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Abstract

Sub-surface deformation of several industrially important Ni, Co, and Fe-based wrought alloys and pure Cu, Ta, and Ni was
analyzed. All samples were eroded by hard Al,O; particles at a 90° impact angle and 40 m s—'. The deformation and
load—displacement response within the plastically deformed zone below the eroded surface were measured by using a nanoinden-
tation test system. Results from the indentation test were used to determine the effect of materials hardness on the restitution
coefficient and to compare the amount of energy that is transferred into plastic deformation during particle impact. All materials
showed a load—unload hysteresis, which represents a measure of the amount of energy dissipated into plastic deformation during
indentation. Also, elastic recovery of the indenter was significantly higher near the eroded surface than away from the eroded
surface. For all materials, a logarithmic-type relationship was observed between hardness and restitution coefficient. © 2000

Elsevier Science S.A. All rights reserved.
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1. Introduction

Erosion of ductile materials by the impact of hard
solid particles at low and moderate velocities (2—100 m
s~ 1) can cause significant damage to structural compo-
nents in many industrial applications. For example,
erosion by non-combustible fly-ash particles causes pre-
mature material failures in the power generation indus-
try. [1]. During impact on the elastic—plastic target,
particle energy transfers into rebound and plastic defor-
mation of the target [2]. Rebound of the particle is
caused by the elastic energy stored in the particle and
target material, and the magnitude of this energy is
determined by the ratio of the rebound to the initial
particle velocity. This ratio, called the restitution coeffi-
cient (e), depends on the mechanical properties of the
target material and erodent, and impact parameters (i.e.
velocity, impact angle, and particle size). The extent of
erosion damage is related to the ability of the material
to elastically recover and therefore, it is important to
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understand the effect of target mechanical properties,
such as hardness, on the restitution coefficient.

Several studies have been conducted to measure the
restitution coefficient of various target/erodent systems
[2-4]. However, these measurements are complicated
and often inaccurate because of the difficulties involved
in measuring rebound velocity of the particle. Also,
because of plastic deformation, mechanical properties
of the target change with distance from the surface.
Typically, the depth of the plastically deformed region
ranges between 5 and 200 um, which makes it difficult
to measure mechanical properties within this region
using conventional methods. The objective of this study
was to measure the restitution coefficients of several
ductile materials within the plastically deformed region
below the impacted surface by using the nanoindenta-
tion to perform small-scale indentation tests. Also,
results from nanoindentation were used to determine
the effect of hardness on the restitution coefficient of
materials and to compare the amount of energy that is
transferred into plastic deformation during particle
impact.
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Table 1

Chemical compositions of the tested alloys (wt.%)

Alloy Co Cr Fe Mn Mo Ni w Ta Cu Other

Ultimet Balance  25.5 3.0 0.8 4.3 8.9 1.3 - - 0.24Si, 0.07C

Inconel 625 - 21.6 44 0.03 8.9 Balance - - - 3.49Nb, 0.26Ti 0.15Al, 0.02C
Hastelloy C22 1.8 21.6 5.0 023 138 Balance 2.9 - — 0.18V, 0.007C

Haynes 230 0.3 24.0 1.4 0.5 1.8 Balance 13.2 - - 0.33Al, 0.07C, 0.43Si

316L SS - 17.3 Balance 1.5 2.0 11.0 - - - 0.02C, 0.5Si

Haynes B3 - 1.2 - 0.54 272 Balance - - - 0.34A1

Nickel 200 - - 0.2 - - 99.2 - - -

Tantalum - - - - - - - 999 - -

Copper - - - - - 0.044 - - Balance  —

2. Experimental procedure

2.1. Materials

Several industrially important Ni, Co, and Fe-based
wrought alloys (Ultimet, Inconel-625, Hastelloy-C22,
Haynes-B3, Haynes-230, and 316L SS) and commer-
cially pure Ta, Cu and Ni were chosen for this study.
All of the alloys were solid-solution strengthened and
provided a broad variation in mechanical properties.
The chemical compositions were determined by optical
emission spectroscopy and are shown in Table 1. Each
material was obtained in the form of fully annealed,
rolled bar stock, and the experiments discussed below
were carried out on the materials in the as-received
condition.

2.2. Erosion testing

The solid particle erosion testing apparatus used in
this study is described in detail elsewhere [5]. All mate-
rials were tested at a 90° impact angle and a velocity of
40 m s~ ! and the standard test conditions chosen for
this study are listed in Table 2. Each sample was
mechanically polished to a 1-pm surface finish. Brown
alumina (96% Al,O5, 3% TiO,), which has a size range
from 355 and 425 pm, was used as an erodent. Fresh
alumina particles (i.e. particles were not re-used) were
used for the erosion tests. After the erosion tests,
samples were cross-sectioned using a water cooled low
speed diamond saw and mounted in cold curing, ther-
mosetting epoxy. The samples were then metallographi-
cally prepared using standard techniques to produce a
0.04-pm surface finish and analyzed by nanoindentation
to measure the sub-surface damage in the eroded
materials.

2.3. Nanoindentation tests

Nanoindentation tests were performed using the
Nano Indenter® II system, Fig. 1 [6]. The load on the
indenter is generated through the use of a current

carrying coil and permanent magnet assembly. The
resolution of the loading system is 50 nN. The displace-
ment of the indenter is measured with a three plate
capacitive system with a resolution of 0.04 nm. A
detailed description of the system has been presented
elsewhere [7]. In contrast to conventional microhard-
ness tests, the system is able to measure the displace-
ment of the indenter as a function of applied load
within a small volume of material. The use of this
depth-sensing indentation technique made it possible to
analyze the load—displacement and stress—strain re-
sponse of the material within the plastically deformed

Table 2
Erosion tests conditions

Eroded sample planar 0.95x%0.95 cm

dimensions

Sample temperature 20°C

Erodent particle velocity 40+3 ms!

Erodent particles flux 8.50 mg mm—2 s~!

Impingement angle 90°

Erodent Angular brown alumina
(ALO;)

Erodent hardness 2000 HK,,

Erodent size range 355-425 pm
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Fig. 1. Schematic diagram of the Nano Indenter® II. (A) Sample; (B)
indenter column; (C) load applications coil; (D) indenter support
springs; (E) capacitive displacement gauge; and (F) load frame.
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Fig. 2. Schematic diagram of the typical load—-displacement curve
obtained during the nanoindentation test. Shaded area represents
plastic deformation energy, J; is the final indentation depth after
indentation, and J,,,, is the maximum indentation depth at the peak
load.

max

layer (<150 pm) below the deformed surface. These
results provided an understanding of the energy absorp-
tion properties of the impacted materials.

The hardness was calculated according to the rela-
tionship H = P/A, where P is the maximum load and A
is the projected area of the residual indentation. In this
case, A =mna?, where a is the radius of the residual
indentation. In these experiments, the indenter penetra-
tion depth was small compared with the radius of the
indenter. Therefore, the value of a can be found from
the depth of the indenter penetration, which is directly
measured using the Nanoindenter, according to a =
(0R)** [8], where ¢ is the penetration depth and R is
the indenter radius. Therefore, hardness can be found
from the relation H = P/(ndR).

2.3.1. Load—displacement measurements

A schematic diagram of the typical load—displace-
ment curve that can be obtained by using the nanoin-
dentation technique is shown in Fig. 2. As the load, P,
increases, displacement occurs due to both elastic and
plastic deformation of the material (loading curve).
After the load is removed, the elastic displacement is
recovered (unloading curve). Thus, because of the plas-
tic deformation, a material exhibits contact hysteresis
(i.e. some amount of energy that was transferred into
the material during the loading cycle is absorbed
through plastic deformation). The shaded area in Fig. 2
represents this plastic deformation energy.

Indentation tests were conducted with a 50 pum radius
diamond ball and a peak load of 80 mN on the
cross-sections of all materials exposed to particle im-

pacts. For each indentation a load—displacement curve
was generated. A loading/unloading rate of 2 mN s !
and 20 s hold time at the peak load were used during
the load—hold—unload cycle. Indents started at 10 pm
from the eroded surface and proceeded towards the
unaffected material with 25-pm steps. Therefore, a se-
ries of load—displacement diagrams was produced at
various distances from the eroded surface for each
material. Since the area under the load displacement
curve represents the energy that the material absorbs
during the indentation process, a profile of the ability
of the eroded materials to absorb this energy within the
plastically deformed region was obtained. Four profiles
(five indents in each profile) were obtained in different
locations of each material in order to improve the
statistical significance of the data.

Because of particle impacts, the material at and
below the eroded surface deforms plastically and work
hardens, and the material closest to the surface experi-
ences the largest increase in hardness due to plastic
deformation. This produces a gradient in mechanical
properties with distance from the surface. In this work,
a plastic zone depth is defined as the length of material
below the eroded surface that has undergone an in-
crease in hardness due to plastic deformation induced
by the particle impacts. Plastic zone depths were esti-
mated by obtaining a hardness profile from the eroded
surface into the base material on the cross-sectioned
samples. The depth below the eroded surface at which
the hardness value becomes constant is defined as the
plastic zone size. More details on this procedure can be
found in reference [9].

3. Results and discussion

3.1. Theoretical basis for the indentation
load—displacement analysis

3.1.1. Elastic recovery analysis
During loading, the work done by the indenter in
deforming the material is given by:

W= j&max P(6)do 1)

where W is work done by the indenter, P is the applied
load, ¢ is the depth of penetration, and 6,,,, is the
maximum depth of penetration at the highest load. The
work W is represented as the area under the loading
curve in Fig. 2. During unloading, the recovered elastic
energy (W...ic) 1s given by:

omax
Welastic = J\ P(5 )d5 (2)
ofinal

where Jg,,,; 1s the depth of the residual indentation. In
Fig. 2, the elastically recovered energy is represented as
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the area under the unloading curve. If the indenter is
regarded as a free particle, the coefficient of restitution
(e = Viebouna/ V) can be found according to [10]:

1Z elastic 03
= | — 3
e < W > A3)
actic
2 elastic
_ Watastic 4
¢ W @

Assuming that the impacting particle does not fracture
or deform upon impact, the portion of its kinetic
energy that is transferred into plastic deformation of
the target is given by:

VZ

- rezbound> =m Viznitial(l - ez) ®)

— 2
KEplastic =m I/initial<1 V
initial

where V.. 1s the initial velocity of the particle,
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Vebound 18 the rebound velocity of the particle, and m is
the mass of the particle. Therefore, if the restitution
coefficient (e¢) can be measured from the load—displace-
ment tests (Egs. (3) and (4)), the amount of energy
transferred into plastic deformation of the target can be
determined. Also, results from the nanoindentation
tests can be used to (1) determine the effect of hardness
on the restitution coefficient of materials and (2) com-
pare the amount of energy that is transferred into
plastic deformation during particle impact of different
materials.

3.2. Measurements of subsurface elastic recovery and
plastic deformation

Results of the load—displacement tests conducted on
cross-sections of the eroded materials are presented in

Inconel-625

z 3
E 5
° E
2] 1
o -
- 10um 13
35um |3
60um |3
base |3
100 50 200
Displacement (nm)

80 T

D
o o
iatasaaan

Z 50 3

S 40F 3

® ] e 10um

S 30 E 3 O 35um
20 3 ; A 60um
10 7 y _ O  base
0 e E

“7100 150 200
Displacement (nm)

80 Ultimet B
ET T T "~ E
70 £ 7z -
_ 60 EF Fis =
E50F L E
E 40E 3
- 30 £
20 F
10 o
,. '.'..|. 23
0 20 40 60 80 100 120 140 160

Displacement (nm)

Fig. 3. Indentation load, P, versus displacement, J, for tested materials as a function of distance from the eroded surface. Measurements were
made on the cross-sections of the eroded materials (90° particle impact angle and velocity of 40 m s ~'). Note an increase in elastic recovery near

the eroded surface.
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Fig. 3. (Continued)

Fig. 3. Two observations can be made from the data.
First, all materials showed a load—unload hysteresis
that represents a measure of the amount of energy
dissipated into plastic deformation during indentation.
Second, elastic recovery (W, ,.i./W) was significantly
higher near the eroded surface than away from the
eroded surface. Subsequently, energy that is dissipated
into plastic deformation, W, decreased near the
eroded surface and the materials became less ductile.
Table 3 lists the values of Wi and Wi/ W or e?
for all tested materials. Average values of ¢? within the
plastic zone were determined using the following
equation:

J " LdL

S (6)

average e’ =
L,

where L, is the plastic zone size due to erosion. Table
3 shows that, near the eroded surface (10 um), any-
where from 36 to 88% of total energy is elastically
recovered during unloading cycle. Tantalum showed
the lowest elastic recovery (e? = 0.36) while the B3 alloy
showed the highest elastic recovery (e? = 0.88). On av-
erage, between 27 and 72% of total energy is recovered
during the unloading cycle. These findings are impor-
tant because often researchers assumed that during
particle impact, only 5—10% of the total energy trans-
fers into elastic recovery (particle rebound) and 90—
95% transfers into plastic deformation of the target
[11]. Therefore, elastic recovery has been largely ig-
nored in energy balance calculations. This research
suggests that elastic recovery can play a substantial role
in the total energy loss and thus, must be considered in
the energy balance calculations. Also, within the plasti-
cally deformed region, all materials exhibited an in-
crease in restitution coefficient with an increase in
hardness near the eroded surface. At this point, it is
appropriate to discuss the correlation between the val-
ues of the restitution coefficient measured by quasi-
static indentation tests and those expected during
impact testing.

Latham et al. [12] measured rebound velocity and
coefficient of restitution (¥, pouna/ V) of several annealed
metals impacted by iron microspheres (0.1-2 pum in
diameter). They found that, in the impact velocity
range 20-100 m s~ !, average e? values for annealed
Cu, Ni, and stainless steel were 0.12, 0.10, and 0.3,
respectively. Also, the restitution coefficient values did
not significantly vary with impact velocity. These values
are in reasonable agreement with those measured using
a quasi-static nanoindentation technique for base Cu,
Ni, and 316L stainless steel (0.15, 0.2, and 0.36, respec-
tively). This suggests that, in the low impact velocity
range, the incident velocity of the particle does not
significantly influence the restitution coefficient. Also,
Johnson [13] derived that, when fully plastic conditions
are obtained during impact, e is proportional to V=4,
which would explain the relative insensitivity of the
restitution coefficient with incident velocity. Therefore,
the load—displacement indentation technique provides
the ability to estimate the restitution coefficient and can
be used to estimate energy loss during particle impact.
In addition, if the particle does not deform upon im-
pact and is harder than the target material, the analogy
between the indenter and a particle can be reasonable.
Furthermore, the indenter and particle can cause plastic
deformation of the target during contact. However, the
effect of the particle size on restitution coefficient of the
target/particle system has not been thoroughly investi-
gated and thus, could contribute to differences between
the measured restitution coefficient during impact and
indentation tests.
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3.2.1. Effect of hardness on restitution coefficient
and plastic deformation energy

The effect of hardness on measured restitution coeffi-
cient is shown in Fig. 4. Interestingly, the data for all
materials and distances from the eroded surface (see
Table 3) can be fitted into a logarithmic-type rela-
tionship (R? = 0.94):

e= —0.68 +0.39 log(H) 7)

where H is hardness in MPa. This result is somewhat

Table 3

Summary of the load—displacement data for eroded materials. Particle impact angle-90° and velocity-40 m s—

different from that obtained by Latham et al. [12] who
showed a linear relationship between Vickers hardness
and restitution coefficient (Fig. 5). However, upon ex-
amining Fig. 5, it can be seen that the hardest tested
material was graphite with Vickers hardness of only 400
kg mm~2 (4000 MPa). In this study (Fig. 4), for
materials with hardness below 4000-5000 MPa, the
relationship between H and e could also be described as
linear. However, materials with hardness greater than
5000 MPa deviated from the linear relationship. At the
same applied load, hard materials have a smaller de-

Material Distance from the Plastic zone Plastic energy, Total energy, Measure of elastic re- Average e? within the
eroded surface, pm depth, pum W ptastios W JIx10~° covery, W_«ic/ W or deformed volume
10—° e?
Cu 10 140 5.54 9.43 0.41 0.28
35 6.17 9.64 0.36
105 11.50 14.59 0.21
Base® 16.41 19.28 0.15
Ta 10 110 4.83 7.57 0.36 0.27
35 6.86 9.32 0.26
60 7.36 10.12 0.27
85 7.45 9.82 0.24
105 7.55 9.75 0.23
Base 9.38 11.50 0.18
Ni 10 80 2.87 6.11 0.53 0.40
35 3.68 6.43 0.43
60 3.61 6.22 0.42
85 3.96 6.40 0.38
Base 7.14 9.64 0.26
316L SS 10 60 1.09 5.52 0.80 0.58
35 2.74 6.60 0.58
60 4.85 8.20 0.41
Base 5.23 8.30 0.36
Hastelloy-C22 10 50 0.83 5.13 0.84 0.66
35 2.40 5.84 0.59
60 3.24 6.06 0.47
Base 3.48 6.29 0.45
Haynes 230 10 50 0.96 4.96 0.80 0.65
35 2.28 5.55 0.60
60 2.98 6.00 0.50
Base 3.30 6.51 0.49
B3 10 40 0.61 5.03 0.88 0.7
35 2.02 5.34 0.62
60 3.09 6.09 0.49
Base 3.24 6.31 0.47
Inconel 625 10 50 0.84 4.65 0.82 0.71
35 1.91 5.17 0.63
60 2.15 5.30 0.59
Base 2.28 5.44 0.58
Ultimet 10 40 0.90 4.51 0.80 0.72
35 1.55 4.57 0.66
60 1.66 4.72 0.65
Base 1.81 5.25 0.65

* Base measurements were made on unaffected material away from the eroded surface (& 500 pum).
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Fig. 4. The effect of hardness on restitution coefficient, ¢, measured
from the load—displacement experiments. The data for all materials
and distances from the eroded surface can be fitted into a logarith-
mic-type relationship.
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Fig. 5. Dependence of the restitution coefficient, e, within the velocity
range 20—100 m s ! on the Vickers hardness of target materials. The
error bars associated with each point represent the variation of e over
this velocity range.

formed volume beneath the indenter than soft materi-
als. It can be suggested that, at some level of hardness,
the size of the deformed region becomes comparable
with the size of the dislocation stress field generated
by the indentation. Tabor [14] suggested that, when
the deformed volume is very small, it may contain only
a limited number of dislocations and one should
expect the hardness of material to approach the
theoretical value of a perfect crystal. Therefore, changes
and any further increase in material hardness will not
produce a significant increase in elastic recovery.
However, near the eroded surface all materials were
highly hardened and, therefore, it is unlikely that
during indentation experiments only a limited number
of dislocations were affected. It seems that, when

indentation size becomes small, the dislocation
stress field may affect energy dissipation during inden-
tation.

4. Conclusions

Subsurface deformation behavior of ductile Ni, Co,
and Fe-base alloys and commercially pure Ni, Cu, and
Ta exposed to solid particle erosion (90° particle impact
angle and velocity of 40 m s~ ') was analyzed. Nanoin-
dentation was used to determine load-—displacement
and stress—strain response of materials below the
eroded surface. The results are summarized as follows:

A nanoindentation method was utilized to estimate
the restitution coefficient within plastically deformed
regions of eroded samples that provides a measure of
the rebounding ability of a material during particle
impact.

An increase in hardness (H) of tested to an increase
in restitution coefficient (¢) according to the logarith-
mic-type relationship: e = — 0.68 + 0.39 log(H). Conse-
quently, the increase in hardness produced a decrease in
amount of plastic deformation dissipated into the
material.
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