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Simulation Studies of Solid-Particle and
Liquid-Drop Erosion of NiAl Alloy
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Abstract—This article presents modeling studies of NiAl alloy
under solid-particle erosion and liquid-drop erosion. In the
solid-particle erosion simulation, attention is paid to the oxide scale
thickness variation on the alloy in high-temperature erosion
environments. The erosion damage is assumed to be deformation wear
and cutting wear mechanisms, incorporating the influence of the oxide
scale on the eroded surface; thus the instantaneous oxide thickness is
the result of synergetic effect of erosion and oxidation. For liquid-drop
erosion, special interest is in investigating the effects of drop velocity
and drop size on the damage of the target surface. The models of
impact stress wave, mean depth of penetration, and maximum depth of
erosion rate (Max DER) are employed to develop various maps for
NiAl alloy, including target thickness vs. drop size (diameter), rate of
mean depth of penetration (MDRP) vs. drop impact velocity, and
damage threshold velocity (DTV) vs. drop size.

Keywords—Liquid-drop erosion, NiAl alloy, oxide scale
thickness, solid-particle erosion.

1. INTRODUCTION

OLID-particle erosion and liquid-drop erosion both are
popular wear modes that cause serious problems in many
engineering systems, including steam and jet turbines, pipelines
and valves carrying particulate matter, and fluidized bed
combustion systems. Solid-particle erosion is caused by the
impingement of small, solid particles against a surface,
resulting in the loss of the material [1]. Liquid-drop erosion can
be described as the collision at high speed of liquid droplets
with a solid surface, which causes the removal of material from
the surface [2]. Although experimental investigation prevails in
erosion research, due to high capital cost and long duration of
erosion tests, various simulation models have been developed,
including physics-based and statistics-based erosion models, to
predict/reveal the erosion resistance/mechanisms of materials.
One of the most popular models was developed based on an
ideal ductile, non-work hardening solid material eroded by
rigid particles [3]. Another model was created for
single-particle erosion of metals that assumed that material
cutting and material deformation occurred simultaneously but
further suggested that “deformation wear” governed at normal
impact while “cutting wear” prevailed at acute angles [4]-[6].
Erosion of metallic materials at high temperatures is
influenced by oxidation. Erosion-oxidation maps are very
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useful in high-temperature erosion study because they are a
means by which the change in erosion-corrosion mechanism —
ranging from the erosion of the substrate to the erosion of the
corrosion product — is given as a function of an erosion and
corrosion parameter [7]. Several physics-based models have
been developed, which describe the interaction between erosion
and oxidation [8]-[11]. According to the thickness of the oxide
on the eroded surface, three boundaries were defined as at the
first boundary the protection provided by the oxide scale was
negligible and the substrate surface took most of the impact
energy when the oxide film was thin; at the second boundary
the oxide was able to take all the plastic deformation and
therefore there was no any plastic deformation taking place in
the substrate because the oxide scale thickness reached the
same level as the plastic deformation zone; and at the third
boundary the impact from particles was all absorbed by the
oxide scale and no plastic deformation occurred in the substrate
region [10].

The earliest model of liquid impingement erosion was
established to investigate the deformation of the solid target
material in the initial stage of damage [12], which proposed that
at the moment of initial impingement, a stress wave generated
immediately traveled back from solid-liquid contact into liquid
and the liquid exhibited compressible behavior. This model was
improved, suggesting that high pressure occurred in liquid
impingement erosion and expressed the impact pressure as a
function of the density of the liquid, the compressibility of the
liquid and the impact velocity of liquid droplet [13], and the
pressure equation was modified with the impact of spherical
drop and consideration of the elastic deformation of the liquid
drop [14]. In order to predict the response of a material in liquid
impingement erosion, scientists attempted to find the
relationships between erosion resistance and mechanical
properties of materials such as hardness, tensile strength,
fracture toughness and strain energy. The measurements of
erosion resistance of materials can fall into the main aspects
such as maximum rate of weight loss, mean depth of
penetration, rationalized erosion rate and maximum depth of
erosion rate (Max DER) [15]-[21].

In this research, the resistance of NiAl alloy, which is a
widely used alloy in erosion environments, to solid-particle
erosion and liquid-drop erosion was investigated through
analytically modeling. An analytical model was created that
can predict the oxide scale thickness at a given time interval for
steels and alloys under high-temperature erosion at a set
particle impact velocity and impinging angle, based on the
four-regime classification of eroded surface [9] and the
formulation of oxide growth rate [22], utilizing deformation
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wear and cutting wear mechanisms of materials in erosion [6].
The obtained results from the model were plotted to show the
oxide thickness variation with erosion time of NiAl alloy under
different temperatures and erosion conditions such as particle
impact velocity and particle impinging angle. For liquid
impingement erosion analytical models of impact stress wave,
mean depth of penetration, and Max DER were employed. The
liquid impingement erosion resistance of NiAl alloy was
characterized by establishing the relationships between target
thickness and drop size (diameter), between rate of mean depth
of penetration (MDRP) and drop impact velocity, and between
damage threshold velocity (DTV) and drop size.

II. SOLID-PARTICLE EROSION MODELING

A. Formulation of Oxidation
Oxidation process controls the oxide growth on a metal
surface in high-temperature environments. Kang et al. [9]
defined the rate of oxide scale growth in high-temperature
erosion using:
dX K K> (1)

ce

& X

where K. is the parabolic rate of oxide growth, which is a
function of the target metal composition, the corrosive
condition and the erosive condition; K is the erosion rate of
corrosion product (oxide), which is a function of the type of
corrosion product and the erosive condition. To compute the
oxide scale growth rate, the value of K., must be obtained as an
initial input. With the input value of temperature 7, the
relationship between the parabolic constant of oxide growth K,
and K, is given as [22]

2
K:K&VMq’ @
mhela,

where, for an oxide M,0O, a and b are the numbers in the

description, M, is the atomic weight of oxygen, and V,, is the
molar volume of the target metal. Rearranging (2) gives:

2
K =k | Y], (3)
“ ribeM,

B. Formulation of Erosion

In high-temperature erosion, the oxide thickness on the metal
target surface is reduced by erosion. To obtain the oxide
thickness reduction rate, the erosion mechanisms at high
temperatures should be clearly identified. Bitter [5] devised a
method to describe erosion based on energy conservation. It
was assumed that the total erosion energy W, was constant for
two types of erosion, deformation erosion (W,) and cutting
erosion (W¢, and W,). In detail, the total erosion energy can be
expressed as [5]

W, =Wy + Wy if q<a,» @

W, =W, +Weysif a>aq, (5)

where « is the incident particle angle impacting on the target
material. a, is the impact angle at which the horizontal velocity
equals zero when the particle leaves the surface. The
deformation erosion energy is given as [5]

lM(Vsinot —K])2
W, =2 . , (6)

and the cutting erosion energy is expressed as [5]

2MC(Vsina - K, C(Vsina-K,) @)
W. = 4 - : ’
“ JVsina { o Wsna  *
%M[VZcosza—Kz(Vsina—K,)m] ]
We, = ' ( )

V4

The parameters in (7) and (8) are given as [5]

c:@‘/@ (€))
v

2 vary 2 _ 22
K, = 3 ysz(l} 1-g; +1 9 | > (10)
2710 d E, E,
2 2\
PN (I (1)
d\ E, E,

where d is the density of particle; E|, E,, g, and ¢, are the
Young’s modulus and Poisson’s ratio of particle and target
material, respectively; J is deformation wear factor; y is

cutting wear factor; M is the total mass of impinging particles; V
is particle impact velocity; y is elastic load limit.

The erosion theory given by [5] shows complex forms in
terms of expression and implementation, which were concerned
by [6] to seek a simpler analytical solution. The new solutions
could readily correlate experimental data. The simplified
erosion model for erosion loss in weight takes the following
form

1 . 1 .
~MV?cos’asinna  —~M(Vsina-«)
W =2 L2
) £

’ifaSaov (12)

and

Ly cost a lM(Vsinot—tc)Z
w2 L2
@ &

i gsa,  (13)

where x is the velocity component normal to the surface below
which no erosion takes place in certain hard materials; ¢ and &
are cutting and deformation wear factors, respectively; z is a
constant. In order to obtain the thickness reduction rate of the
oxide scale, the total mass of impact particles M in (12) and
(13) was changed to m/d, where m is particle mass per unit area
per second and d is the density of particle. This gives the
erosion loss in thickness as
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C. Growth Rate of Oxide Scale

The above analysis procedure includes two aspects: increase
in oxide scale thickness due to oxidation and reduction of oxide
scale thickness because of erosion attack. From the above
analyses, the instantaneous scale thickness change rate can be
obtained. Consider (1) again, combining (3), (14) and (15), the
change rate of oxide scale thickness is expressed as

P v | Lo cos? asinna lm(Vsinoz—;c)2
ax __\M,) |3 42 ’
di X ad ad

if 4 <q,» (16)

and

2
aV,
K m 1 I 1 . 2
ax P[ngj ) EmV cos a+5m(Vsma—K) ,
dt X od &d

if g5, (17

To solve the above differential equations, the value of
parabolic constant of oxide growth K, must be known. It can be
obtained experimentally according to the equation [10]:

k=X (1)

where p is the density of oxide scale; f is the stoichiometric
factor that accounts for the percentage of the metal consumed in
the formation of oxide; and 7 is the time of exposure. Thus, once
the parameters in (16) and (17) are defined, the differential
equations can be solved and the variation of the oxide thickness
with erosion time for a given particle impact velocity and
impinging angle can be obtained. Based on the variation of the
oxide thickness, the erosion behavior can be predicted with
respect to the four-regime of eroded surface [9]. Regime 1 —
erosion of metal may not occur unless the metal is
non-oxidable. If the oxide thickness decreases with erosion
time, the oxide scale will be totally removed from the eroded
surface after a certain period of time and eventually the
substrate material will be subjected to erosion. In this case,
regime 2 — oxidation-affected erosion predominates. On the
contrary, if the oxide growth rate in erosion process is greater
than the oxide growth rate without erosion process involved,
oxidation will benefit the erosion resistance of the substrate
material; then regime 3 — erosion-enhanced oxidation takes
place. Finally, as the growth rate of the oxide is high enough to

avoid the particles reaching the substrate surface, erosion can
only occur in the oxide scale. This erosion falls into regime 4 —
oxide erosion.

III. LIQUID-DROP EROSION MODELING

A. Impact Stress Wave

In the liquid impingement erosion theories given by
[12]-[14]; it was suggested that at the moment of initial
impingement, a stress wave generated immediately traveled
back from solid-liquid contact into liquid at a certain velocity
and the liquid exhibited compressible behavior. High pressure
occurred in liquid impingement erosion due to water-hammer
effect and the impact pressure can be expressed as functions of
liquid properties and drop normal impact velocity (V}).
Heymann [23] deemed that in consideration of droplet
impacting at 90 degree on a smooth and rigid surface, the
impact stress reached the maximum (peak) near the contact
area, however, at the exact contact point it remained a relatively
small (bottom) value due to the release of the waves that
generated the pressure distribution map. This high pressure led
to the occurrence of ring cracks and fractures in the area within
radius 7, in the top surface layer of the target, as schematically

\“'ol

shown in Fig. 1.

Droplet

h Target
R S
Fig. 1 Ring cracks induced in the top surface layer of the target
attacked by liquid drop
The radius 7, is expressed as [2]
2h (19)

" [(Cd /CR)Z 71]”2 ,

where j, is the thickness of target, see Fig. 1, ¢, and ¢, are the

dilatational velocity and Rayleigh wave velocity, respectively.
Considering the inherent elasticity of the material, the velocity
of Rayleigh wave is generally thought to be equal to that of
shear wave, and then can be calculated as [24]

(20

:?
I

where G and p are the shear modulus and density of target
material, respectively. The occurrence of erosion damage on
target surface depends on the duration of drop incidence time
and the duration of the stress wave. When the former is longer
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than the latter, erosion damage occurs [2], i.e., 2d_ k.

c c

L s

Therefore, to avoid erosion damage, the minimum target
thickness can be determined by

,_ 2de, 1)

CL

where d is the size (diameter) of liquid drop, ¢, and care

sound speeds of liquid and solid, respectively, can be calculated
by [25], [26]

(22)

¢, = —

Po

\/E,
g =.|—

P

where x; is the bulk modulus of liquid drop and E is the
Young's modulus of solid target; py and p are the densities of
liquid drop and solid target, respectively. From (21) it is evident
that for a given target material the minimum thickness / for
preventing erosion damage from occurring is solely
proportional to the drop size for erosion damage occurring.

(23)

Fig. 2 Incoming liquid drop on solid surface at an incident angle &
[27]

i

Fig. 3 Mean depth of penetration of liquid drop into solid surface

B. Mean Depth of Penetration
When a liquid droplet having a diameter d impacts a solid

surface at an inclined angle 6 with a velocity ¥, as illustrated
in Fig. 2 [27]; [15] described the rate of mean depth of

penetration (MDRP), as shown in Fig. 3, by the following
equations, which is the change rate of an average thickness of
the surface subjected to liquid impact erosion.

wonr( 2 3| 25
wore (2 | 25

where 7 is the efficiency of energy transfer between the liquid

24

(25)

and solid, ¢ is the energy to remove unit volume of the target
material, J is the critical velocity for normal drop impact at

which erosion occurs, F and A4, are exposed target area and

projected target area, respectively. According to Fig. 2 [27],

V =V,/cos@ (26)
The volume of eroded surface layer ( Ay ) related to the energy (
& ) absorbed by eroded material is given as

e=AV-S =F-h-S, (27)

where s is the erosion strength parameter that can be

determined by a computational based on
experimental measurements.
To be more general, [16] proposed an expression of erosion

rate (E,) with the incident angle,

procedure

. (V-vcoso-v,)
cos ,

E

,

(28)

where . denotes the velocity below the critical value of no
mass loss, n €[5,13] is a constant and depends on the target
material properties. When =0, 7=V, , in this case, it is

assumed that 7 =1 and F = 4,. Substituting (21) into (27)

gives
_ . 2des
c=F . S. (29)
Combining (22), (23), (25) and (29) yields
pori | (30)
I VY

MDRP = -
s [f
P

C. Maximum Depth of Erosion Rate

Hattori [17] compared maximum depth of erosion rate (Max
DER) of different materials, correlating Max DER with
exposure time. Three time intervals can be identified in the Max
DER-¢ map: incubation, acceleration, and maximum rate stages.
The duration time of incubation depends on the impact velocity.
The exponent of erosion rate is given on the basis of the volume
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of the liquid impinging per unit time and is also certainly
proportional to impact velocity. Thus impact velocity is a key
parameter to be investigated, especially threshold velocity at
the moment when erosion rate is zero or negligible.

In terms of threshold velocity, [18] and [19] defined
pathbreaking damage threshold velocity (DTV) as the lower
impact velocity at which damage occurred. The material’s
erosion resistance was widely characterized by absolute
damage threshold velocity (ADTV). Hand and Field [20]
proposed a linear relationship between ADTV and log of the

fracture toughness of target material for 2 mm diameter water
drops. They attempted to minimize the number of impacts and
to decrease the velocity in order to get the threshold value.
Evans et al. [21] defined a theoretical expression for DTV given
by

5 1/3
prv =141 Kl |, €2))
poe,d

where K is the fracture toughness of target material, C,, is
compressive wave velocity, which is related to material

properties [24]

K+§G’ (32)

where G and xare the shear modulus and bulk modulus of solid
target, respectively. The value of DTV is beneficial for
controlling the impact velocity, predicting the exact timing of
damage occurrence and avoiding the damage.

IV. EROSION OF ALUMINUM-NICKEL ALLOY

A. Parameters in Models for NiAl Alloy

The NiAl alloy investigated in this research is CMSX-4; its
chemical composition is given in Table I. The oxidation
behavior of Ni-Al alloy has been investigated by [28], showing
that two alumina phases (6-Al,O; and a-Al,Os) are present in
the oxide product. The values of the parabolic rate constant K,
were calculated from the experimental measurements of the
oxide geometry at different temperatures, and also using other
parameters, according to (18); these values are reported in
Table II [28].

TABLE I
CHEMICAL COMPOSITION OF CMSX-4 ALLOY
Ni Cr Co Al w Mo Ta Hf Re

61.8 6.5 9 5.6 6 0.6 6.5 1 3
TABLE II
PARABOLIC OXIDATION RATE CONSTANTS OF CMSX-4 ALLOY
Temperature (°C) K, (kg’/m"h)
850 9.76E-9
900 2.04E-8
950 2.61E-8

In the differential equations (16) and (17), cutting and
deformation wear factors, ¢ and &, were determined based on
the assumptions that for the materials with high hardness more
energies of cutting wear and deformation wear are required to
remove the target material during an erosion process, and for
high strength alloys large values of ¢ and ¢ are required. These
assumptions indicate that hardness and strength may exhibit
some intrinsic correspondences to ¢ and & values. Based on
such correlations, a parametric method was applied to obtain ¢
and ¢ for various alloys with the assistance of material
properties of these alloys such as hardness, yield strength and
tensile strength. The calculated values of @y, and &y, along
with other parameters that are required by (16) and (17) are
listed in Table III. For the x value (velocity component normal
to the surface below which no erosion takes place) in the
equations, as suggested by [6]; for metals it is often the case
that x is neglected because the cutting wear predominates and
the x value is usually very small compared to the particle
velocity. The constant »n in the equations was taken as 5,
according to the test conducted by [6].

TABLE IIT
PARAMETERS OF ALUMINUM-NICKEL ALLOY FOR OXIDE THICKNESS
COMPUTATION

Parameter Value
a (MaO,,, Aleg) 2
b (M, 05, ALO3) 3
V,,, (molar volume of the alloy) 1.242 x 10” (m*/mol)
M, (Atomic weight of oxygen) 0.016 (kg/mol)
d (density of particle) 2700 (kg/m’)

3.3939 x 107 (N-m/kg)
7.5034 x 107 (N-m/kg)

¢ (cutting wear factor)
& (deformation wear factor)

The material properties of the liquid and NiAl alloy used in
the liquid-drop erosion model are given in Table IV. The
minimum target thickness to avoid the occurrence of damage

was computed with increasing the drop size using (21). The ¢,

and ¢ values were calculated from (22) and (23).

TABLE IV
PARAMETERS OF ALUMINUM-NICKEL ALLOY AND LIQUID FOR EROSION MAPS

x - bulk modulus of NiAl 230 GPa
E - Young’s modulus of NiAl 250 GPa
G - shear modulus of NiAl 94 GPa

25 x 10° Pa.m'"?
7.8 x 10° kg/m®

K- fracture toughness of NiAl
p - density of NiAl

H - hardness of NiAl 180 HB
3 3

P, - density of liquid 10" kg/m
Kp - bulk modulus of liquid 2.2 GPa

The MDRP of eroded NiAl surface was computed against
the velocity of liquid droplet using (30). It is suggested that
erosion strength parameter S is approximately proportional to

the hardness of target surface material [17]. Therefore for the
S, value of NiAl alloy, the experimental measurement on pure

Al to obtain it § value in the previous research by Hattori [17]
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was utilized. Using (20) and (32) to obtain the Cg and C,, values
for NiAl alloy with the material properties in Table IV and
substituting these values together with other material properties
in Table IV into (31), the DTV was computed with varying
drop size.

B. Results of NiAl Alloy from Models

The computations were implemented using Matlab computer
program. The variations of the oxide scale thickness with
erosion time of NiAl alloy under high-temperature erosion
were computed for different erosion conditions and the results
are plotted in Figs. 4-7. As shown in Fig. 4, at high
temperatures without particle impact, oxide growth rates are
appreciable and proportional to expose time, and also the
growth rate of oxide thickness is proportional to temperature.
At 950°C, the oxide thickness increases to 0.1012 pm from
original value of 0.1 um at the time = 0 s within 60 s. At 900°C
, the oxide thickness reaches 0.1009 um, and at 850°C, the
oxide thickness reaches 0.1004 pm. The thickness growth rate
at 950°C is about 3 times higher than the rate at 850°C, and 1.5
times the rate at 900°C.

0.101160 |-
T = 950°C

E  o.100870}

&

A

Q@

2 T = 900°C

£ 0.100580}

-}

L%}

=

=

2 0.1002904

0.100000}~
1 A 1 " 1 n 1 i 1 i 1 i 1
0 10 20 30 40 50 60
Time, s

Fig. 4 Variations of oxide scale thickness with time for NiAl alloy
without particle impact

2.00E-006 [
1.96E-006 |-
E
5
b
@
£ 1926006}
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-]
L5
=
& 1.88E-006 [
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1.84E-006 |-
T = 850°C
1 n 1 " 1 L 1 " 1 1 1
0 10 200 30 40 50 60
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Fig. 5 Variations of oxide scale thickness with time for NiAl alloy
under erosion at particle impact velocity of 10 m/s and particle impact
angle of 15 degree
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Fig. 6 Variations of oxide scale thickness with time for NiAl alloy
under erosion at particle impact velocity of 50 m/s and particle impact

angle of 90 degree
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Fig. 7 Variations of oxide scale thickness with time for NiAl alloy
under erosion at particle impact velocity of 50 m/s and particle impact
angle of 45 degree

The computational results of liquid-drop erosion for NiAl
alloy are plotted in Figs. 8-10. It is shown that the minimum
target thickness for avoiding erosion damage increases linearly
with drop size (diameter), see Fig. 8. The increase of required
target thickness with larger drop size can be explained as the
bigger the droplet, the larger the contact area is and also the
heavier the impact of drop is, thus the more severe the attack of
erosion is. For the MDRP of NiAl alloy, as shown in Fig. 9, the
MDRP is trivial at very low drop velocities (< 200 m/s), but it
increases steadily with drop velocity between 200 m/s and 400
m/s, and then rises rapidly at high drop velocities. Doubtlessly,
drop velocity has significant influence on the MDRP, which is
parametrically related to erosion resistance.

In regard of the DTV, it decreases with drop size, as seen in
Fig. 10. Within the range of drop size 50 to 100 um, which is
common in reality, the corresponding DTV is very high and
above 1000 m/s. Therefore, in practice, if the drop velocity is
less than 1000 m/s, erosion damage would not occur on NiAl
alloy.
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Fig. 10 DTV ~ drop size map of NiAl alloy

V.DISCUSSION

Without erosion attack, the oxide thickness on NiAl alloy
surface increases with temperature. This is because oxidation is
promoted by temperature. However, it is observed that the
growth rate of the oxide on NiAl alloy is very low due to the
limited Al content, compared with that on pure Al [29]. In
addition, the trend of the oxide thickness growth is actually
parabolic; however, because the time interval is only 60 s and
the value of parabolic constant K, is small, the plotted curves
exhibit a shape close to straight line.

When particles impact the NiAl alloy surface that has an
oxide scale of 2 pm, at a velocity of 10 m/s and at an impinging
angle of 15 degree, the thickness of the oxide is reduced from
initial 2 pm to 1.84 pm in 60 s, as shown Fig. 5. In other words,

when erosion is involved, the oxide thickness decreases with
time. It can be deducted that after a certain period of time, the
oxide thickness will become zero. In this case, the substrate
material will be eroded and oxidation will not benefit
preventing erosion degradation, that is, erosion is the type of
regime 2 — oxidation-affected erosion.

Furthermore, when the particle impact velocity is raised, the
frequency of particle impact on the target surface is increased;
then the oxide removal from the surface is expedited. As
illustrated in Fig. 6, within 60 s at the particle impact velocity of
50 m/s, the oxide thickness becomes negative, that is, no oxide
is on the surface at all. Also, at the same particle impact
velocity of 50 m/s, the smaller impinging angle causes larger
oxide removal. This can be seen by comparing the curves in
Fig. 6 with those in Fig. 7. This indicates that for ductile
materials (metals), cutting wear predominates in erosion, which
has been proved by previous research [6], [30].

Moreover, from Figs. 5-7, it is observed that at the particle
impact velocities of 10 m/s and 50 m/s, the temperature almost
does not affect the oxide thickness; in particular, at the higher
velocity the oxide thickness does not vary with temperature, as
seen in Figs. 6 and 7. The reason for this is that the oxide
growth rate of this alloy is very low, therefore at high particle
impact velocities there is no enough time in the interval
between impacts for oxide to form.

From Figs. 9 and 10, it is clear that in liquid-drop erosion
when drop velocity is very low (< 200 m/s) and droplet is very
small (< 10 pum), erosion damage would nearly not occur on
NiAl alloy. However, the increasing rate of MDRP for this
alloy is raised by drop velocity increase, which can be
described by the derivative of the MDRP equation. On the other
hand, the decreasing rate of DTV is reduced by drop size
increase, which can be demonstrated by the derivative of the
DTV equation. This may be explained by the cavitation damage
mechanism, which is activated when a sufficient liquid volume
exists at the solid/water interface, in addition to the drop kinetic
energy.

VI. CONCLUSIONS

The variation of the oxide thickness with erosion time can
reveal the damage behavior of the eroded surface. Due to the
low growth rate of the oxide, the oxide thickness decreases with
erosion time for NiAl alloy under high-temperature erosion,
which indicates that oxidation does not play a significant role in
contribution to erosion resistance of this alloy.

The oxide thickness results show that the erosion damage at
the smaller particle impinging angle is larger, which confirms
that cutting wear predominates the erosion of this alloy, which
is ductile.

The minimum target thickness (m) for NiAl alloy to avoid
erosion damage is increased with drop diameter (m) by a factor
of 7.63. The higher the drop velocity, the larger the rate of mean
depth of penetration is, and the greater the drop diameter, the
lower damage threshold velocity is. The rate of mean depth of
penetration increases rapidly with high drop velocities. Within
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the range of drop size 50 to 100 um, the damage threshold
velocity for this alloy is above 1000 m/s.
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