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Abstract: A method to study the effects of different parameters affecting the erosion of steels and 
refractories used in fluidized bed boilers was developed. The method allows quantifying the 
contribution of key parameters on erosion, to compare the erosivity of different erosive materials, 
and to rank different boiler materials based on their erosion resistance. Two boiler materials were 
used to test the method; 10CrMo9 and AISI 347. In the method, a gas-blast type erosion test rig was 
used to erode the surfaces at various conditions. The materials were eroded with ash and olivine sand 
at various temperatures and particle velocities. To quantify the erosion, detailed analysis of the 
surface morphology was made before and after the erosion using a confocal optical microscope 
(COM). Additionally, the surface after the exposure was characterized by the means of scanning 
electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). The results showed 
that at high erosion velocities the erosion rates as measured by analyzing the surface profiles with 
COM were in accordance with the weight change, while the COM analyses provided more detailed 
information about the surface changes after the erosion process. At low particle velocities, some 
deposit was formed on the sample leading to false erosion rates by using weight change analysis. 
Thus, the study of the surface profiles and their comparisons provide clearer information of the 
actual material undergoing erosion. In certain cases, such as higher temperature tests, where 
oxidation-corrosion complicates the erosion process, the profile analysis with COM gave better 
erosion information compared to the weight change measurements. 
 

1. INTRODUCTION 
 
Circulating fluidized bed (CFB) boilers have been on the market for nearly 40 years. Gas-solid particle 
erosion has been an interest of research since 1960s, can be found in (Patterson J.K., 1983). Various 
laboratory scale erosion testing methods and equipment have been developed over the years. The common 
feature for every tester type is projection of particles at the surface to be tested. The mechanism used to 
project those particles differs with different test equipment. As early as 1967, Neilson and Gilchrist (Neilson 
J.H., 1968) concluded that for an accelerating gas particle mixture, particle characteristics (size, shape and 
density), initial particle velocity, the mass of particles per unit mass of gas, and the length of the nozzle 
projecting the erodent particles are key factors affecting the final particle velocity. Studied conducted by 
Wang et al. (Wang B., 1989) concluded that high temperature erosion tests gave similar metal wastage 
mechanism for both a laboratory nozzle tester and a fluidized bed combustor. Erosion mechanism involves 
impingement of process particles onto boiler components causing material wastage, especially in corrosive 
conditions. Several factors affect the erosion rates – size, shape, hardness, velocity and impingement angle of 
the particles; process and component surface temperature; gas atmosphere (oxidizing or reducing – and with 
corrosive compounds leading to combined corrosion-erosion) and type of the component material. It has 
been found, under most test conditions, that oxidation-corrosion is the dominant mechanism and the erosion 
of the corrosion scale products and not the erosion of the substrate metal itself occur (Levy A.V., 1983). The 
current study was undertaken to develop a simple setup for testing of boiler materials in an environment 
similar to the CFB boilers. 
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2. SETUP DESIGN 
The test rig was designed considering following parameters: 

x Working temperature: 20-600 ºC 
x Gas+ash velocity: 5-60 m/s 
x Erodent particle size: < 1500 µm 
x Operating time/run: around 30 min  

Short-term runs to allow more test with variable parameters in a limited time. 
x The rig must be small enough to fit into limited laboratory space, easily manufactured and 

maintained in harsh environment. 
x The test specimens must be of a simple geometry so as to be easily machined and positioned. In 

addition, they must conform to a size that allows direct transfer from the rig to a scanning electron 
microscope for qualitative analysis of the eroded surface. 

 
 

Fig. 1. The schematic diagram of the erosion setup designed the erosion measurements. 
 
The particle velocity of the eroding material was measured separately for every testing temperature before 
the erosion tests using a double disk arrangement (Ruff A.W., 1975).  
 
3. EXPERIMENTS 
The apparatus used to carry out the erosion tests is similar to that presented in the ASTM G76-95 test 
standard (Harley.). Fig. 1. shows a schematic diagram of the rig that was developed. In this device, the 
particles of silicon carbide (SiC) were accelerated from a nozzle by using a compressed air stream that 
caused them to impact the surface of the material. 

 
3.1 Preparation of the test materials 
The sand used for the experiments was Olivinesand (GL 60). The sand specifications are listed in table 1. 
The sand used has round bigger particles and more sharp edges for smaller particles. The sand was sieved to 
have particle size less than 1.5 mm. The steel samples used for the tests were AISI 347 and 10CrMo9. AISI 
347 was used for both the room temperature and elevated temperature tests while 10CrMo9 was used for 
only elevated temperature tests. 
 
Before the sandblasting step, tests samples of an average dimension of 20x20 mm were polished and washed 
with acetone in an ultrasonic bath for five minutes. The samples were then weighed and scanned under the 
COM. After the erosion, the samples were washed again, weighed and scanned with COM and SEM. The 
steps followed for conducting erosion tests are as follows: 

1. Polishing the test sample. 
2. Ultrasonic washing in acetone for 5 minutes, COM scanning, weight measurement. 
3. Eroding the test sample. 
4. Ultrasonic washing in acetone for 5 minutes, COM scanning, weight measurement. 
5. COM Scanning, SEM/EDX analysis. 
6. MS-Excel profile analysis. 
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Table 1. shows the technical specifications for the olivine sand and the elemental composition of the steel 
samples used. 

 
 
 

The experiments were carried out to analyze the three aspects of the Confocal Optical Microscope. 

x Choosing the correct profile for erosion analysis. 
x Verifying and correlating the scanned profiles with the weight loss data of the eroded samples. Steel 

samples (AISI 347) were tested at room temperature with olivine sand and at an impact angle of 45º. 
The particle velocity was varied between 10 m/s and 60 m/s. 

x Importance of the scanned profiles for the samples where the weight loss was negligible. It was 
observed that the scanned profile still showed some extent of surface erosion. 

 
3.2 Confocal Optical Microscopy 
The Confocal Optical Microscope (COM) was used to quantify the erosion in the erosion tests. COM used 
for scanning sample surfaces was from NanoFocus AG µsurf.  The test surface was scanned longitudinally to 
produce surface profiles. These profiles were compared before and after the erosion of the surface to 
calculate the erosion depth. These measurements provided various values to assess the extent of erosion 
occurring on the surface of the test material. Every profile contains approximately 13000-18000 data points 
and hence, provides detailed analysis of a scanned surface. The steel sample was scanned under the Confocal 
Optical Microscope before the erosion step. The test sample was scanned three times along the length of the 
sample. The eroded surface could be scanned throughout its whole surface area, but it was important to 
identify the one profile best suited to analyze the whole erosion process.  
 

 

Fig. 2. The three scanned profiles, namely left, middle and right profiles, of the surface of the steel sample. 

 

 
Fig. 3. A typical graph for the scanned profiles obtained from the Confocal Optical Microscope. 
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As shown in Fig. 3, the y-axis in the chart shows the surface level of a sample and the x-axis shows the 
length of the strip scanned. The profile for the unaffected region remains unchanged. Therefore, the 
difference between the two profiles, excluding the unaffected region, gives the approximate value for 
erosion. The surface was scanned again three times after the erosion step. As shown in Fig. 2, the profile, as 
represented by the black lines, were scanned from point (a) to point (b). The same profiles are read in Fig. 3 
from left to right. Hence, in Fig. 3, the left most part of the graphs represents the unaffected region around 
the point (a). The middle part represents the region between the points (a) and (b). The right most part 
represents the region around point (b).  As shown in Fig. 3, the green lines denote the profiles for the surface 
before the erosion, while the blue lines denote the profiles for the surface after the erosion. The three profiles 
were compared and one profile was selected for final analysis of the sample. The aim of scanning the three 
profiles was to check and verify the profile showing the closest resemblance to the actual surface erosion.  

 

 

 

Fig. 4. The three profiles of the test surface. (a) left profile, (b) middle profile, (c) right profile. 

As shown in Fig. 4, the middle profile provided a more complete view of the surface undergoing erosion. 
The maximum erosion depth for the middle profile was higher than the left and right profile. The scanned 
area for the middle profile covered the whole length of impact area and hence, provided more data points for 
comparison. 

4. RESULTS and DISCUSSION  
 
4.1 The repeatability of the scanned profiles. 

The tests were conducted three times for every set of parameters to ensure the repeatability and the 
authenticity of the experiments. The scanned profiles were compared from these experiments. 
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Fig. 5. Scanned profiles of eroded samples for three different test samples, (a), (b) and (c) at 60 m/s (AISI 
347, room temperature����Û impact angle, olivine sand as erodent). 

As shown in Fig. 5, the erosion depth and the length of the cross section of the eroded area for the three test 
samples were very similar. Hence, it could be concluded that the Confocal Optical Microscope provides a 
reliable method to examine the eroded surfaces. 

4.2 Profile analysis for erosion at different velocities. 

The steel samples were eroded at six different particle velocities under similar conditions. It was observed 
that the weight loss of the steel samples due to erosion increased with the increase in the particle velocity. A 
similar trend was observed for the scanned profiles.   
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Fig. 6. The scanned profiles for steel samples tested for six different particle velocities. (a) 10 m/s, (b) 20 
m/s, (c) 30 m/s, (d) 40 m/s, (e) 50 m/s and (f) 60 m/s (AISI 347, room temperature, ��Û�LPSDFW�DQJOH��ROLYLQH�

sand as erodent. 

As shown in Fig. 6, the gap between the green and blue lines indicates the extent of erosion. The wider the 
gap, the more is the erosion.  

Table 2. shows the data obtained from the analysis of the scanned profiles. 

Particle velocity (m/s) Average change in 
material thickness (ȝm) 

Max. 
erosion(�P) 

Min. erosion 
(�P) 

Avg. Wt. 
loss (10-4g) 

10 -0.5 2 -7 -2 
20 -0.6 2 -9 1 
30 0.6 7 -8 13 
40 65.7 111 -6 314 
50 71.0 161 -5 488 
60 83.5 209 -9 774 
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As shown in table 2, the average weight loss of the tested samples increased with the increase in the particle 
velocity. A similar trend could be observed in the scanned profiles, as shown in Fig. 6, the gap between the 
green and blue lines increased with the increase in the particle velocities. This verifies the correlation 
between the scanned profiles and the actual deformation of the steel surfaces undergoing erosion. 

4.3 Profiles showing negligible weight loss 

Confocal Optical Microscope provides a very detailed scanning of the eroded surface. Hence, it was possible 
to examine surfaces which had undergone negligible or a very little surface erosion. Traditional method of 
measuring erosion loss has been by measuring the change in the weight of the sample before and after the 
erosion. It was observed that sometimes the surface underwent some initial material deposit followed by 
slight material loss. In some cases, the surface undergoes simultaneous oxidation-corrosion, solid particle 
erosion and corrosion induced erosion. In such cases, it becomes hard to analyze the test surface. The surface 
could have suffered mild erosion, but the material build up due to oxidation-corrosion or simple material 
deposit on the surface for lower particle velocity tests, could give negligible or even negative loss. Such 
surfaces were examined under the Confocal Optical Microscope and the scanned profiles were analyzed.  

 

 

Fig. 7. The scanned profile of  AISI 347 (400 º C, 45 º impact angle, 20 m/s and CM1 ash as erodent) at two 
different magnifications. 

 

Fig. 8. The scanned profile of 10CrMo9, 20 m/s, 400º C, 45 º impact angle, preoxidized and CM1. 
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The tests for Fig. 7 and 8 were carried out at 400º C, at an impact angle of 45º and particle velocity of 20 
m/s. The test sample for Fig. 8 had an additional oxidized surface before the erosion step. As shown in Fig. 7 
and 8, the surface had undergone some material deposit followed by slight material loss.  

Table 3. shows the weight loss values and the erosion values from the scanned profiles for the two test 
samples shown in Fig. 7 and 8. 

Particle velocity (m/s) Material Test temperature 
(ºC) 

Maximum 
erosion (µm) 

Average weight loss 
(10-4g) 

20 AISI 347 400 3 -6 
20 10CrMo9 400 3 -2 

 

As shown in table 3, the two surfaces showed negative weight loss. However, the scanned data suggested 
that there was some material loss due the surface erosion. This could be attributed to the weight of the 
material build up being higher than the weight lost from the subsequent surface erosion near the middle 
region of the impact area. 

5. CONCLUSION 
 
1. An apparatus was designed to test the boiler materials in conditions simulating CFB boilers. The test-rig 
performed as expected giving adequate results at different testing temperatures.  

2. A Confocal Optical Microscope (COM) was used to analyze eroded surface and the thickness loss values 
were obtained, which were also reproducible.  The erosion data obtained from the scanning method of COM 
was used to compare the weight loss data, which gave satisfactory results. Hence, COM profile analysis 
could be used for quantifying surface erosion along with the weight loss data. 

3. The COM profiles were used to observe erosion in test samples with negligible weight loss and it was 
shown that the method gave better estimation of the test sample surface erosion compared to weight loss 
measurement. Surfaces undergoing complex corrosion-erosion were found to be easier and better to examine 
with COM profile analysis data.  
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