 – – – 0.08 – bal.
6063 Al – 0.45 0.07 – – 0.08 – 0.06 0.75 0.29 bal. –

ARC-TEN weathering steel was supplied by China Steel, Kaoshiung, Taiwan.

equal hardness levels can be attributed to differences in
their resistance to fracture. They stated that resistance to
erosive wear depends on the hardness and compressive

w xstrength of the material. Hutchings 22 indicated that the
relationship between erosion rate and hardness depends on
the erodent properties and erosion-test conditions. Some
observations indicated that erosion rates depend on the

w xratio of particle to target hardness 23 . Recently, Levin et
w xal. 24 found that the erosion rates of weld overly coatings

are not related to hardness but the measured area under the
microhardness profile curve. On the other hand, some

w xinvestigators 25–28 found that erosion tends to increase
with an increase in hardness or tensile strength and de-
creases somewhat with the improvement in ductility. Con-
sequently, the relationship between hardness and erosion
resistance needs to be clarified.

w xOka et al. 19 found that the relationship between
erosion rate and material hardness was improved remark-
ably by measuring the surface hardness after the erosion
test, instead of measuring the initial hardness. The surface
hardness of the eroded specimen with respect to work
hardening and softening was reasonably correlated with
erosion damage. They also found an increase in hardness
of the fully eroded surface of iron and Al, but a decrease

w xfor quenched carbon tool steel. Recently, Oka et al. 29
found that the maximum erosion damage and the shape of
damage curves shifted monotonically according to the

Ž .material initial hardness. They derived a semi-theoretical
equation in which the erosion rate is a trigonometric
function of both impact angle and material hardness.
Whether the erosion rate is more related to hardness before
or after erosion is a matter of argument. In reality, the
erosion rate might be more related to the hardness of the
target material during the erosion test instead of that before
or after the test. However, direct measurement of the
hardness during the test is difficult.

Table 2
Mechanical properties of the tested materials

2 2Ž . Ž . Ž .s Nrmm UTS Nrmm Elongation %y

AISI 430 310 538 32
AISI 304 241 586 55
ARC-TEN 380 491 25
Brass 414 352 28
6063 Al 214 248 12

The objective of the present paper is to study the
solid-particle erosion for different materials, including AISI

Ž .430 and 304 stainless steels SS , ARC-TEN weathering
steel, brass, and 6063 Al alloy. For comparison, volume
loss was used instead of weight loss because of the differ-
ent densities in the various materials. The relationship
between erosion rate and surface hardness measured before
and after sandblasting were also evaluated. In addition,
eroded surfaces were examined using scanning electron
microscopy.

2. Experimental

Based on the American Standard ASTM G76, a sand-
blast type test rig with a gas jet was employed in the
erosion tests. The set-up consists of a particle-gas supply

Fig. 1. Scanning electron micrographs of abrasive particles of grit sizes
Ž . Ž .a 24 and b 80.
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Table 3
Densities of the tested materials

Materials 430 SS 304 SS ARC-TEN Brass 6063 Al
3Ž .Densities grcm 7.433 7.425 7.789 8.449 2.707

system, an exit nozzle, and a chamber. The chamber
enables specimens to be studied under well-controlled
exposure conditions. Compressed air with a pressure of 60
psi was used to accelerate abrasive particles. The air was
mixed with abrasive particles from the reservoir and then
flowed into the nozzle. The flow rate could be controlled
in the range of 10–100 lrmin. The working distance
Ž .between the specimen and nozzle tube was 20 mm. The
samples were angularly fixed from 158 to 908, at every 158

pitch.
Five target materials were used in the experiments:

AISI 430 and 304 SS, ARC-TEN weathering steel, brass
Ž .Cu–30% Zn , and 6063 Al alloy. Erosion specimens were
cut from commercial grade plates. The chemical composi-
tions and mechanical properties of these alloys are shown
in Tables 1 and 2, respectively. The 6063 Al alloy was
hot-rolled at 4508C and subsequently aged with T6 treat-
ment. The as-received surface was directly employed for
testing after ultrasonic rinsing in acetone. The surface
hardness of each material was measured before and after
erosion using a Micro-Vickers hardness tester with an
indentor load of 300 g, which lasted for 15 s. After
weighing, each specimen was conditioned in the constant
temperature–constant humidity chamber for 24 h prior to
testing.

Erosion tests were performed at room temperature and
Ž .80% relative humidity. Silicon carbide SiC abrasive par-

ticles of grit size 24 and 80 were employed as the erodent
material. Fig. 1 illustrates the contours of the particles in
the scanning electron micrograph. In each test, the speci-
men was exposed to a total of 2.5 kg abrasive in 12 min
for SiC 24, or 15 min for SiC 80. The particle impact
velocities were 25 and 30 mrs for the particles of grit
sizes 24 and 80, respectively. After sandblasting, each
specimen was brushed off lightly, and weighed to deter-
mine the weight loss due to erosion, which was then
converted to volume loss through dividing the weight loss
by the density of each material. The densities of the tested
materials are listed in Table 3. Three samples have been
made using one parameter set for averaging. The standard
deviations are less than 5%.

3. Results and discussion

3.1. Surface morphologies

Erosion patterns were examined using a scanning elec-
tron microscope to characterize the morphology and the
mode of material removal. The typical SEM micrographs

of the eroded surfaces after sandblasting for 430 SS, 304
SS, ARC-TEN weathering steel, brass and 6063 Al alloy
are presented in Figs. 2–6, respectively. Silicone carbide
particles of grit size 24 were employed as the erodent

Ž .Fig. 2. Surface morphologies of 430 SS eroded by SiC particles at a 158,
Ž . Ž .b 458, and c 908 attack angles.
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Ž .Fig. 3. Surface morphologies of 304 SS eroded by SiC particles at a 158,
Ž . Ž .b 458, and c 908 attack angles.

material. The results for 158, 458, and 908 attack angles for
each material are illustrated. The direction of particle
motion during sandblasting is from bottom to top on the
micrographs.

Fig. 2 illustrates the surface morphologies of AISI 430
Ž .SS at different attack angles. Fig. 2 a shows the results for

a 158 attack angle. It was observed that microcutting tracks
cover the entire eroded area. While comparing the mor-

Fig. 4. Surface morphologies of ARC-TEN weathering steel eroded by
Ž . Ž . Ž .SiC particles at a 158, b 458, and c 908 attack angles.
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Ž .Fig. 5. Surface morphologies of brass eroded by SiC particles at a 158,
Ž . Ž .b 458, and c 908 attack angles.

phologies for different attack angles, it was found that the
total area and the individual size of the gouged region
decreases with an increase in attack angle.

Fig. 3 shows the microdamage of AISI 304 SS eroded
at different attack angles. Compared with the surface mor-

Ž .phologies of 430 SS Fig. 2 , 304 SS has fewer and
smaller microcutting tracks, although they are of about the

Ž .same surface hardness Hvs185 before testing. The
hardness numbers after erosion tests are 270 and 282 for
430 and 304 SS, respectively. The higher hardness number

Fig. 6. Surface morphologies of 6063 aluminum alloy eroded by SiC
Ž . Ž . Ž .particles at a 158, b 458, and c 908 attack angles.
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Fig. 7. Volume loss vs. attack angle for five materials.

of 304 SS after erosion might be related to the work-
hardening of the eroded surface. It is observed that cutting
tracks cover the entire eroded area for a 158 attack angle,
while very rare cutting tracks appear at higher attack
angles. Almost no microcutting tracks can be found in

Ž .frontal impact, as shown in Fig. 3 c . The observation
seems to support the two-mechanism viewpoint
w x3,5,16,35–37 , i.e., the overall erosion behavior can be
determined by a superposition of micromachining and
damage-accumulation. The former dominates at low attack
angles while damage-accumulation dominates at normal
impact.

w xMorrison et al. 38 , however, postulated the single-
mechanism viewpoint based on their study on erosion of
304 SS. They found similar overall features at low and
high angles of impact, i.e., the erosion mechanism is
independent of attack angle. This may be due to the fact
that their SEM micrographs were only taken for 208 and
908 attack angles. If lower attack angles had been investi-
gated in their study, microcutting tracks might have been
observed, similar to our observation at 158 attack angle as

Ž .shown in Fig. 3 a . Our observations support Magnee’s
w x w x39 and Wilson and Ball’s 41 recent argument that the
normal component of the particle motion leads to deforma-
tion and strain hardening of the target, whereas that tan-
gential to the target had a cutting and ploughing effect.

The surface morphologies of ARC-TEN weathering
steel are illustrated in Fig. 4. Many relatively small micro-
cutting tracks are observed for the 158 attack angle.

Fig. 5 illustrates the erosive microdamage of brass.
Since Cu–30% brass is relatively soft, extensive and rela-
tively large microcutting tracks are observed for the 158

attack angle. However, the amount of microcutting tracks
decreases significantly with the increase in attack angle for
attack angles larger than 158, and nearly none were ob-
served for high attack angles.

Fig. 6 shows the micrographs for 6063 Al alloy. Exten-
sive ploughing and the resulting lip formation are evident
in the micrograph for the 158 attack angle, as indicated in

Ž .Fig. 6 a . Considerable surface deformation due to the
striking of the particle corners is observed. The particles
gouged the surface and pushed up ridges of material in
front of them. Some of these ridges were eroded during
subsequent collisions. Microcracking and chipping events

Ž .were noticed for frontal impact, as shown in Fig. 6 c ,
whereas plastic flow was very limited. It was observed that
the amount of microploughing decreases with the increase
of attack angle. Detailed discussion can be seen in the

w xauthors’ earlier work 30 .
In general, microcutting or pile-up leading to flake

formation and separation is observed. Lip formation is
observed for low attack angles, while brittle fracturing
showing microcracking and chipping events with limited
plastic flows occurs for high attack angles. On subsequent
impacts, the displaced material seems to be either cut or
flattened into a platelet, depending on whether the particle
is impacting on the edge or its face, as indicated by

w xYerramareddy and Bahadur 31 . The amount of microcut-
ting tracks decreases with an increase in attack angle.
Flake formation is observed at all attack angles, whereas
the gouged marks resulting from the sliding of the erodent
against the target are absent for frontal impacts, and craters
are observed instead.

3.2. Volume loss

Fig. 7 illustrates the test results for volume loss of the
five materials at room temperature and at 80% relative
humidity. SiC abrasive particles of grit size 24 were
employed as the erodent material. In general, the maxi-
mum volume loss occurs at low attack angles. For most of
the attack angles, the sequence for the amount of volume

Fig. 8. Hardness numbers before testing, after polishing, and after erosion
testing.



( )C.-K. Fang, T.H. ChuangrWear 230 1999 156–164162

Fig. 9. Relationship between erosion rate and reciprocal hardness number
after erosion testing for different materials eroded by 24 grit SiC particles
at 158 attack angle.

loss is: SS-ARC-TEN weathering steel-brass-6063
Al alloy. The peak attack angles for volume loss are in
accordance with generally accepted erosion behavior,
namely, that maximum erosion occurs at a low attack

w xangle for ductile materials 1,32 . The results for 304 SS
w xare also consistent with the observation of Singh et al. 33 ,

in which the maximum erosion rate occurs at a low attack
angle. It is observed that 304 SS has more volume loss
than 430 SS at attack angles larger than 308, with less
volume loss at grazing attack angles.

3.3. Effects of surface hardness

Conventionally, surface hardness before testing was
used to predict the erosion resistance of a material. How-
ever, surface hardness varies due to work hardening and
softening by erosion. Consequently, the surface hardness
during and after erosion might be more related to erosion

resistance. The hardness numbers before and after erosion
tests at the 158 attack angle are illustrated in Fig. 8.
Silicone carbide particles of grit size 24 were employed as
the erodent material. According to Fig. 7, the sequence for
the amount of volume loss is: 304 SS-430 SS-ARC-
TEN weathering steel-brass-6063 Al alloy. The values
of 1rHv after erosion have the same sequence, while those
before erosion do not. Consequently, the surface hardness
after erosion is more related to the volume loss than that
before testing. This is consistent with Oka’s observation
w x19 . Compared with the initial hardness shown in Fig. 8, it
is observed that the surface hardness of ARC-TEN weath-
ering steel is reduced after testing, whereas that of the
other four materials is increased due to work hardening.
This is because ARC-TEN weathering steel had an oxide
film on the surface before testing, which subsequently
eroded during the test, exposing the softer base material.

To examine the hardness of the base material, the
surface film was removed by polishing the specimen with
emery paper in discrete steps down to a 600 grade finish.
The results are also illustrated in Fig. 8. Compared with
the initial value, the surface hardness for ARC-TEN steel
is significantly reduced after polishing, while those for the
other four materials are only slightly increased. Comparing
the results for surface hardness after polishing and after the
erosion test, as shown in Fig. 8, it is observed that surface
hardening occurred in each material after the erosion test
was performed. In particular, the hardness of the 304 and
430 SS are significantly increased after erosion.

In quasistatic indentation, the diameter of the indenta-
y0.5 w xtion is proportional to Hv . Oka et al. 19 postulated

that if the material removal caused by the impact of solid
particles follows the fractional loss of the volume of the
indentation, the same relationship can be obtained. He

Žstated that the relationship between erosion rate E volume
loss per kilogram of abrasive, expressed in units of

3 . Ž .mm rkg and surface hardness Hv after erosion can be

Fig. 10. Volume loss and reciprocal surface hardness number of 6063 Al alloy after erosion testing at different attack angles.
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Fig. 11. Relationship between erosion rate and reciprocal hardness num-
ber after erosion testing for 6063 Al alloy eroded by 80 grit SiC particles
at different attack angles.

Ž .ynexpressed as EsK Hv , where K and n are constants.
Employing the data of the five materials, the relationship

Ž y1 .between log E and log Hv is shown in Fig. 9. We
obtain the slope ns1.4, which is twice as large as Oka’s

w xresult, but very close to Hutching’s 20 . The deviation in
the value of n might be due to the differences in the
experimental conditions, viz. particle size and impact ve-
locity.

It would be interesting to study the attack angle effect
on work hardening and erosion. However, the eroded
surfaces for attack angles larger than 158 were too rough
for the Micro-Vickers hardness measurement if 24 grit
erodent was used. In order to facilitate the surface hardness
testing, the surface can be smoothened by a very light

w xchemical polishing 2 , or using finer particles. Finer SiC
particles of grit size 80 were employed in the present

Ž . Ž .erosion tests of 6063 Al alloy. Fig. 10 a and b show the
volume loss vs. attack angle and the reciprocal hardness
number vs. attack angle, respectively. The similar shape of
these two curves indicates that the higher attack angle
might result in more work hardening, and thus, less vol-
ume loss due to erosion.

One might suspect that the increases of hardness at
large angles was due to particle entrapment in the surface

w xlayer as indicated by Wilson and Ball 41 . They found that
the SiC erodent fragments, which were embedded into the
Al 6061 alloy, added to the surface hardness and resulted
in increased erosion resistance at 908 erosion. Embedded
particles were, however, not found in the SEM micro-
graphs in the present study. As a result, the increased
surface hardness was probably due to the work hardening
caused by plastic deformation. According to Magnee’s

w xargument 39 that the normal component of the particle
motion leads to deformation of the target, the degree of
deformation or work hardening is expected to increase
with the increasing attack angle. The relationship between

erosion rate and reciprocal hardness numbers after the
erosion test for 6063 Al alloy is illustrated in Fig. 11.
Similar to Fig. 9, the increase in hardness is accompanied
by an increase in erosion resistance. The same trend was

w xobserved in the research of Salik et al. 40 on a precipita-
tion hardened 6061 Al alloy, similar to the material exam-
ined in the present work. As illustrated in Fig. 11, a linear
relationship is observed in the logarithmic scale, with a
slope ns3.

It should be noted that erosion involves the material
deformation under high strain rate, and the hardness of the
material under erosion conditions is generally different

w xfrom that obtained from the static hardness test 34 . The
effect of material flow behavior on erosion would be an
interesting future study.

4. Conclusions

Ž .1 In general, ploughing or pile-up leading to flake
formation and separation, and lip formation is observed for
low attack angles, while brittle fracture showing microc-
racking and chipping events with limited plastic flows
occurs for high attack angles. The total area and the
individual size of the gouged region decrease with the
increase in attack angle.

Ž .2 Although 304 and 430 SS are of about the same
surface hardness before erosion, the former has fewer and
smaller microcutting tracks.

Ž .3 In most of the attack angles, the sequence for the
amount of volume loss is: SS-ARC-TEN weathering
steel-brass-6063 Al alloy. AISI 304 SS has more
volume loss than 430 SS at attack angles larger than 308,
with less volume loss at grazing attack angles.

Ž .4 The surface hardness after the erosion test is more
related to the volume loss than it is before testing.

Ž . Ž5 The relationship between erosion rate E volume
.loss per kilogram of abrasive and surface hardness Hv

Ž . Ž .ynafter erosion can be expressed as EsK Hv , where K
is a constant. The index number n is 1.4 or 3 depending on
conditions.
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