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Abstract

Erosion is a major problem in many industries and machineries like thermal power plants, chemical industries, steam
turbines, hyraulic turbine, agriculture sectors and air crafts etc. In thermal power plants, the boiler tubes are eroded
due to erosion caused by fly ash particles produced due to burning of low quality coal. Various methods such as coatings,
thermal cladding and hadfacing etc. can be used to reduce the erosion. In present research, hardfacing method was used
to overcome the erosion of boiler tubes material i.e. SS316 L. Chromium-nickel based (Chromocarb N*6006 and HAB 90)
electrodes were used for hardfacing SS316 L. The hardness value of HAB 90 was more than both SS316 L substrate and
chromocarb N*6006 hard-faced sample. Erosion behaviour of samples was tested on the air jet erosion terster at 400◦C
for 30 minutes which revealed that the substrate material eroded in ductile manner and hardfaced materials eroded in
brittle manner.
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1. Introduction

High-temperature erosive wear of heat exchanger
tubes and other structural materials in coal-fired boilers
has become a key material issue in the design and
operation of thermal power plants. Erosive wear is
recognized as one of the main causes of downtime in
these installations. Maintenance costs for replacing
broken tubes in these installations are also very high.
High-temperature erosion caused by the impact of fly
ashes and un-burnt carbon particles are the main
problems to solve in these applications, especially in
those regions where the component surface temperature
is above 873 K. Therefore, the development of wear and
high-temperature oxidation protection systems in
industrial boilers is a very important topic from both
engineering and an economic perspective [1].

A large number of engineering components are
subjected to solid particle erosion. Some of them are the
rotor, gas turbine blades of a helicopter engine, boiler,
heat exchanger tubes, burner nozzles, pumps and valves,
compressors, etc. [2].

Solid particle erosion (SPE) is a major concern in
many engineering systems including thermal power plants
in India. Quality of coal and large amount of quartz and
silica ash content reduced the power plant efficiency due
to solid particle erosion of boiler components. One of the
efficient, reliable and less costly methods is to apply
hard-facing layers to the components subject to erosive
environments. The hard-facing layers are highly resistant
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to spalling due to strong metallurgical bond with the
substrate material and a wide range of alloys can be
applied in order to achieve the best performance in a
erosive environment [3].

Surface Engineering is a general processes which
widely used to improve surface properties or modify a
materials interaction with the surrounding environment.
The most common surface engineering technologies used
for steel alloys include transformation hardening, surface
melting, surface hardening, coating and plating etc.

2. Methodology

2.1. Substrate Material

The base material selected for experimentation was SS
316L, used in thermal power plants. The material has
been provided by Guru Nanak Dev thermal power plant,
Bathinda. The samples were extracted from the boiler
tube of 50 mm diameter and 10 mm thickness.

Strips were cut from the boiler tube using milling
machine and grinding machine. Specimens with
dimensions of approximately 150 mm Ö 50 mm Ö 10 mm
were prepared from these strips for hard-facing.

The erosion behaviour of the material depends upon
the surface properties and composition of the material.
For this purpose the chemical composition of substrate
material was analysed at R & D centre, Ludhiana using
spectrometer machine. The chemical composition of
substrate material according to weight % is as shown in
Table 1.
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Figure 1: SS316L boiler tube material

 

Figure 2: Strips made from SS 316L boiler tube

Table 1: Chemical composition of base materials

Material C S P Si Mn Cr Ni Mo Fe

SS 316 L 0.03 0.01 0.03 0.45 1.32 17.38 9.8 2.5 Nil

2.2. Electrode Wire

Two different commercially available electrodes (HAB
90 electrode of 4.5 mm diameter and ChromCarb N*6006
of 5 mm diameter) consisting high composition of nikel
and chromiun were used for hard facing. Nickel and
chromium rich electrodes were selected for hard facing as
they provide good hardness and toughness to substrate
material. The composition of electrodes was analysed
using the spectrometer in the central tool room,
Ludhiana. The composition of electrodes is reported in
Table 2.

2.3. Hardfacing Formulation

The D.C. manual arc welding process was used to
apply hard-facing on the substrate materials. Welding

 

Figure 3: Hard facing electrodes

Table 2: Chemical composition of electrodes

Material C Mn Si P S Cr Ni Mo

Chromcarb

N*6006
1.71 0.74 0.97 0.04 0.012 23.08 8.03 1.9

HAB90 2.93 0.73 1.06 0.035 0.002 20.5 6.55 3.76

parameters used for hard-facing the samples are reported
in Table 3. The arc is the hottest source of heat and the
molten electrode was deposited over the fused metal
substrate, results in fusion as well as diffusion bonding
between substrate and hard-facing material. Double layer
of hard facing electrode alloys was deposited on the
surface. The sample size required for testing the
specimens in air jet erosion test rig were cut as shown in
Figure 4. The samples were then grinded to make the
upper surface smooth, yet 5-6mm deposited layer of
hard-facing alloy was present on the surface of samples.

Table 3: Welding parameters used for hard facing of both alloys

Alloy

material

Welding

current (A)

Welding

Current mode
Polarity

Weld

position

Diameter

Size

Chrom Carb

N* 6006
200

Direct

Current
Straight

Down

hand
4mm

HAB 90 250
Direct

Current
Straight

Down

hand
5mm

2.4. Erosion Testing

The solid particle erosion test were carried out using
Air Jet Erosion Testing Rig capable of conducting tests
at room temperature as well as high temperature as per
ASTMG76, as shown in Figure 5 [4]. The rig consisted of
an air compressor, erodent feeding system, mixing
chamber, furnace unit, specimen holder, nozzle, erodent
collection chamber, pneumatic control box and electrical
control box. The test method utilizes a repeated impact
erosion approach involving a small nozzle delivering a
stream of gas containing abrasive particles which impacts
the surface of a test specimen.

Dry compressed air was mixed with the erodent
particles, which were fed at a constant rate from hopper
through erodent feeding system in the mixing chamber
and then accelerated by passing the mixture through a
converging nozzle made of inconel material of 4 mm
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Figure 4: Samples for erosion testing

 

Figure 5: Air Jet Erosion Test Rig

diameter. These accelerated particles impacted the
specimen kept in the furnace unit consisting of specimen
heater and air heater. The specimen can be held at
angles of 30◦ and 90◦ with respect to the impacting
particles using an adjustable sample holder. The
discharge rate of the particles can be controlled by
varying the frequency of motor speed in the erodent
feeding system. The details about erosion testing
parameters are given below in Table 4. The erosion
testing was performed at Guru Nanak Dev engineering
college, Ludhiana.

3. Results And Discussions

3.1. Micro Hardness Analysis

According to Kumar et al (1999) hardness of the
materials plays an important role in determining the
wear characteristics [5]. The hardness of substrate
material (SS316L) and hard-faced substrate material was
tested with the Vicker’s microhardness testing machine.
Three readings at different points of surface were taken
to calculate the average hardness of specimens under

Table 4: Erosion test conditions

Erodent Material Alumina, Al2O3

Erodent Size 50µm

Particle Velocity 50 m/s

Erodent Feed Rate 2.00g/min

Nozzle Diameter 4 mm

Impact Angle 30◦ and 90◦

Test Temperature 400◦C

Stand of Distance 10 mm

Shape Angular (uneven)

Air pressure 2 bar

Testing time 30 minutes

study. The average hardness of substrate, chromocarb N*
6006 and HAB 90 hardfaced substrate was found to be
191 Hv, 402 Hv and 435 Hv respectively. The higher
value of hardness of chromocarb N*6006 than the
substrate material might be attributed to higher
percentage (by weight) of Carbon 1.71%, Chromium
23.08% and Nickel 8.03% in hard-facing electrodes. The
hardness values of hard-faced HAB90 substrate was
found to be higher than both substrate SS316L and
chromocarb N*6006 hard-faced sample. The hardness
values of specimens along with average hardness value of
specimens is shown in Table 5.

Table 5: Vicker Hardness of samples

Material
Number of readings Average

Hardness1st 2nd 3rd

SS 316 L

Substrate
192 187 194 191

Chrom carb

N*6006 Hard-faced
402 399 405 402

HAB 90

Hard-faced
435 437 435 435

3.2. Erosion Analysis

Erosion is the progressive loss of original material
from a solid surface due to mechanical interaction
between that surface and a fluid, a multi-component
fluid, or impinging liquid or solid particles (ASTM
standard G76). Solid particles transported in gas or
liquid flows cause severe damage on industrial
components and lead to expensive repair and part
replacement [6]. The high-temperature erosion behavior
of materials is believed to depend on complex
interactions between the materials, several
temperature-dependent material properties and the
operative erosion mechanism(s). It is also related to
particle shape, velocity, and impingement angles [7].

The ductile erosion occurs by cutting and deformation
mechanism, whereas brittle erosion occurs by cracking and
chipping mechanism of the fractured and loosened pieces
whose size is determined by the grain size of the coating
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[8]. Weight loss of the samples after erosion test is shown
in Table 6.

Table 6: Weight loss after erosion test of the samples

Materials
Material removed in grams

30◦ 90◦

SS 316 L

Substrate
0.0007 0.0003

ChromCarb

N*6006 Hard-faced
0.0012 0.0017

HAB 90

Hard-faced
0.0009 0.0011

After erosion testing on air jet test rig it was observed
that erosion resistance of samples with 90◦ and 30◦

impingement angle and at 400◦C temperature can be
arranged as shown below:

SS316L > HAB 90 > ChromoCarb N* 6006
From weight loss of SS 316L substrate as shown in

Table 6, it can be analyzed that the solid particle erosion
of the substrate is maximum at 30◦ impact angles. Hence
while considering the effect of impact angle it can be
inferred that the weight loss of substrate at 90◦ impact
angle is lower than that at 30◦. Such behavior is typical
of a ductile material as proposed by Wang and Luer,
(1994); Murthy et al, (2001); Wang and Shui, (2002);
Mishra et al, (2006) and Sidhu et al (2007) [6, 9–12]. The
material subjected to erosion initially undergoes plastic
deformation and is later removed by subsequent impacts
of the erodent on the surface. The ductile behaviour is
further supported by SEM micrographs shown in Figure
6. By contrast, the hard-faced substrate exhibited higher
erosion rate at a steep impact angle (90◦) than at a
shallow impact angle (30◦), the hard-facings are deemed
“brittle” materials. Higher erosion resistance of HAB 90
as compared to ChromCarb N*6006 Hard-faced substrate
can be attributed to higher percentage of carbon and
silicon content in hard facing alloy. Similar results were
reported by Azimi et al, (2009), which revealed that
presence Si in the hard facing alloy increases the
hardness and erosion wear resistance [13].

3.3. Microstructure Analysis

The SEM micrograph provides useful information on
the mechanism of erosion behaviour at different
impingement angles of alumina particles. At 30◦

impingement angle formation of pits on the surface can
be seen clearly [Figure 6] along with ploughing action,
plastic flow of material is with start of lip formation.

SEM micrograph of bare SS316L samples at the
magnification 2000X and 4000X clearly indicate
formation lips, alumina particles and ploughing during
erosion by air jet infused alumina powder. The
mechanism of erosion shows ductile behavior of bare
SS316L sample. So, the weight loss of SS 316L is more at
30◦ impingement angle than at 90◦ impingement angle.

SEM micrographs of chromocarb hard faced alloy
eroded at 30◦ impingement angle are shown in Figure 7.

 

Figure 6: Micrographs of Substrate Material Eroded at 30 Degree
Impact Angle

 

Figure 7: Micrographs of Chromocarb N*6006 Eroded at 30 Degree
Impact Angle

The composition of electrode shown in table 2 indicates
high percentage of Ni present in the hard facing electrode
which might have enhanced the ductility of the
hard-faced substrate. Extensive plastic flow can be
attributed as the erosion mechanism for erosion at 30◦

impact angle Formation of lips and craters can also be
observed in this micrograph. The metallic binder phase is
believed to have removed by plastic deformation due to
softening during high-temperature testing. This
resembles the ductile degradation mechanisms referred to
as ploughing or type I cutting by Hutchings and Winter
[14].

 

Figure 8: Micrographs of HaAB90 Hard Faced Specimen Eroded at
90 Degree Impact Angle

The SEM micrographs of hard faced sample with
HAB 90 alloy coated material are shown in Figure 8. The
hardness values shown in table 5 show that the hardness
of HAB 90 was more than the other two samples i:e base
samples of SS316 L and chromocarb N* 6006 hard faced
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sample. The SEM micrograph shows that the craters and
pits were formed on the surface of the coated material
which shows that the material behaves like brittle
manner due to high percentage of carbon, chromium and
molybdenum more than base material and N*6006. High
amount of chromium, carbon and molybdenum changes
the structure of the material and hence changes the
properties of the materials, similar conclusions were
drawn by Sidhu et al, (2012) during their study [15].

4. Conclusions

1. Hard facing is an economic process to avoid the
replacement of new boiler tubes after erosive wear
by coal particles at evaluated temperatures.

2. SS 316 L substrate eroded more at 30◦ impact angle
of erodent indicating ductile behaviour of material
whereas hard-faced substrate were eroded more at
90◦ impact angle showing brittle behaviour of hard-
faced substrate .

3. Hardness of HAB 90 hard facing alloy was greater
than SS 316 L substrate and Chrom Carb N*6006
hard-faced substrate.

4. SEM analysis reveals that the erodent creates
cutting and ploughing action at 30◦ impingement
angle forming lips while chipping and pitting action
were observed at 90◦ impingement angle creating
pits and craters.
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