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ABSTRACT

Existing theories of erosion of ductile metals based on cutting
and deformation mechanisms predict no material removal at normal
incidence which is contradictory to experience. Thus, other mechanisms
may be involved. The possible role of adhesive material transfer during
erosion is investigated by both single particle impingement experiments
and erosion by streams of particles.

Examination of the rebounding particles as well as the eroded
surfaces yields evidence of a significant adhesive mechanism for the

ductile metals investigated.



INTRODUCTION

The erosion of materials by streams of solid particles presents
serious problems in alrcraft (ref. 1) and coal gasification processes
(ref. 2) and thus has been the subject of growing interest in recent
years. Both theoretical (refs. 3 to 5) and experimental (refs. 6 to
14) studies aimed at elucidating the mechanisms involved were conduct-
ed. Two types of erosion mechanisms were considered in those studies:

a cutting wear mechanism associated with forces parallel to the eroded
surface (ref. 3) and a so-called deformation wear mechanism associated
with forces normal to the surface (ref. 6). FErosion theories based on
those two mechanisms were able to explain some features of the erosion
behavior of ductile metals, notably the occurrence of za maximum in the
erosion rate at am attack angle of ~17°. However, whereas the theory
predicts negligible or no ercosion of ductile metals at normal incidence,
the experimental results show substantial ercsion under these condit-
ions, amounting to ~50% of the erosion rate at 17° for Al eroded by
A1203 particles. Although some authors {refs. 11, 12) have offered ex-
planations for this discrepancy it seems quite possible that some mech-
anisms which are actually iavolved in erosion have been overlooked.

In sliding wear one of the major mechanisms of material removal is
adhesive material transfer (rgf. 15). Since many of the conditions that
occur in sliding, namely intimate interfacial contact between the inter-
acting bodies due to rupture of surface films and flow of material from
the contact zone due to compressive stress, also exist in erosion, it
is likely that adhesive material transfer is also one of the mechanisms

contributing to erosive wear. The objective of the study
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reported herein was to investigate this possibiliry. Two types of
experiments were conducted - single particle impact experiments and

erosion by means of continuous streams of small particles.

MATERTALS
Three types of target materials were used in this study: 6061 Al
alloy which had been annealed for 3 hours at 420° C; ASTM B152-76 copper
which had been annealed for 3 hours at 500° C and ASTM Al08 steel to

which no heat treatment was applied,

APPARATUS AND PROCEDURE

The gun used for the single particle impact experiments was of
the same design as the one used by Hutchings and Winter (ref. 16) with
a barrel lemgth of 20.5 cm using nitrogen as the driving gas and
hollow teflon sabots (c.a. 2.7 grams by weight) for holding the
projectile. The projectiles were hardened (62-65 Rc) AISTI 52100
bearing steelballs of 3.2 mm diameter. Two solar cells placed 5 cm
apart were used for measuring the projectile velocity. A schematic of
the apparztus is shown in Figure 1. The gun was operated at pressures
up to 4 MPa with aluminum rupture diaphragms 0.06 to 0.25 mm thick
resulting in particle velocities from 85 to 180 meters per second.

A commercial abrasive blasting unit was used for the study of
erosion by streams of particles. The unit used a gas nozzle to
accelerate the erodant particles. The eroding particles were glass

spheres of 15 um average diameter and Al particlies 50 pm in size and

2%3
of irregular shape. The carrier gas was Argon at 80 psi. Although no

measurement .of particle velocity or flow rate was made in this case,



there is evidence that the particle velocity was much lower than in the
single impact experiments (ref. 17).

Following impact the eroding particles or steel spheres were
collected and examined in a scanning electron microscope augmented with
energy-dispersion x-ray analyzer. The impacted metal surfaces were also

examined both optically and in the SEMN.

RESULTS AND DISCUSSION
Single Impact Experiments
The x-ray emission spectrum obtained from a virgin ball which had
not been impacted is shown in Figure 2. The peaks at 6.4 keV and
7.1 keV are, respectively, the Ka and KBl emissions of Fe. The peak
at 1.7 keV is the S5i Ka line. TFigure 3 shows the x—ray emission
spectrum of a ball that had been shot at an annealed 6061 Al alloy at a
speed of 107 m/sec. A peak at 1.5 keV due to Al Ka emission is clearly
seen, indicating transfer of Al from the target onto the projectile.
However, the amount of material transferred in this case was too small
to be obsetved in the SEM and it was necessary to go to higher impact
velocities in order to gain information about the morphology of the
transferred material.
Figure 4(a) is an SEM micrograph of a portion of the surface of
a ball which had been shot at a 6061 target at a speed of 147 m/sec.
It shows that target material which is transferred to the projectile
forms a continuous layer on .its surface. TFigure 4(c¢) is the x-ray
emission spectrum taken from the area covered by the layer of transferred

material. Note that the Fe Ka peak at 6.4 keV obtained from the

covered area is higher than the cone obtained from the uncovered area



which is shown in Figure 4(b). This is due to the fact that most of the
x-ray emission takes place at some depth underneath the surface and thus
the x~ray is absorbed on its way out of the sample {ref. 18). Since the
absorption coefficient of Al for Fe Ka radiation which is 252.4 cm_l
(ref. 19) is lower than that of Fe for the same radiation, which is
560.0 cm—1 (ref. 19) the absorption with the Al laver present is smaller
and thus higher inteansity is obtained. TUsing Lambert’s law
I = I0 exp(-ut)

where I0 ig the intensity of the emitted x-ray, I is its intensity
after traversing a layer of thickmess t and p is the absorption coef-
ficient, one can use the intensity ratio in these two cases to get a
rough estimate of the thickness of the Al layer, vielding a value of
the order of 3 um. By measuring the diameter and depth of the crater
formed on the target by the impacting ball, the area of intimate contact
between the ball and the target was calculated and found to be 0.32 cm2
thus yielding a value of 2.6 10_4 gram for the amommt of target material
transferred per particle, i.e. an erosion rafio as high ;;45 10_3 (mass
removed/mass impinged)., Since this is of the same order of magnitude
as the total erosion rate observed for the same conditioms, it may be
inferred that adhesive material transfer plays am important role in the
erosion process and thus should be taken into account in theoretical treat-
ments of erosion.

The overall surface morphology of the ball after impact is schemat-
ically illustrated in Figure 5 where two regions are shown: the upper one
which is the one that had been in direct contact with the target during

impact and is covered with the layer of transferred material and the lower
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one is that which had not been in contact with the target and is "clean'.
The covered part also contains occcasional chunks of target material. An
example of such a chunk is shown in Figure 6, together with the corres-
ponding Al Ku emission map.

Adhesive material transfer is not limited to Al as can be seen from
Figure 7 which shows the ball surface and the éorresponding Cu Ka map
obtained from a ball which had been shot at an amnealed Cu target into a
region previcusly impacted several times. The x-ray map clearly shows a
rather heavy transferred film of copper onto the steel surface.

Further evidence of adhesion was obtained from examination of the im-
pacted copper surface. Figure 8 is a micrograph taken from the bottom of
a crater formed on an annealed Cu target by the impact of a steel ball at-
140 meters per second, and it_can be readily seen that tensile fracture
of target material had taken place. The tensile fracture is a result of

adhesion forces between the target and the rebounding particle.

Erosion by Continuous Streams of Particles =

In order to verify the role of adhesive material transfer in more
real situations, erosion tests using continuous streams of particles
were also conducted. The erodant particles rebounding from the target
were collected and examined by means of the energy-dispersive x-ray
analyzer. Pigure 9 is the x-ray emission spectrum obtained from A1203
particles which had been used for the erosion of an annealed Cu target.
A peak at 8 keV due to transferred Cu is clearly seen.

Another technique employed in this study is ferrography which is
used in lubrication research to separate ferromagnetic wear debris from
liquid lubricants by means of a magnetic field and provides a means of
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of observing the shape and size of worn material. Analysis of the wear
debris has been shown to yield information regarding the mechanisms dip-
volved (ref. 20). The method is fast and simple but it is limited to
the analysis of ferromagnetic materials. ASTM Al08 steel samples were
erodad by glass beads and the used erodant particles were captured,
These particles were then mixed with a light mineral oil and passed
through the ferrograph. Figure 10 shows a scanning electron micrograph
of the eroded debris together with the corresponding Fe Ku Xx-ray emis-
sion map confirming the occurrence of adhesive material transfer from

the target onto the glass bead.

CONCLUSIONS

It has been demonstrated that adhesive material transfer constitutes
a mechanism of material removal in the erosion of ductile metals. Since
erosion theories based on cutting and deformation mechanisms were unable
to explain the occurrence of erosion of ductile metals at normel inci-
denca, this finding accounts, .as least partially, for the difference be-
tween theoretical and experimental results,

Adhesively transferred material forms a continuous layer on that
part of the impinging particle which was in intimate contact with the
target. In addition, adhesion forces cause material removal via tensile
fracture resulting in chunks of transferred material on the erodant par-

ticles.
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Figure 1. - Schematic of single particle impingement apparatus.
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Figure 2. - X-ray emission spectrum from a virgin ball.
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Figure 3. - X-ray emission spectrum from a ball after
hitting a 6061 aluminum target at a speed of 107
m/sec.

| (@) AN SEM MICROGRAPH OF A BALL AFTER HITTING A
| 6061 ALUMINUM TARGET AT 180 m/sec.

Figure 4.




{b) X-RAY EMISSION SPECTRUM FROM UPPER PART
OF (A).

{c) X-RAY EMISSION SPECTRUM FROM LOWER PART
OF (A).

Figure 4. Concluded.
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Figure 5. - Schematic illustration of steel ball surface after impinging
on annealed 6061 aluminum surface at 180 m/sec.



(@) AN SEM MICROGRAPH OF A 3.2 mm DIAMETER STEEL BALL
AFTER IMPACT AT 140 m/sec INTO ANNEALED COPPER TAR-
GET PREVIOUSLY IMPACTED 4 TIMES.

(b) AN Al Kq X-RAY EMISSION MAP OF THE REGION SHOWN IN (A).

Figure 6.




(a) AN SEM MICROGRAPH OF A CHUNK OF TRANSFERRED TARGET MA-

TERIAL AFTER HITTING A 6061 ALUMINUM TARGET AT 180 m/sec.
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Figure 7.




per surface after impacts by 3.2 mm diameter steel ball
at 140 m/sec.
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Figure 9. - Energy-dispersive spectrum of Alo03 erodant
particles after impacting against annealed copper.
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Figure 10.
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