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ABSTRACT

Purpose: This work deals with solid particle erosion behavior of Inconel 718 at elevated 
temperatures.
Design/methodology/approach: Samples with 3 mm thickness, 25 mm diameter were 
tested at 3 different temperatures (20°C, 400°C and 600°C); at 4 impingement angles 
(30°, 45°, 60°, 90°) in a specially designed erosion test rig by using 120 mesh (90-125 µm) 
Al2O3 abrasive particles. Solid particle erosion damage characterization was achieved by 
evaluating the erosion rates after tests. Damage mechanisms were discussed by using 
scanning electron microscope (SEM) analysis. Surface topographies were analyzed in order 
to evaluate the effects of experimental parameters on solid particle erosion.
Findings: Although the conclusion of this work is crucial for understanding the solid particle 
erosion behavior of Inconel 718 alloy used in turbine blades of aircraft gas turbine engines.
Practical implications: This work may contribute to develop next generation alloys to be 
utilized in manufacturing of compressor blades exhibiting longer service durations.
Originality/value: More detailed study about erosive wear performance of Inconel 718 as 
an aviation engineering material is crucial for future work.
Keywords: Inconel 718; Super alloys; Erosion damage characterization; Scanning electron 
microscope
Reference to this paper should be given in the following way: 
B. Bircan, S. Fidan, H. Çimenoğlu, Solid particle erosion behavior of Inconel 718 super alloys 
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PROPERTIES

1. Introduction 

Superalloys are widely used in aerospace and aircraft 
industrial applications where high temperature strength 

and/or corrosion resistance are required. Nickel based 
superalloys are the most complex type of superalloys and 
are used in the hottest parts of aircraft engines, covering 
over 50% of the engine weight. Inconel 718 is a nickel-
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based alloy with superior corrosion resistance and high 
temperature endurance, which determines its widespread 
applications in aeronautical, aerospace, marine and nuclear 
industries. Age-hardenable Inconel 718 combines high-
temperature strength up to 650°C with corrosion resistance 
and excellent processability. Its welding characteristics, 
especially its resistance to post-weld cracking, are 
outstanding. With these properties, Inconel 718 is used for 
part for aircraft turbine engines, cryogenic tankage and 
components for oil and gas extraction and nuclear 
engineering [1].  

Engineering materials are exposed lots of harmful 
factors under service conditions. Erosive wear can initiates 
damage on material when solid particles impact on material 
with high velocity on dusty working conditions [2]. From 
an erosion point of view, the main parameters which effect 
service life of components are gas composition, particle 
velocity, and size of the particles. The particle velocity  
in jet engines and gas turbines is very high and the particles 
are small while the resultant damage caused is crucial. 
Solid particle erosion can be a major factor in determining 
the useful engineering lifetime of many engineering 
components. There are many engineering applications 
involving high temperatures, high velocity particle-surface 
interactions and corrosive environments where the 
selection of materials is limited by their erosion resistance. 
Specific applications might include helicopter blades and 
turbine engines operating in dusty hostile environments [3]. 

The solid particle erosion is a complex phenomenon 
and it is characterized by the deformation and material 
removal during the impact of the particles generating high 
temperatures. When aircraft operate in harsh environments 
where hard particulate matter is entrained by the air flow 
into the operating engine, severe wear of exposed 
components may occur through material removal by solid 
particle erosion (SPE). This type of damage is most 
prominent in the first stage of the aircraft engine, where the 
compressor blades can be eroded to such an extent that 
aerodynamic performance and even structural integrity are 
compromised [4]. 

Using scanning electron microscopy (SEM), the surface 
damage resulting from erosion has been characterized and 
the mechanisms responsible for material removal have 
been identified. Ductile materials exhibit extensive plastic 
deformation of the near-surface region after exposure to an 
abrasive stream. Finnie [5,6] has proposed a micromachining 
model while Bitter [7] has formulated a deformation 
mechanism based on repeated impacts occurring in the 
same area. Recent workers [8] have proposed an adiabatic 

localized shear model, while Bellman and Levy [9] have 
proposed a forging extrusion and platelet formation 
mechanism of debris generation which has been observed 
experimentally. 

In this paper it is aimed to investigate solid particle 
erosion behavior of Inconel 718. The effect of temperature 
on solid particle erosion resistance of Inconel 718  
at different impingement angles were shown by graphs.  
A series of characterization test implemented on the 
specimens to better understand the result obtained with the 
graphics. Accordingly surface morphology of the eroded 
samples was investigated with scanning electron 
microscope (SEM). By using SEM analysis, dominant 
erosion mechanisms were discussed. Surface damage 
mechanisms were visualized by using optical microscope. 
Energy-dispersive X-ray spectroscopy (EDS) analysis was 
also used to evaluate the embedded erodent particles on the 
surface of the samples. EDS mapping was also carried out 
in order to determine the Al2O3 erodent particles 
distribution.  

2. Experimental procedure

2.1. Material 

Inconel 718 used in experimental studies aged in 
accordance with AMS 5663 (Table 1). The samples were 
cut-out from a 50 cm length commercial Inconel 718 rod 
with a diameter of 25 mm. By using wire erosion cutter, 
samples with a nominal thickness of 3 mm were prepared 
for solid particle erosion tests. Samples were polished with 
sandpapers with various mesh sizes in order to obtain 
smooth surfaces before erosion tests. Moreover, a 3µm 
diamond suspension was used after polishing for removing 
trails of wire erosion cutting.  

2.2. Solid particle erosion test 

Solid particle erosion tests were carried out according to 
ASTM G76-13 test standard in a specially designed test rig 
as shown in Fig. 1 and Fig. 2. The erosion test conditions are 
summarized in Table 2. A pressure gauge was used to 
control the blast pressure of erodent particles. To ensure 
reproducible results, the samples were tested in the center of 
the abrasive stream. Prior to and after each exposure to the 
abrasive stream the samples were cleaned ultrasonically in 
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acetone and weighed to 0.01 mg. In the first step of sample 
heating process, a hot air blower is used until the samples 
were heated up to 100°C. Afterwards, for elevated high 
temperature erosion tests, the samples were heated inside the 
erosion test chamber by using an oxyacetylene gas from 
back side of the sample holder through the specially 
designed 20 mm diameter hole in the mid-section of the 
sample holder. At the same time, by using a laser 
thermometer, temperature measurements were measured 
simultaneously from the blasting surface of the specimens. 

Fig. 1. Solid particle erosion test sample holder 

Table 1. 
Chemical composition, properties and heat treatments  
of the Inconel 718 used in the present work 

Approximate Chemical 
Composition of Inconel 718 Heat Treatment 

Ni + Co 50-55% 
Solution anneal at 

980°C for 1 hour and 
air cool 

Cr 17-21% 

Age harden at 720°C 
for 8 hours and 

furnace cool to 620°C 
for a total age 

hardening time of 18 
hours and air cool 

Fe BAL 

Nb + Ta 4.75-5.5% 

Mo 2.8-3.3% 

Ti 0.65-1.15% 

Al 0.2-0.8% 

Properties 

Density 8.19 g/cm3

Melting Point 1336°C 
Coefficient of 

Expansion 
13 µm/m°C 
(20-100°C) 

Modulus of 
Rigidity 

77.2 
kN/mm2

Modulus of 
Elasticity 

204.9 
kN/mm2

Fig. 2. Solid particle erosion test rig
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Table 2. 
Solid particle erosion test parameters 

Nozzle-Sample Stand-off 
Distance 20 mm 

Impingement Angle 30°, 45°, 60°, 90° 

Test Temperature 20°C, 400°C, 600°C 

Erodent Velocity 70 m/s 
Erodent Type / Particle 
Size

Al2O3 / 90-125 m
(120 mesh) 

Test Duration 20 sec 

In order to characterize the erosive wear mechanisms  
at various test parameters, SEM analysis was carried out  
by Hitachi TM 1000 SEM device. Various level of 
magnification was used in SEM analysis in order to 
achieve valuable conclusions about damage mechanisms. 
Energy dispersive X-ray microanalysis (EDS) was used for 
the elemental analysis of eroded Inconel 718 surfaces. EDS 
analysis is used in solid particle erosion studies for 
certifying the embedded particles on the surface of eroded 
samples. Eros on crater observations were carried out by 
cutting the samples at the mid-point of erosion crater with 
the help of water cooled cutting disc. Through the thickness 
analysis was carried out by using a Leica stereo micro-
scope. Finally, JEOL Neoscope JCM-6000 was used for 
surface mapping process to obtain surface distribution 
maps of Al2O3 erodent particles.  

3. Results and discussion 

A typical erosion rate vs temperature plot is presented 
in Fig. 3 for solid particle erosion of the Inconel 718 alloy. 
The Inconel 718 alloy showed the lowest erosion rate at 
90° impingement angle, while Inconel 718 exhibited the 
highest erosion rate at 45° impingement angle for all test 
temperatures. This result is well-suits with the semi-ductile 
behavior of Inconel 718. The unified damage mechanisms 
consist of micro-ploughing and micro-cutting at oblique 
angles (30° and 45°) resulted with a high material loss from 
the target surface. From the curves, up to 400°C, at oblique 
angles erosion rate slightly increases while at 60° and 90° 
impingement angles erosion rate has a descending trend. 
Above 400°C, the erosion rate variation at oblique 
impingement angles (30° and 45°) change its trend and a 
decrease in erosion rate observed. This result can be 
attributed to the creep behavior of Inconel 718 alloy above 

400°C. Conversely, above 400°C, at higher impingement 
angles (60° and 90°) the erosion rate continues its 
decreasing trend. Furthermore, an augmentation in the 
decrease of erosion rate was observed. This phenomenon 
can be explained by embedding Al2O3 particles at normal 
incidence. High test temperature at normal impingement 
angles resulted with an enrichment in embedded erodent 
Al2O3 particles. 

During the solid particle erosion tests under elevated 
temperatures (400°C and 600°C), a decrease in hardness, 
young modulus and strength of Inconel 718 alloy was 
observed. A decrease in hardness indicates that the material 
beneath the eroded surface experienced plastic deformation, 
and, therefore, erosion resistance should be related to the 
ability of a material to absorb impact energy [10].  
As a result, an augmentation in temperature resulted with  
a decrease in erosion rate for all impingement angles but 
more prominent at normal incidence. In Fig. 4 SEM 
morphologies of Inconel 718 alloy eroded at 25°C with 30° 
and 45° impingement angles were given. At 30° 
impingement angle (Fig. 4a), dominant erosion mechanism 
is micro-ploughing. Micro-ploughing traces were observed 
all over the surface area which cause plastic deformations. 
Material removal observed in limited area. On the other 
hand, at 45° impingement angle (Fig. 4b) as a result of 
repeated impacts of abrasive Al2O3 particles the material 
removal is the dominant mechanism. Deepest and widest 
erosion craters were observed at 45° which well-correlates 
with the maximum erosion rate observed. 

Fig. 3. Erosion rate versus temperature curves of eroded 
Inconel 718 samples at various impingement angles 

3.  Results and discussion
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For comparison of temperature effect on erosion 
behavior SEM morphologies for Inconel 718 alloy are 
shown in Fig. 3. For both temperatures (25°C and 600°C) 
maximum erosion rate is observed at 45° impingement 
angle. At 25°C test temperature micro-cracks can be clearly 
seen on the eroded surface as dominant mechanism (Fig. 
5a). This reveals a brittle erosion mechanism at 25°C 
whereas at 600°C, the nature of Inconel 718 alloys 

transformed into ductile characteristic. Plastic deformations 
on surface at 600°C are irregular shaped with distinguished 
boundaries. From the micrograph in Fig. 5a, plasticity of 
Inconel 718 alloy at 600°C increases and hence limited 
material removal is observed. Presence of some open 
erosion craters as well as piles of micro-ploughing also 
been noticed. Formation of lips with plastic deformation 
can be clearly seen from Fig. 5b. 

Fig. 4. SEM micrographs of Inconel 718 surfaces at 25°C (a) 30° (b) 45° impingement angle 

Fig. 5. SEM micrograph of Inconel 718 alloy eroded at 45° impingement angle (a) 25°C (b) 600°C



Research paper10

Journal of Achievements in Materials and Manufacturing Engineering

B. Bircan, S. Fidan, H. Çimenoğlu

Fig. 6. Cross-sectional surface stereo microscope views of Inconel 718 alloy eroded at 25°C temperature (a) 30° 
impingement angle (b) 45° impingement angle 

Fig. 7. Inconel 718 alloy surface Al2O3 mapping eroded at 600°C with 45° impingement angle (×2000 magnification) 
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Figure 6 presents cross-sectional surface stereo 
microscope views of Inconel 718 alloy eroded at 25°C 
temperature with 30° and 45° impingement angles. At both 
impingement angles surface pits occurred due to repeated 
impacts of abrasive Al2O3 particles can be seen clearly.  
At 30° impingement angle, depths of surface pits are 
reverse conical shaped and have small surface crater 
diameters (Fig. 6a). Moreover, at 45° impingement angle 
the pits have a larger erosion crater surface area with the 
same depths as in the 30° impingement angle (Fig. 6b). 
Hence, the erosion crater volumes of Inconel 718 alloy 
eroded at 45° impingement angle is enormous when 
compared with 30°. This result is expected and reliable 
since maximum erosion rate also observed at 45° 
impingement angle. Indication of big globules at surface in 
45° implies the maximum material removal as well. 

In order to point out the embedding particles after 
solid particle erosion, EDS analysis is performed. Table 3 
gives the alumina content of the eroded Inconel 718 alloy 
at 45° impingement angle at 25°C and 600°C 
respectively. EDS analysis of this eroded surface 
indicates that increasing temperature enhances Al content 
on the surface. This result implies that the embedded 
Al2O3 abrasive particle concentration increase with  
an increase in temperature and a decrease in erosion rate. 
By changing the test temperature from 20°C to 600°C 
change % Al content from 6.2 to 7.9.  

Table 3. 
EDS analysis results of 45° eroded samples at 20°C and 
600°C 

Temperature 
Elements (by weight %) 

Al Cr Fe Ni 

20°C 6.2 17.8 20.9 54.0 

600°C 7.9 18.4 20.9 52.8 

In Fig. 7, Inconel 718 alloy surface Al2O3 mapping 
eroded at 600°C with 45° impingement angle is given. 
From surface mapping analysis it can be seen that the pit 
region (seen as dark grey regions) is rich in aluminum, 
while the white lip (seen as white regions) formed has the 
composition of the Inconel 718 alloy. Figure 7 also 
indicates material pull out due to the repeated impact of the 
erodent particles with the craters formed are visible in 
figure. The distortion of the crater boundaries forming 

grooves in the alloy can be seen in Fig. 7 and the plastic 
deformation of the sample is visible. The broken piece  
of Al2O3 particle embedded in the alloy is also visible in 
Fig. 7 at lower right section (white region).  

4. Conclusions 

The solid particle erosion behavior of the Inconel 738 
alloy at 3 various temperatures (25°C, 400°C and 600°C) 
and 4 different impingement angles (30°, 45°, 60° and 90°) 
were carried out. The microstructural investigation of the 
eroded Inconel 718 alloy revealed that at oblique 
impingement angles erosion rate increase with an increase 
in temperature whereas above 400°C a decrease in erosion 
rate observed. Moreover, at normal incidence; erosion rate 
decreases with an increase in temperature. The SEM and 
EDS analysis reveal that an increase in embedded Al2O3

abrasive particles is obvious. This is due to the increase in 
ductility of the Inconel 718 at 600°C. While the erosion 
rate decreases with increasing temperature, this result does 
not imply that the structural integrity of the Inconel 718 
remains constant. Since Inconel 718 work in robust service 
conditions as an aviation engineering material, a more 
detailed study about its erosive wear performance is crucial 
for future work. 
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