
I 
I 

r- - 

[- 

T 

I 
*- 

- -  

I 

a 
W 
I- 
2 
W 
c) 

c) 
CIC 
5 
W 
v) 
W 
CIC 

)I 
c3 
W 
z 
W 

a 

ROBOTIC WELD OVERLAY COATINGS 

FOR EROSION CONTROL 

Final Report Prepared For U.S. Department of Energy 

under Grant No. DE-FG22-92PC92542 

Fitial Technical Report For 

The Period JULY 1992 tltrouglt JuLy 1995 

:- c-? 
L 2  to c t n c  

B. F. Levin, J.N. DuPont and A.R%a&r =Jt 3 
e= ctm 

I =c-3 v-3 fi! F -  
2- -"< z4 

g s  
+= 
\-- 

vi 
s ? w n  

Energy Research Center g. 5 

I1 7 ATLSS Drive 

Lehigh University 

Bethlehem, PA 1801 5 

October 15, 1995 

1337 95 5u 



List of Tables 

List of Figures 

EXECUTIVE SUMMARY 

I. INTRODUCTION 

II. LITERATUREREVIEW 
* 

1I.A. EROSION MECHANISMS 

II.A.l. Ductile Materials 

II.A.2. Brittle Materials 

II.A.3. Other Erosion Mechanisms 

II.B. 

II.C. 

THE EFFECT OF MECHANICAL PROPERTIES ON 

EROSION RESISTANCE 

II.B.l. Hardness 

II.B.2. Strain Hardening 

II.B.3. Fracture Toughness 

EROSION RESISTANCE OF WELD OVERLAY 

COATINGS 

II.C.1. Cobalt-BaseKarbide Alloys 

II.C.2. Nickel-BaseIBoride Alloys 

II. C.3. Nickel-Base Superalloys 

m32 

V 

vi 

1 

7 

8 

10 

13 

15 

15 

18 

19 

i 



II.c.4. Iron-Base Alloys 20 

II.D. SUMMARY 21 

III. EXPERIMENTAL PROCEDURE 23 

III.A. COATING SELECTION ‘23 

1II.B. COATING DEPOSITION 23 

III.B.l. Welding Laboratory 

III.B.2. Welding Process Parameters 

SAMPLE PREPARATION 

III.C.1. Sectioning and Mounting 

III.C.2. Metallography 

MICROSCOPY 

EROSION TESTS 

III.E.l. Erosion Tester 

23 

24 

25 

25 

26 

26 

III.C. 

1II.D. 

1II.E. 

27 

27 III.E.2. Erosion Test Conditions 

III.E.3. Steady State Erosion Rate Determination 28 

1II.F. MICROHARDNESS MEASUREMENTS 30 

1II.F. 1. 

III.F.2. 

III.F.3. 

Room Temperature Microhardness Profiles 30 

Plastic Deformation Measurements 31 

Elevated Temperature Microhardness 
Measurements 32 

1II.G. ELEVATED TEMPERATURE TENSILE AND CHARPY 
AND IMPACT TESTS FOR WROUGHT ALLOYS 

33 

ii 



III.G.l. Determination of The Tensile Toughness 35 

III.G.2. Elevated Temperature Charpy Impact Tests 36 

IV. RESULTS 

IV.A. MICROSTRUCTURAL CHARACTERIZATION 

IV.A.l. Cobalt-Base/or Containing Coatings 

IV.A.2. Nickel-Base Coatings 

IV.A.3. Iron-Base Coatings 

IV.A.4. Microhardness Measurements 

IV.A.5. High Temperature Microhardness 

Measurements 

EROSION TESTS 

37 

37 

38 

38 

40 

41 

41 

41 

42 

IV.B. 

IV.B.l. Cobalt-BaseKontaining Coatings 

Nickel-Base Weld Overlay Coatings IV.B.2 

IV.B.3. Iron-Base Weld Overlay Coatings 42 

IV.B.4. 

IV.B.5. 

Relative Ranking Of The Weld Overlay 
Coatings 
Erosion Tests For Wrought Materials 

43 
44 

IV.C. PLASTIC DEFORMATION MEASUREMENTS 44 

IV.D. ELEVATED TEPERATURE TENSILE AND CHARPY 
IMPACT TESTS FOR WROUGHT ALLOYS 46 

107 V. DISCUSSION 

V.A. EROSION RESISTANCE RANKING OF THE WELD 
OVERLAY COATINGS 47 

iii 



V.B. EROSION MECHANISMS AND FACTORS 
CONTRIBUTING TO EROSION RESISTANCE 

V.B.l. Brittle Materials 

V.B.2. Ductile Materials 

a. Determination Of The Area Under 

Microhardness Profile Curve 

b. Plastic Deformation In Steady State 

Erosion Regime 

c. Erosion Behavior of Ductile Weld 

Overlay Coatings 

d. Erosion Behavior Of Wrought Alloys 

V.B.3. Effect of Mechanical Properties on Erosion 
Resistance of Wrought Alloys 

VI. CONCLUSIONS 

REFERENCES 

TABLES 

FIGURES 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

iV 

49 

49 

52 

53 

55 

56 

59 

60 

64 

67 

70-85 

86-19 



List of Tables 

Table 1. Nominal chemical compositions (wt%) of cobalt-base hardfacing alloys. 

Table 2. Nominal chemical compositions (wt %) of nickel-basehoride-type hardfacing 
alloys. 

Table 3. Phases Formed in nickel-basehoride-type hardfacing alloys. 

Table 4. Nominal chemical compositions of nickel-base superalloys. 

Table 5. Nominal chemical compositions (wt%) of iron-base alloys for hardfacing 
[27,36]. 

Table 6. Nominal chemical composition (wt%) of the selected weld overlay coatings. 

Table 7. Process parameters for deposition of hardfacing weld overlays alloys. 
Plasma transferred arc process. 

Table 8. Reported chemical compositions of the tested wrougth alloys. 

Table 9. Results of the high temperature microhardness tests. 

Table 10. Relative ranking of the weld overlay coatings based upon their combined 
average volumetric erosion rates. 

Table 11. The volumetric erosion rates for alloys in the wrought and weld forms. 

Table 12. Mechanical properties of the tested wrought alloys at 400OC. 

Table 13. Results of the microhardness profile tests for the 316L SS weld overlay 
coating after 20 and 100 minutes of exposure in erosion tester at 90" impact angle. 

Table 14. Results of the microhardness profile tests for the weld overlay coatings after 
100 minutes of exposure in erosion tester at 90" impact angle. 

Table 15. Results of the microhardness profile tests for the wrought alloys after 100 
minutes of exposure in erosion tester at 90" impact angle. 

Table 16. Results of the microhardness profile tests for Cu and Cu-Zn alloys [22, 601. 
The area under the curve for each alloy was calculated in present work base upon the 
reported data. 

V 



List of Figures 

Figure 1. Schematic diagram of material loss during erosion for ductille materials. 

Figure 2. Dependence of erosion resistance (l/volume erosion) onVickers hardness for 
several pure metals and steels, and for various states of work-hardening and heat 
treatment. 

Figure 3. Erosion rate as a function of hardness for low chromium cast iron. 

Figure 4. Schematic illustration of the deformed surface layer of an abraded or eroded 
material. 

Figure 5. The hypothetical stress-strain curves for the erosive wear of two materials 
(A and B) having identical yield stresses and strain to fracture. 

Figure 6. Schematic diagram showing how the abrasive wear resistance depends on 
fracture toughness. 

Figure 7. Microstructure of plasma-transferred-arc deposited hardfacing cobalt- 
basekarbide-type alloys. 

Figure 8. Microstructure of nickel-base/boride hardfacing alloy (13 wt%-Ni, 2.4 
wt%-B, 4 wt%-Si). 

Figure 9. Overlall view of the welding laboratory. 

Figure 10. A photograph of the plasma arc torch assembly. 

Figure 11. A schematic diagram of the plasma arc welding unit. 

Figure 12. A schematic illustration of the cross-section of the weld overlay describing 
dilution. 

Figure 13. A schematic diagram of the erosion tester. 

Figure 14. Top view of the typical erosion sample. 

Figure 15. A schematic diagram of the erosion kinetics. 

Figure 16. A schematic diagram of the microhardness test performed on the weld 
overlay coating cross-section. 

vi 



Figure 17. A schematic diagram of the microhardness profile that was taken in order 
to estimate plastic zone size due to erosion. 

Figure 18. Schematic diagram of the different regions on the true stress-strain curve. 

Figure 19. As-welded microstructure of the Stellite-6 weld overlay coating; (a) top of 
the coating; (b) matrix dendrites (white) and interdendritic phase (dark). Etchant- 
Muracami reagent. 

Figure 20. As-welded microstructure of the TS-2 weld overlay coating; (a) top of 
coating; (b) second phase particles (dark phase). Etchant-Muracami reagent. 

Figure 21. As-welded microstructure of the Ultimet weld overlay coating; (a) top of 
the coating; (b) dendritic microstructure in different regions of the sample, dendrites 
have various size and shape. Etchant: [16d Cr203, 16ml water, and 3Oml HCI] 
solution. 

Figure 22. As-welded microstructure of the Inconel-625 weld overlay coating; (a) top 
of the coating; (b) high magnification of the dendritic microstructure. Etchant: 
electrolytic-5V [5g oxalic acid and 85ml HCI] solution. 

Figure 23. As-welded microstructure of the Hastelloy-22 weld overlay coating (top of 
the coating). Etchant: [16ml Cr203, 16ml water, and 30ml HCI] solution. 

Figure 24. As-welded microstructure of the B-60 weld overlay coating; (a) top of the 
coating and crack that run from the top; (b) high magnification view of the dendrites. 
Etchant: Glicerigia reagent. 

Figure 25. As-welded microstructure of the Iron-Aluminide weld overlay coating; (a) 
top of the coating; (b) coatinghbstrate interface. Etchant: Marshall reagent. 

Figure 25c. As-welded microstructure of the Iron-Aluminide weld overlay coating; (c) 
precipitates within the grain and at the grain boundaries, 

Figure 26. As-welded microstructure of the Armacor-M weld overlay coating; (a) top 
of the coating; (b) high magnification view of the needle-like phase. Etchant: 
Gliceregia reagent. 

Figure 26c. As-welded microstructure of the Armacor-M weld overlay coating (crack 
that run through the coating). 

4 

vii 



Figure 27. As-welded microstructure of the High Chromium Iron weld overlay 
coating; (a) top of the coating; (b) dendrites in the coating microstructure. Etchant: 
Muracami reagent. 

Figure 28. As-welded microstructure of the 316L SS weld overlay coating; (a) top of 
the coating; (b) delta ferrite in austenitic matrix. Etchant: electrolytic-5V [60% HN03 
and 40% water] solution. 

Figure 29. As-welded microstructure of the 420 SS weld overlay coating; (a) top of 
the coating; (b) dendrites of the lath martensite. Etchant: Viella reagent. 

Figure 29c. As-welded microstructure of the 420 SS weld overlay coating; lath 
martensite within prior austenite grains. 

Figure 30 (a-k). Microhardness values across the longitudinal section of the weld. 

Figure 31. Weight loss as a function of time for cobalt-base weld overlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 

Figure 32. Weight loss as a function of time for nickel-base weld overlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 

Figure 33. Weight loss as a function of time for iron-base weld overlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 

Figure 34. Weight loss as a function of time for iron-base weld overlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 

Figure 35. Weight loss as a function of time for wrought alloys. 

Figure 36 (a-k). Microhardness profiles for weld overlay coatings after 100 minutes 
of exposure in erosion tester at 90" impact angle. 

Figure 37 (a-e). Microhardness profiles for wrought alloys after 100 minutes of 
exposure in erosion tester at 90" impact angle. 

Figure 38 (a-e ). Engineering and true stress-strain diagrams for wrought alloys at 
400OC. Equations for the best-fit lines are indicated on the graphs. 

Figure 39 a and b. Effect of average microhardness at 400°C on volume erosion rates 
at 400" for weld overlay coatings: a) coatings that did not appreciably deform 
plastically and b) coatings that deformed plastically. 

viii 



Figure 40. A schematic diagram that illustrate the effect of erodent particles velocity 
on erosion behavior of brittle materials. 

Figure 41. A schematic diagram of change in microhardness with distance from the 
eroded surface. Correlation between the drown true stress-strain diagram and 
microhardness profile is only qualitative. 

Figure 42. A typical example of the microhardness profile (316L SS Coating) from 
which area under the curve can be determined. 

Figure 43. Microhardness profiles for 316L weld overlay coating after exposure in 
erosion tester at 90" impact angle; (a) 100 min. of exposure; (b) 20 min. of exposure. 

Figure 44. Effect of calculated area under the curve of microhardness versus distance 
from the eroded surface on volumetric erosion rates for weld overlay coatings. 

Figure 45. Effect of the measured plastic zone size on volumetric erosion rates for 
weld overlay coatings. 

Figure 46. Effect of calculated area under the curve of microhardness versus distance 
from the eroded surface on volumetric erosion rates for wrought alloys. 

Figure 47. Microhardness profiles for Cu and Cu-Zn alloys after exposure in erosion 
tester at 90" impact angle. The profiles were obtained by Reddy et.al [60]. 

Figure 48. Effect of calculated area under the curve of microhardness versus distance 
from the eroded surface on volumetric erosion rates for Cu-Zn alloys. 

Figure 49. Effect of tensile toughness at 4OO0C on volumetric erosion rates at 4OO0C 
for wrought alloys. 

Figure 50. Effect of tensile toughness at 4OOOC on the calculated area under the 
microhardness curve after erosion at 4OO0C for wrought alloys. 

Figure 51. Schematic diagram showing possible changes is stress-strain behavior with 
strain rate. 

Figure 52. Effect of Charpy impact toughness on volumetric erosion rates for wrought 
materials. 

ix 



The erosion behavior of weld overlay coatings has been studied. Eleven weld 

overlay alloys were deposited on 1018 steel substrates using the plasma arc welding 

process and erosion tested at 400°C at 90" and 30" particle impact angles. The 

microstructure of each coating was characterized before erosion testing. A relative 

ranking of the coatings erosion resistance was developed by determining the steady 

state erosion rates. Ultimet, Inconel-625, and 316L SS coatings showed the best 

erosion resistance at both impact angles. It was found that weld overlays that exhibit 

good abrasion resistance did not show good erosion resistance. Erosion tests were also 

performed for selected wrought materials with chemical composition similar to weld 

overlays. Eroded surfaces of the wrought and weld alloys were examined by Scanning 

Electron Microscopy (SEM). Microhardness tests were performed on the eroded 

samples below the erosion surface to determine size of the plastically deformed region. 

It was found that one group of coatings experienced significant plastic deformation as a 

result of erosion while the other did not. It was also established that, in the steady 

state erosion regime, the size of the plastically deformed region is constant. 

For coatings that did not exhibit appreciable plastic deformation, an increase in 

hardness led to an increase in their erosion rates. No correlations were found between 

hardness and erosion resistance for coatings that deformed plastically. For this group 

of overlays erosion resistance was correlated to the new toughness parameter- 

calculated area under the curve of microhardness versus distance from the eroded 
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suqace. A similar correlation was observed for plastically deformed wrought alloys. 

In order to determine a standard mechanical property or combination of properties that 

correlate to the area under the curve, a qualitative correlation between the area under 

the microhardness profile curve and area under the true stress-strain diagram (tensile 

toughness) was proposed. To verify this relationship, elevated temperature (4OOOC) 

tensile tests were performed for all wrought materials and their tensile toughness was 

calculated from the true stress-strain diagram. A trend of an increase in erosion 

resistance at 4OO0C with tensile toughness was observed. Also, increase in area under 

the microhardness curve correlated reasonably well with an increase in tensile 

toughness. The deviations from the proposed correlation was attributed to much higher 

strain rates during erosion tests when compared with conventional tensile tests. The 

effects of various mechanical properties on erosion resistance and, therefore, their 

influence on material selection are discussed. 
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The erosion of materials by the impact of solid particles has received increasing 

attention during the past twenty years. Recently, research has been initiated with the 

event of advanced coal conversion processes in which erosion plays an important role. 

The resulting damage, termed Solid Particle Erosion (SPE), is of concern primarily 

because of the significantly increased operating costs which result in material failures. 

Today SPE damage remains one of the most significant performance problems among 

U.S. utilities, affecting roughly 80% of fossil fuel systems [l]. According to the 

industry estimate, SPE alone is costing the utilities at least 150 $ million annually in 

reduced efficiency, lost power generation, and maintenance of damaged components 

(boiler tubes and waterwalls) [l]. Reduced power plant efficiency due to solid particle 

erosion has led to various methods to combat SPE. One method is to apply coatings to 

the components subjected to erosive environments. Protective weld overlay coatings 

are particularly advantageous in terms of coating quality. The weld overlay coatings 

are essentially immune to spallation due to a strong metallurgical bond with the 

substrate material. By using powder mixtures, multiple alloys can be mixed in weld 

overlay coating systems in order to achieve the best performance in an erosive 

environment. Although there has been a large amount of research conducted to 

understand wear resistance of weld overlay coatings, only a few of them dealt with 

erosion aspect of wear. The objective of this research was to determine the effects of 

weld overlay coating composition, microstructure and mechanical properties on their 
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erosion resistance. 

m 
A literature review of previous work on Solid Particle Erosion was conducted in 

order to determine possible mechanisms of erosion, identify mechanical properties of 

materials that control their erosion behavior, and select commercially available weld 

overlay coatings for erosion protection. 

II.A. EROSION MECHAMSMS 

Erosion is defmed by the American Society for Testing and Materials 

(ANWASTM G40-77) as the progressive loss of original material from a solid surface 

due to mechanical interaction between the surface and impinging solid particles [2]. 

Erosion mechanisms may include plastic deformation, chipping, cracking, elastic 

fracture, and melting. Specific mechanisms depend upon the composition, 

microstructure and mechanical properties of the material being eroded, composition, 

size, shape, and density of the eroded particles, their velocity and angle of impact, and 

the environment temperature [3]. 

II.A.l. Ductile Materials 

Hutchings and Levy [4] used scanning electron microscopy (SEM) to determined 

the erosion mechanism of ductile metals. It was established that this mechanism shows 

certain common features, irrespective of the type of the alloy. In all cases, severe 

plastic deformation occurs in a localized region surrounding the point of particle 

impact. The observed erosion mechanism can be described in terms of three distinct 

4 
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phases which occur sequentially at any one location. In the initial phase, an impacting 

particle forms a crater and material extruded or displaced from the crater forms a 

raised lip or mound. In the second phase, the displaced metal is deformed by 

subsequent impacts: this may lead to lateral displacement of the surface material, and 

can be accompanied by some ductile fracture in heavily strained regions. Finally, after 

relatively few impacts, the displaced material becomes so severely strained that it is 

detached from the surface by ductile fracture. This mechanism of erosion in ductile 

materials has been termed the "platelet" mechanism by Levy et al. [4]. A schematic 

diagram of this process is shown in Figure 1. It was hypothesized by Sundararranjan 

[5] that the formation of the extruded lip is facilitated once a critical strain is exceeded 

in the deformation volume underneath the impacting particle. Evidence of the "platelet" 

mechanism for erosion of ductile materials has been observed by many 

authors [6]. 

II.A.3. Brittle Materials 

The erosion of brittle materials, (Le. ceramic-type materials) involves brittle 

fracture, chipping and cracking after particle impact [2]. When a particle strikes the 

material surface, it may remain undamaged, it may fracture, or deform by plastic flow. 

Hard particles striking relatively soft targets will tend to produce plastic deformation. 

However, brittle materials do not deform plastically and therefore, brittle fracture 

(median and lateral cracking) may occur [7]. It was documented that some materials 

may exhibit ductile or brittle erosion behavior upon particle impact [7]. This behavior 

can be explained in terms of the competition between the energy required to produce 

_ .  
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plastic deformation and the work needed to produce a new crack surface. The 

occurrence of the transition between plasticity-dominated (ductile) and fracture 

dominated (brittle) erosion behavior depends upon several interrelated factors. Atkins 

et a1.[8] have shown that such transitions may be controlled by the material parameter 

given by @€Vu2,), where E is the Young's modulus, R is the specific work of fracture 

(work per unit area of crack) and 0, is the flow stress. Since the fracture toughness of 

a material, &, is equivalent to (ER)'.' [9], this material parameter is proportional to 

fracture toughness. Therefore, the fracture toughness of materials may determine the 

transition from brittle to ductile behavior during erosion. It was also shown that the 

ductile to brittle transition depends on erodent particle hardness, density, shape, 

velocity, and size [7]. It is clear that such a transition is a function of the material's 

physical and mechanical properties, the erosion conditions and the properties of the 

erosive particles. 

II.A.4. Other Erosion Mechanisms 

Several other mechanisms of erosion have been proposed to account for the loss of 

material. Material removal by melting has been favored by some investigators [l 11. A 

large portion of the kinetic energy of the impacting particles is transformed into heat 

during plastic work around the impact area. This may lead to a significant temperature 

rise in this region. Doule et al. [ll] suggested that the maximum temperature rise will 

be determined by the amount of work that is done on the target material, its specific 

heat, and density. It was calculated that for steel a temperature rise of about 2OO0C 

may be experienced [12] due to the particle impact. The temperature rise was 
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calculater from the following equation [ 113 : 

Tm=WC)x@), (1) 

where P is the indentation hardness, C is the specific heat, and p is the devi@ of the 

target material. As a result of this temperature rise, the local thermal cycling may 

assist the formation and propagation of subsurface cracks and therefore, accelerate 

material loss. It was also established [11,12] that this temperature rise is proportional 

to the material hardness. Therefore, for materials with low hardness, erosion is not 

affected significantly by local thermal cycling. Hutchings et. al [13] have indicated that 

melting is not likely to be an important mechanism in steels. However, there is some 

evidence that melting may occur in ceramic material [l 11 . Other mechanisms which 

have been proposed are associated with the cyclic nature of deformation at the eroded 

surface. Possible mechanisms involve fatigue or delamination processes. Richman et 

al. [14] have found that the cavitation erosion rate for different steels and nickel-base 

alloys is inversely proportional to the their fatigue strength coefficient q. However, 

there is little d e f ~ t i v e  evidence in the form of experimental observations to prove this 

for the case of solid particle erosion. 

-. - .  - 

1I.B. THE EFFECT OF MECHANICAL PROPERTIES ON EROSION 

RESISTANCE 

Over the years, many attempts have been made to find a material property or 

combination of properties that can correlate with the erosion resistance of materials. 

Such properties include hardness, ductility, strain hardening coefficient, and toughness. 
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However, this literature search revealed that good correlations were obtained only 

within narrow classes of materials. 

II.B.l. Hardness 

In the past, the hardness of a material was thought to be the property that 

determined erosion resistance. For pure metals, some correlation, between erosion rate 

and hardness have been shown [2]. The best correlation was found with the hardness 

of the metal in the fully annealed condition, rather than with the hardness of the metal 

in a heavily work-hardened condition. The dependence of erosion resistance on 

hardness for different materials is shown in Figure 2. It can be seen that for metals in 

the fully annealed condition, an increase in hardness leads to an increase in the erosion 

resistance. However, several other observations have indicated that the erosion rate is 

not dependent on material 'hardness [2]. Levy et. a1 [lS] showed that an increase in the 

hardness of a steel by microstructural modifications can lead to an increase in erosion 

rate. For 1075 carbon steel, erosion resistance increases with decreasing hardness for 

a spheroiditic compared with a perlitic microstructure. Oca et al. [16] have shown that 

for a series of tool steels, carbon steels, brass, copper, and aluminum, erosion 

resistance is proportional to the hardness of the surface after erosion. 

Recently, Guo et al. [17] documented that the erosion resistance of low chromium 

white cast irons did not change significantly with a hardness increase when eroded by 

hard silicon carbide particles. However, when eroded by softer particles (glass sand) 

the erosion resistance of cast irons significantly increased with an increase in hardness. 

It was suggested that for a softer erodent, the impacting particles are easily broken and 
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therefore, produce less damage to the surface. Hutchings 171, also proposed that the 

effect of hardness on erosion resistance is strongly dependent on the properties of the 

erosive particles (velocity, shape, size, and density). When hard angular particles 

strike a relatively soft target, the target surface will tend to deform plastically. On the 

other hand, if the erodent particle hardness decreases, they may distort or even 

fragment on impact. In this case, erosion damage will decrease as the target hardness 

increases. This theory is in good agreement with results obtained by Guo et al. [17]. 

The effect of the eroded particle hardness and target material hardness on erosion 

resistance of white cast irons is shown in Figure 3 [lq. It can be seen that when 

eroded by soft glass the sand particle erosion rate decreases with an increase in target 

hardness. But when eroded by hard silicon carbide particles, the erosion rate increases 

with an increase in target hardness. It was suggested by Wert et al. [18] that ceramic 

coatings with high hardnesdelastic modulus ratios should have low erosion rates. 

Also, Ruff et al. [19] have obtained an empirical expression for the erosion of brittle 

materials. The erosion rate was found to be inversely proportional to the fracture 

toughness and directly proportional to the indentation hardness according to 

(2) w,v02.4~3.7 1 2 P . Kc-1.3J30.117 

where w is the volume of material removed, Vo is the impacting particle velocity, p is 

the particle density, R is the particle radius, K, is the fracture toughness, and H is the 

indentation hardness of the eroded material. As discussed above, it is clear that the 

effect of material hardness on erosion resistance depends on many factors that include 

its composition, microstructure, erodent properties, and erosion conditions. Thus, the 
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relationship in equation (2) may hold only for a certain group of materials that were 

tested in specific erosion conditions. 

II.B.2. Strain Hardening 

It was suggested by some researchers that material loss from a metal surface due to 

erosion occurs when a critical fracture strain is achieved at the surface [5]. A critical 

fracture strain may be achieved locally after single or multiple impacts by the erodend 

particles. As a result of the particle impact, the material is plastically deformed and the 

dislocation density increases in the vicinity of the impact. The increase in dislocation 

density leads to an increase in hardness at the surface. It should be noted that as 

material is lost at the attainment of the critical strain, the material below the surface is 

still plastically yielding. A schematic diagram of this process is shown in Figure 4 

11201. Ball [20] proposed that in order to design a material to resist erosion, attention 

must be given to providing a microstructure which ideally never accumulates the 

critical fracture strain under the stress that imposed by the impacting particles. 

Therefore, the ability of a material to accommodate impact energy may contribute to its 

erosion resistance. 

Materials with high strain hardening capacity are able to dissipate impact energy 

and therefore, the critical strain is accumulated after a much longer time. This effect is 

illustrated in Figure 5 [20]. In this figure the hypothetical stress-strain curves for the 

erosive wear of two materials (A and B) are shown. The impacting particles produced 

a stress that increased from o1 to 04. As a result of stress increase, the strains (E) 

produced in each material are also increased. From this figure it can be seen that 
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material with a higher strain hardening coefficient (material A) require a higher stress 

to achieve the critical strain to fracture compare with material with low strain 

hardening coefficient (material B). Gee [21] pointed out that generally metals with face 

centered cubic (FCC) crystal structures exhibit superior wear resistance compared with 

base centered cubic (BCC) metals at equivalent hardnesses. This effect was attributed 

to the higher strain hardening coefficient (n) of the FCC metals. This coefficient (n) 

appears in the following relationship: 

Ut=C€:, (3) 

where, o, is the true stress, E, is the true strain, and C is a constant. 

Venugopal et al. [22] have studied the erosion behavior of Cu-Al, Cu-Zn, and Cu- 

Si alloys. It was documented that their erosion rates decreased linearly with an 

increase in the strain hardening coefficient (n). The authors suggested that a higher n 

values correspond to a higher critical strain that necessary for material removal. As a 

result of an increase in the critical strain to fracture, the erosion resistance of alloys 

tested increased. However, Srinvas et al. [23,24] have found that for the series of 

steels (1040, Cr-Mo and A533 B) with relatively high fraction of second phase particles 

(Le. carbides), an increase in strain hardening coefficient leads to a decrease in the 

critical strain to fracture. It is believed that void nucleation in the materials that 

consists of a high fraction of second phases particles occurs either by decohesion of the 

particle/matrix interface or by breaking of the particles when the local stress exceeds a 

critical value [25]. The higher strain hardening coefficient values enable attainment of , 

the critical stress for decohesion of the particle matrix interface. Therefore, a lower 
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critical strain is required to promote fracture. Also, second phase particles may disrupt 

plastic flow during plastic deformation 1121. As a result of this, the critical strain to 

fracture significantly decreases. 

In addition, it was established that the fracture toughness of steels with high volume 

percent of carbides decreased as the strain hardening coefficient increased [23,25]. 

However, the strain hardening coefficient may have a different effect on the critical 

strain to fracture for single phase materials. For example, with commercially pure 

iron, an increase in the strain hardening coefficient (n) leads to an increase in the 

critical strain to fracture [24]. In single phase systems fracture nucleation occurs by 

slip band impingement on grain boundaries or by intersection of slip bands [24]. 

Therefore, a higher strain is required to initiate fracture. As a result of this effect the 

fracture toughness of commercially pure iron was found to be proportional to the strain 

hardening coefficient. 

It is clear that the strain hardening coefficient can play an important role in 

determining the erosion resistance of ductile materials. However, the effect of strain 

hardening on erosion resistance may vary with the alloy system. With a single phase 

materials an increase in strain hardening coefficient may lead to an increase in the 

erosion resistance. However, with a multiphase materials an increase in the strain 

hardening coefficient may lead to a decrease in the erosion resistance. Only a few 

metallic systems were studied in order to evaluate the effect of strain hardening on 

erosion resistance. Moreover, the erosion behavior of brittle materials that do not 

deform plastically can not be explained based upon strain hardening concept. 
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II.B.3. Fracture Toughness 

The fracture toughness of a material is defined by Hertzburg [9] as a unique stress 

intensity level that causes fracture. In other words, fracture toughness represents a 

measure of the amount of energy that a material can absorb before fracture. It is 

surprising that the effect of fracture toughness on erosion resistance has not received 

significant attention in the literature since it might contribute to erosion resistance. It 

was shown previously in this review that fracture toughness is related to the material 

hardness and strain hardening coefficient. Also, very often ductile or brittle fracture 

due to erosion is accompanied by subsurface crack initiation and propagation [7]. It is 

well known that fracture toughness is a primary factor that contributes to the material's 

resistance to crack initiation and propagation [9]. Therefore, fracture toughness of the 

target material may contribute significantly to erosion resistance. 

The effect of fracture toughness on two body abrasion resistance is shown in Figure 

6 .  It'can be seen from this figure that wear resistance initially increases with an 

increase in fracture toughness. However, when fracture toughness reaches a certain 

critical value, wear resistance decreases with an increase in fracture toughness. It is 

also shown that the hardness of the material is decreases as the fracture toughness 

increases. Hutchings [7] proposed that during abrasion of low fracture toughness 

materials, brittle fracture is the primary mechanism of abrasion. Therefore, an 

increase in fracture toughness leads to a decrease in abrasion wear rate. On the other 

hand, in materials with high fracture toughness, abrasive wear is controlled by plastic 

deformation and brittle fracture does not occur. In this case the abrasive wear rate is 
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controlled by the hardness of the material. Since for most materials an increase in 

hardness leads to a decrease in fracture toughness, abrasion resistance decreases with 

increasing fracture toughness at high values of fracture toughness. 

Hutchings suggested that the peak in the abrasion resistance-fracture toughness 

curve (Figure 6) occurs at the point of transition between the two regimes, in which 

wear is controlled by fracture toughness or hardness. The author also hypothesized 

that the erosion resistance of materials varies with fracture toughness in the same 

manner as abrasion resistance. However, there are only a few observations in the form 

of experimental work to prove this theory for erosion wear. According to Wert et al. 

[ 181, the erosion rate of brittle TiB, coatings is inversely proportional to fracture 

toughness. This result has been documented by other workers [19]. 

It was established by Lawn 1261 that fracture toughness of brittle materials is 

inversely proportional to (HE)0.5, where H is the hardness and E is the elastic modulus 

of the coating. Guo et al. [17] have studied the erosion behavior of brittle low 

chromium white cast irons. When eroded by hard silicon carbide particles, the erosion 

rate drastically decreased if fracture toughness increased. The microstructure of low 

chromium white cast irons consists of a large volume fraction of chromium carbides. 

The erosion mechanism of these materials may include microcutting, subsurface crack 

initiation and propagation, spalling, and fragmentation. When eroded by much harder 

silicon carbide particles, the chromium carbides can not resist cutting or absorb the 

energy of impact. This leads to crack initiation and crack growth into the matrix. 

However, if the matrix has a high fracture toughness it can partially absorb the impact 
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energy and delay crack propagation and fracture, thus leading to lower erosion rate. 

Several authors have concluded that, when impacted by a harder erodent, materials 

with a high fracture toughness and hardness offer good protection against erosion [17]. 

But for a softer erodent, harder target materials are a better choice for erosion 

protection. Although it can be seen that the fracture toughness can contribute to the 

erosion resistance of brittle materials, no information was found on its effect on erosion 

behavior of ductile materials. 

II.C. EROSION RESISTANCE OF WELD OVERLAY COATINGS 

This literature search revealed a lack of information about weld overlay coating 

performance in erosive environment (e.g. boiler tubes, waterwalls in power plants). 

However, it has been established that weld overlay coatings exhibit excellent abrasion 

resistance [27]. Given the many similarities between erosion and abrasion [28] , highly 

abrasion-resistant materials might be expected to exhibit high erosion resistance. 

Several different coating groups can be used as weld overlays for erosion protection. 

They may be separated into four major groups: 1) Cobalt basekarbide type alloys, 2) 

Nickel base superalloys and Nickel baselboride-type alloys, 3) Iron-base alloys, and 4) 

Tungsten carbide alloys [27,29]. 

II.C.l. Cobalt-Baselcarbide Alloys 

Cobalt base alloys are extensively used in many industries for components which 

require high resistance to wear of all kinds [30]. The main difference between the 

various cobalt basekarbide type alloys is carbon content [27]. It was found that 
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carbide volume fraction has a significant effect on erosion, abrasion and corrosion 

resistance of cobalt base alloys [27,3 1 J . Table 1 lists typical compositions of the cobalt 

basekarbide type alloys. Chromium rich M7C3 is the reported predominant carbide in 

these alloys. Tungsten-rich M,C carbide was also found in cobalt base alloys that had 

a high tungsten content. Chromium-rich M&, carbide is common in cobalt base 

alloys that have a low carbon concentration [27]. Photomicrographs of plasma 

transferred arc deposits of the most widely used cobalt base carbidehype alloys 

(Stellite-6, 12, and 20) are shown in Figures 7 a,b, and c, It can be seen that tungsten 

and carbon contents have a strong influence on carbide formation. Both elements 

increase the volume fraction of carbides [28]. The microstructure of cobalt 

basekarbide hardfacing alloys consists of primary-solidified hard phases such as M7C3 

or other type of carbides that were listed above, depending on chemical composition. 

These carbides are embedded in a eutectic that consists of a metal matrix(Co-Cr-W 

solid solution) and eutectic hard phases. The structure of the eutectic hard phases 

consists of carbides (M& M7C3, M&) and intermetallic compounds [31]. It was 

documented by Berm et. ai. [31] that the hardness of the primary solidified phases in 

cobalt base alloys was much greater than the hardness of the eutectic. It was also 

found that coarse primary solidified carbides are responsible for excellent abrasion 

resistance of cobalt base alloys [27,31]. 

The eutectic hard phases also significantly contribute to the abrasion resistance of 

this alloy by covering the areas between primary carbides [27,31]. However, Ninham 

[32] found that the morphology of the carbides in cobalt basekarbide alloys has a 
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much smaller effect on erosion performance than the composition of the matrix. The 

author also concluded that the hard coarse carbides which provide good abrasion 

resistance to cobalt base alloys cause a disruption of plastic flow during erosion. It is 

believed [32] that the inhomogeneous nature of the plastic flow results in very high 

strain gradients and consequently to void formation and cracking of the carbides. 

These processes facilitate material removal when the erodent particles strike a surface 

of the material and increases erosion rate [32]. As it was discussed in section II.B.2., 

the second phase particles may significantly decrease a critical strain that necessary for 

material removal. As a result of this effect the material erosion rate is increases. 

Therefore, hard coarse carbides in cobalt baselcarbide alloys may be responsible for 

high erosion rates. However, it is still unclear how the composition, size and shape of 

primary and secondary carbides in cobalt base alloys affect erosion rate. 

The cobalt base matrix provides excellent strength of the material at high 

temperature, and chromium additions contribute to corrosion resistance of cobalt 

baselcarbide type alloys 1271. For the past few years, a significant amount of research 

has been conducted in order to modify cobalt baselcarbide alloys by additions of 

alloying elements that provide better abrasion and erosion resistance [27,30,3 13. Berns 

et.al [31] have found that by alloying additional Nb, Mo, and B the volume fraction of 

coarse, hard phases is raised. With respect to the base material certain amounts of Ni, 

W, Si, Cr, B and C that remain after the primary solidification of the hard phases bring 

fine eutectic phases (carbides, borides, intermetallic phases) together with the metal 

matrix [30,31]. For example, with addition of niobium in cobalt base alloys, primary 
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carbide (MC) solidified from the melt an additional intermetallic phases dissolved in 

Co-Cr matrix [31]. Because of the relatively high cost of cobalt, application of this 

coating to power plants may not be feasible. Therefore, alternate material should be 

evaluated, with iron and nickel as potential cobalt substitutes. 

II.C.2. Nickel-BaseBoride Alloys 

Of all the hardfacing materials, the nickel-base/boride type alloy are 

microstructuraly the most complex 1271. The typical alloys compositions are shown in 

Table 2. Together with nickel, the other elements such as chromium, boron and 

carbon determine the level and type of hard phases within the structure of nickel- 

base/boride hardfacing alloys upon solidification [27]. The actual phases that form in 

the nickel basehoride type alloys are listed in Table 3 [27]. The microstructure of a 

commercial Ni-Cr-B-Si hardfacing alloy is shown in Figure 8 [33]. The alloy 

microstructure shows initially solidified coarse chromium borides of MB type, which 

are embedded in a Ni,B/Ni-eutectic and Ni metal matrix hardened by the dissolved Cr 

and Si. This alloy has good resistance against abrasive wear and good corrosion 

resistance [33]. It appears that abrasion resistance of Ni-Cr-B alloys is controlled by 

the amount of coarse hard phases in the microstructure [33]. This mechanism is very 

similar to that in cobalt base alloys. It was found that additions of Nb, Mo, W, and Si 

can increase the volume fraction of hard phases and therefore improve abrasion 

resistance of these types of alloys [33,35]. Berm et.al. [31] found that for hardfaced 

alloys the best abrasion wear resistance at a given volume fraction of coarse hard 

phases occurs in alloys having the lowest amount of metal matrix. 
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II. C.3. Nickel-Base Superalloys 

Nickel-base superalloys can be defined as alloys that consists of a Ni-Cr matrix, 

hardened by t' phase mi3(Al,Ti)], with further optional additions of cobalt, iron, 

tungsten, molybdenum, vanadium, niobium, tantalum, boron, zirconium, carbon, and 

magnesium 1361. It is well known that nickel-base superalloys are widely used for high 

temperature applications. Typical compositions of nickel-base superalloys are shown in 

Table 4 [36]. The carbon concentration in Ni-base superalloys is lower than the carbon 

concentration in Ni-base/boron alloys. Therefore, one can expect that the amount of 

carbide phases in Ni-base superalloys is lower than the amount of carbide phases in Ni- 

base/boride alloys. 

Nickel-base superalloys may exhibit high erosion resistance due to their unique 

hardening mechanism. It was established that Ni-base superalloys have two major 

microstructural characteristics: 1) Solid-solution hardening of the z phase matrix and 2) 

Precipitation of t* phase, Ni,(Al,Ti) [37]. Tungsten, molybdenum, chromium, and 

aluminum contribute strongly to solid solution hardening. The precipitation of t ' phase 

is a phenomenon that differs the Ni-base superalloys from Ni-basehoride alloys. t' 

phase is a unique intermetallic phase, the strength of which increases as temperature 

increases. Moreover, the ductility of t' phase prevents severe embrittlement of the 

microstructure. The chemical composition of t' phase can vary depending upon the 

amount of alloying elements in the Ni-base superalloys. This literature search revealed 

no information about resistance of weld overlays nickel base/boride alloys and nickel 

base superalloys to solid particle erosion. 
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II.C.4. Iron-Base Alloys 

It is believed that most hardfacing alloys develop their wear resistance by virtue of 

wear resistance carbides [37l. In iron-base hardfacing alloys intermetallic compounds 

along with the carbides are responsible for wear protection of the material. The 

development of iron- base hardfacing alloys is based on two criteria: 1) limited use of 

strategically important and expensive materials (e.g. cobalt), 2) use of intermetallic 

compounds as the primary hard phase [37]. ‘A wide range of compositions exist for 

iron-base hardfacing alloys [38]. Chemical compositions of some of the iron-base 

hardfacing alloys are shown in Table 5.  The lack of information on erosion resistance 

of these alloys makes material selection very difficult. However, iron-base alloys have 

a great potential as an erosion resistant weld overlay coating [39]. For example, new 

Fe-Cr-Ni and Fe-Cr-Ni-Mo alloys have been developed for erosion protection [39]. It 

was reported that these alloys have a partially amorphous structure that provides unique 

abrasion and erosion resistance. 

Recently, several new high silicon stainless steels have been developed for abrasion 

protection of bulk materials [27]. The high-silicon hardfacing alloys differ from other 

hardfacing materials in terms of their corrosion resistance, mechanical properties at 

high temperature and thermal stability. Silicon is an important matrix element and is a 

potential promoter of intermetallic precipitates. It has a powerful influence on the wear 

properties of a material [27]. However, the effect of silicon on erosion resistance of 

hardfacing alloys has not been determined. Scholl et.al. [37] have found that Fe-Mo- 

Ni-Si-C hardfacing alloys, which have a microstructure of austenite/martensite matrix 
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plus austenitekarbide eutectic, showed good abrasion resistance [37]. Apparently, the 

primary intermetallic compounds and carbides provided high abrasion resistance of this 

alloy [37]. Cavitation erosion behavior of ordered iron-aluminide alloys has been 

studied by Johnson et.al. 1401. It was found that Fe-AI alloys exhibited high erosion 

resistance at room temperature. The high erosion resistance of ordered iron aluminide 

coating can be attributed to the high strain hardening ability of this alloy [40]. 

II.D. SUMMARY 

Solid particle erosion of waterwall boiler tubes is a failure mechanism that is not 

fully understood. The erosion resistance of a material is a complex function of the 

physical and mechanical properties of the target and erodent materials and 

environmental conditions. There is a wide uncertainty as to what various erosion 

mechanisms exist, and to what mechanical properties of a material control its erosion 

behavior. The deposition of weld overlay coatings is one method to combat erosion. 

However, this literature review revealed that little information exists about weld 

overlay coating performance in an erosive environment. In order to understand the 

erosion behavior of these coatings, it is essential to understand the role of mechanical 

properties, such as hardness, fracture toughness and strain hardening, in determining 

erosion behavior. The mechanical properties of a coating are a reflection of its 

microstructure. Therefore, the influence of coatings microstructure on mechanical 

properties and erosion behavior needs to be determined. It is the goal of this research 

to determine effect of weld overlay coatings composition, mechanical properties and 
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microstructure on their erosion behavior. 
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AT, PROCEDURF; 

1II.A. COATING SELECTION 

Eleven weld overlay coatings were selected for erosion testing based upon a 

literature review and vendors surveys. The nominal chemical composition of the 

selected coatings is shown in Table 6 .  All coatings were separated into three major 

groups: 1)Cobalt-base (or cobalt containing), 2)Nickel-base, and 3)Iron-base alloys. 

1II.B. COATING DEPOSITION 

The plasma transferred arc welding (PTAW) process was employed for coating 

deposition. Each coating was deposited on a 1018 carbon steel substrate (12 inch x 12 

inch x 0.25 inch thick). This substrate was chosen because it is widely used for boiler 

tube applications in Circulated Fluidized Boilers (CFB's). The 1018 steel surface was 

prepared to a 24 grit finish and cleaned in acetone prior to welding. Powders of 

hardfacing alloys were provided by Anval Inc, Stellite Coatings Inc., and Ametec 

companies. 

III.B.l. Welding Laboratory 

The welding laboratory consists of a Thermodynamics power source and plasma 

console unit interfaced to a Texas Instruments/Siemens 405 programmable control unit. 

Plasma arc welding is conducted with an L-Tec plasma arc torch which delivers 

fluidized powder alloys directly through the torch into the weld pool. The plasma arc 

welding process was selected based on its ability to apply a wide range of overlay 
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alloys in powder form. Photographs of the welding laboratory are shown in Figures 9 

and 10. A schematic of the Plasma ARC Welding unit is shown in Figure 11. With 

this process, the heat required for welding is generated by an arc which is maintained 

between a non-consumable tungsten electrode and the base metal. The tungsten 

electrode in the PAW torch is recessed within the gas nozzle and two gases are used. 

An argon orifice gas flows at high velocity through the orifice body and forces the arc 

to form a cylindrical shape. An auxiliary argon shielding gas protects the weld metal 

from atmospheric gases. The intensity of the heat source is controlled primarily by 

adjusting the current that flows through the arc. Also, the recessed tungsten electrode 

permits the use of powder filler metals which can be transported directly through the 

torch. The welding parameters such as voltage, travel speed, current, and filler metal 

feed rate were optimized in order to provide good fusion between coating and 

substrate. 

III.B.2. Welding Process Parameters 

The welding process parameters that were used for coating deposition and the 

resultant coating thicknesses are listed in Table 7. The heat generated per unit length 

of weld (H) was calculated by using the following equation: H= ctVI/S, where V is 

the voltage drop across the arc, I is the welding current, S is the travel speed of the arc 

and ct is an arc efficiency factor [42]. To accurately determine the heat input to the 

material the arc efficiency factor must be known. The arc efficiency factor is given as 

ct = Energy Transferred into Work Piece/Energy Generated by Arc [42], ct is always 

less than unity and the arc efficiency is mainly a function of the type of 
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welding process. The arc efficiency factor for plasma transferred arc welding was 

experimentally determined to be 0.48 from previous work at Lehigh [43]. 

Each coating sample contains 10 to 15 single weld beads which overlap by 

approximately 50 percent. This value of overlap is typical in surfacing applications 

because it provides low dilution in the coating and a smooth coating surface. Dilution 

is given by the following equation [42] (see Figure 12): 
I 

% Dilution= &/(&+A,,) X 100 (4) 

The dilution is a measure of the amount of base metal that mixes with the weld overlay. 

Because of dilution, the final chemical composition of the alloying elements in the weld 

overlay coating will be less than the initial composition of the powder. Therefore, 

dilution can significantly affect coating composition. On completion of the welding of 

each layer, the test piece was allowed to cool in air to room temperature. 

1II.C. SAMPLE PREPARATION . 

III.C.1. Sectioning and Mounting 

After deposition, weld overlays were sectioned with an abrasive (A1203) cut off 

wheel into 0.5 inch x 0.5 inch coupons for erosion tests. The first three and the last 

welding beads were not included in the samples for erosion tests due to the high 

dilution level in these beads. Two uneroded samples from each coating (longitudinal 

and transverse locations) were cross-sectioned and mounted in cold curing, 

thermosetting epoxy. This material cures at room temperature without an externally 

applied pressure. The lack of applied mounting pressure prevents any damage to the 

coating surface. Longitudinal and transverse samples were placed in the same mount. 
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In this way, the two coated surfaces provide support for each other. 

III.C.2. Metallography 

The weld overlay coating samples were ground on an automatic polisher to a 600 

finish using silicon carbide paper. Final polishing was performed to a 0.3 micron 

finish using alumina powder. The polishing steps removed the surface scratches and 

deformation that were incurred during the fml grinding step. The specimens were 

etched and their microstructure was characterized by using Light Optical Microscopy 

(LOM). 

1II.D. MICROSCOPY 

The microstructure of all the coatings in the as-weld condition was characterized 

using Light Optical Microscopy (LOM). LOM was performed using a Zeiss Axiomat 

Inverted Light Microscope. In addition, eroded surfaces of each coating after 100 min 

exposure (longest time) were observed by Scanning Electron Microscopy (SEM). 

SEM analysis was performed using an ETEC Autoscan Electron Microscope operated 

at 10 and 20 KV. Observation of the eroded surface using SEM required the 

application of a thin amorphous carbon coating to each specimen. A Denton Vacuum 

carbon evaporator was used to apply the carbon coating to the eroded surfaces. Also, 

carbon tape was applied on the sides of each sample and from the edge down to the 

stub. These two specimen preparation techniques were necessary to prevent imaging 

problems associated with specimen charge collection. 
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I 

EROSION TESTS 

III.E.l. Erosion Tester 

A schematic diagram of the erosion tester that was used in this investigation is 

shown in Figure 13. The system is driven by an air compressor which can deliver up 

to 35 scfm of air. The air is cleaned through a series of fibers to remove any entrained 

water. The flow meter and pressure regulator control the amount of air that flow 

through the system. The air is heated by two inline fluid heaters to temperatures up to 

700°C exiting the heaters. Erodent is fed into the air stream with a screw feeder to 

ensure constant feed rates. The particles and hot air are accelerated and impinge upon 

the sample at any angle between 0" and 90 " . The particles velocity distribution prior 

to impact is directly measured with a Laser Doppler Velocometer (LDV). 

III.E.2. Erosion Tests Conditions 

The standard test conditions that were chosen for this study were: 

Eroded Sample Planar Dimensions = 0.5 inch x 0.5 inch 

Sample Temperature = 400°C 

Erodent Particles Velocity = 40 m/s & 5% 

Erodent Particles Flux = 8.56 mg/(mm*/sec) 

Impingement Angle = 90" and 30" 

Erodent = alumina (A1203) 

Erodent size range = 300-550 microns 

Exposure time = 5, 10, 20, 50, and 100 min 

The sample size was chosen to be 0.5 inch x 0.5 inch because these dimensions 
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are slightly smaller than the acceleration tube inner diameter (0.6 inch). Therefore, the 

top surface of the coatings are completely covered by the erodent particle stream. An 

example of a typical erosion sample is shown in Figure 14. 

The sample temperature was chosen to be 400"C, similar to the temperature of the 

fireside boiler tube surface [44]. The particle velocity is similar to this used by other 

investigators [45]. The erodent particle velocity is reported as an average velocity and 

the standard deviation was found to be approximately 5 % . 

The particle impingement angles were chosen to be 90" and 30". The impingement 

angle is defined as the angle between the direction of the impinging particles and the 

metal surface at the point of impact [2]. From the literature review, it was found that 

some ductile materials exhibited a maximum erosion rate at 20-30" impact angles [2] 

while several brittle materials exhibited maximum rates at a 90" impact angle. Based 

upon these results it was decided to conduct erosion tests at these two impingement 

angles in order to evaluate potential variations in erosion rates between classes of 

overlays (Le. ductile vs. brittle) due to differences in impact angle. 

III.E.3. Steady State Erosion Rate Determination 

The erosion kinetics which are typical of most materials are schematically shown in 

Figure 15. The weight loss of a given material as a function of time during erosion 

often follows a pattern consisting of a relatively small incubation period with little or 

no material removal. Apparently, incubation periods are indicative of the time required 

for sufficient work hardening prior to localized fracture [46]. The material eventually 

experiences surface weight loss and surface hardening at the same rates, and attains a 
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steady state erosion rate. Steady state erosion is defmed by the linear portion of the 

weight loss versus erosion time graph [2]. Determination of the steady state erosion 

rate is very important from a practical point of view since most of the material removal 

occurs during this period. Five different erosion exposure times (5, 10, 20, 50, and 

100 min.) were used in this study in order to adequately obtain the weight loss vs. 

erosion time plot for each weld overlay coating. For some coatings, additional 80 min 

and 120 min tests were conducted. One sample was used per each erosion time. 

Therefore, five or six samples from each coating were used in order to obtain the 

relationship between weight loss and erosion exposure time for each impingement 

angle. 

To quantify weight loss during the erosion experiments, the erosion coupons were 

ultrasonically cleaned in acetone and weighed before the erosion tests to the nearest 0.1 

mg. The samples were handled with plastic tweezers to avoid contamination and stored 

in wax paper envelopes until testing. Once the erosion tests were complete, the 

samples were again ultrasonically cleaned in acetone and weighed to determine the 

weight change due to erosion. The graphs of weight loss vs. time of exposure were 

obtained for each weld overlay coating for each impingement angle. A linear 

regression analysis was performed on the data in the steady state erosion regime of the 

weight loss versus erosion time plots, the slopes of which yield the steady state 

erosion rate. The volume erosion rate for each coating was obtained by dividing 

weight loss rate to the density of the coating. The volume erosion rate is a more 

objective parameter that measure material loss due to erosion than the weight loss rate. 

29 



For example, two materials with different densities may exhibit equal weight loss due 

to erosion, however, high density material will have a lower volume loss than a 

material with low density, since V=m/p, where V is the volume of the removed 

material, m is the weight of the removed material, and p is its density. 

III.F. MICROHARDNESS MEASUREMENTS 

III.F.l. Room Temperature Microhardness Profiles 

The room temperature microhardness tests were performed on all weld overlays in 

order to determine variations in weld hardness with distance from the top of the weld. 

All tests were conducted on the longitudinal sections of uneroded welds by using a 

LECO-M 400 F T  Microhardness Tester interfaced with computing processor ACP-94. 

A highly polished, pointed rhombic-based, pyramidal diamond with included 

longitudinal edge angles of 172" and 130" was used as an indenter (Knoop indenter). 

The Knoop indenter produces a rhombic-shaped indentation that has a ratio between 

long and short diagonals of approximately 7 to 1 [47]. Due to its elongated shape, the 

use of a Knoop indenter enabled indentations to be made closer to the edge of the 

sample and adjacent indentations compared with a Vickers indenter. Therefore, 

variations of microhardness of the weld as a function of the distance from the top of the 

weld can be measured more accurately. The microhardness tests were conducted 

according to ASTM E 384 standard [48]. The schematic diagram of the microhardness 

test is shown in Figure 16. All tested samples were cross-sectioned, mounted and 

polished according to the procedure previously described in Sections III.C.1. and 
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III.C.2. The microhardness tests started at the top of the weld and proceeded well into 

the base metal. The long diagonals of the indentations were oriented parallel to surface 

of the weld. The spacing between each indentation was 120 microns. A 1 kg load was 

used to obtain microhardness measurements. The length of the long diagonal for each 

indentation was measured and the Knoop hardness number was determined by 

computer processor ACP-94. 

III.F.2. Plastic Deformation Measurements 

In order to determine the size of the deformed region beneath the eroded surface, 

microhardness tests were performed on a longitudinal section of each weld overlay 

coating after 100 min exposure in the erosion tester at 90" particle impact angles. As a 

result of the erosion, the material beneath the eroded surface may experience plastic 

deformation and coating hardness may increase directly below the surface. A plastic 

zone size and an increase coating hardness due to erosion can be estimated by obtaining 

a microhardness profile from the eroded surface into the base material. A schematic 

diagram of this profile is shown in Figure 17. The depth at which the hardness value 

becomes constant is defined as the plastic zone size. The same experimental procedure 

was used for these tests as for the microhardness measurements on uneroded samples 

(section III.F.1.). However, small applied loads (10 g, 25g, 50g and 1OOg) were used. 

Application of small loads decreases the indentation size and spacing between each 

indentation can be significantly decreased as a result. With this approach, even small 

variations in hardness with distance from the eroded surface can be detected. 

Measurements were made at the distance of 10 or 20 um from the eroded surface, 
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depending upon the applied load and proceeded well into the weld. The microhardness 

tests were conducted according to ASTM E 384 standard [48]. Three to five 

microhardness profiles were obtained in different locations of each coating in order to 

improve the statistical significance of the data. From these profiles, the size of the 

plastic zone and increase in coating hardness due to erosion for each coating was 

determined. 

III.F.3. Elevated Temperature Microhardness Measurements 

Elevated temperature hardness tests were conducted in order to determine the 

effect of coating hardness on their erosion resistance at elevated temperature (400°C). 

The tests were performed on a High Temperature Nicon Microhardness Tester. The 

measurements were obtained on a longitudinal section of each weld overlay. The 

required sample size for these tests is 10 rnm x 5rnm x 5mm thick. Before testing, 

each sample was mechanically polished to 0.3 um surface f ~ s h .  Hot-hardness tests. 

were made with a 500 g load using a pointed square-base pyramidal diamond with face 

angles of 136"+30 min (Vickers indenter) at a constant dwell time (5 sec) at maximum 

load. The Vickers indenter produces a square-base indentation. Measurements were 

taken at 25°C and 400°C under 1 mPa (lo5 torr) pressure. The microhardness tests 

were conducted according to ASTM E 384 standard [48]. Both diagonals of each 

impression were measured and their mean value was used as a basis for calculation of 

the Vickers hardness number. In order to calculate the Vickers hardness number the 

following expression was used [47]: 

HV= 1.8544P/d2, (5) 
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where HV is the Vickers hardness number, P is the applied load in kilograms, and d is 

the mean diagonal of the indentation in millimeters. Average microhardness numbers 

and standard deviations were calculated from at least ten to twenty indentations. It 

should be noted that indentations were made at different locations on each coating 

sample and therefore, variations in microstructure throughout the weld could contribute 

to the error in microhardness measurements. 

1II.G. ELEVATED TEMPE€UTURE TENSILE AND CHARPY IMPACT TESTS 

FOR WROUGHT ALLOYS 

In order to determine the effect of mechanical properties on erosion resistance at 

elevated temperature (400"C), tensile tests at 400°C were performed for Ultimet, 

Inconel-625, C-22, 316L SS, and Stellite-6 wrought materials. The reported chemical 

compositions of the tested alloys are shown in Table 8. These wrought alloys were 

selected for the tensile and erosion tests because the erosion behavior of the similar 

weld overlay coatings was studied in the previous part of this research. However, the 

thicknesses of the deposited weld overlay coatings were not sufficient to machine 

samples for the tensile tests. Thus, similar wrought alloys were selected for the tensile 

tests in order to determine the effect of mechanical properties (tensile toughness, 

ductility, strain hardening, and yield strength) on erosion resistance. It should be noted 

that the mechanical properties of the wrought alloys and weld overlay coatings might 

be different. However, the effect of the mechanical properties on the erosion resistance 

ranking for the wrought materials may be similar to weld alloys and may yield 

information which is invaluable for selecting erosion resistant coatings and alloys based 
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on their known mechanical properties. 

Tensile tests were performed according to the ASTM E-8 standard [49] at 400°C in 

laboratory air by using a Tinius Olsen High Temperature Tensile Machine. One small- 

size round sample that had a 0.252 inch diameter and 1.0 inch gage length was tested 

for each material. Tests were run at a strain rate of 0.05 inch/inch per minute. The 

true stress-strain curves were calculated from the engineering stress-strain curves based 

upon the following equations [50]: 

True strain, de = dl/l or E =In( 1 +e) 

True stress, a=F/Ai or a=S(l+e), 

where 1 is the instantaneous gage length of the sample, e is the engineering strain 

(e=(l-b)/lo, where b is the initial gage length of the sample), F is the load at each 

strain increment, Ai=is the instantaneous area associated with a particular load, and S 

is the engineering stress. Equation 6 and 7 are useful only up to the onset of necking 

since deformation is no longer uniform and length changes are localized in the neck. 

The true strain after necking can be approximated by the following equation [50]: 

E =In(wAi), (8) 

where & is the initial cross-sectional area. The cross-sectional area at fracture(A, at 

can be determined by measuring the fml diameter of the tensile sample. 

Therefore, the true strain at fracture can be estimated by using equation 8. The true 

stress at fracture can be estimated by the following equation [50]: 

a= FdA,, (9) 

where Ff is the load at fracture and Af is the cross-sectional area at fracture. 
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The use of the true stress-strain diagram instead of engineering stress-stress 

diagram is more realistic picture of the materials plastic behavior. Therefore, 

mechanical properties of the tested wrought alloys were determined from the true 

stress-strain diagram. It should be emphasized that equations 8 and 9 provide a 

reasonable estimation of these values. The more accurate experimental techniques and 

mathematical corrections procedures are needed in order to determine exact values of 

the true stress and strain after the onset of necking. 

III.G.l. Determination of The Tensile Toughness 

The area under the true stress-strain diagram represents the amount of energy per 

unit volume that the material can absorb before fracture. This parameter is also called 

tensile toughness. 

In order to determine the tensile toughness for each material the area under the true 

stress-strain diagram was calculated. Ductile materials usually exhibit three distinct 

regions on the true stress-strain curve. Material behavior before yielding (elastic 

region) can be described by the Hooke's law, o =E€, (where E is the elastic modulus 

of the material) followed by a transition region between fully elastic and fully plastic 

behavior [50]. The tensile behavior in the fully plastic region (up to fracture stress) 

can be approximated by the following power law expression [lo]: 

(1 1) 0 =K€", 

where K and n is the strength and strain hardening coefficients of the material, 

respectively. The schematic diagram that illustrates different regions on the.true stress- 

strain curve for ductile material is shown in Figure 18. Unfortunately, no simple 
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single equation describes the entire stress-strain behavior of the material. Therefore, in 

order to calculate the area under the stress strain curve, the best-fit power law 

expression that describes plastic region and best-fit curve that describes the elastic and 

transition (elastic-plastic) region were found for each alloy. Then, these expressions 

were integrated by using a computer program. Integrations were performed over both 

the elastic/transition and plastic (power law) region then added to give the total area 

under the stress-strain curve or tensile toughness. From the obtained power law 

expression (eq. lo), the strength and strain hardening coefficients (K and n, 

respectively) were found for each tested alloy. 

III.G.2. Elevated Temperature Charpy Impact Tests 

In order to evaluate possible relationship between erosion resistance and impact 

toughness for the wrought alloys, Charpy impact tests were performed for all wrought 

alloys at 40O0C by using a 300 fi-lb Tinius Olsen Charpy Impact Machine. All tests 

were done according to the ASTM A E23 standard. Charpy V-notch (CVN) impact 

testing is a rapid and inexpensive way to evaluate material toughness at high strain rate 

loading conditions. Standard size samples were heated to the desired temperature 

(400OC) by using a furnace that was located next to the Charpy machine. During the 

tests each sample was quickly transferred from the furnace to the machine and the 

pendulum was released. Three impact tests were performed for each material and an 

average value was used a measure of the alloy impact toughness. 
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N . A .  MICROSTRUCTURAL CHARACTERIZATION 

The microstructures of all the coatings in the as-welded condition were 

characterized using LOM. The mictrostructures of the welds are shown in Figures 19- 

29. Inspection of the photomicrographs shows that most of the coatings (Stellite-6, 

Ultimet, Inconel-625, Hastelloy-22, B-60, High Cr Iron, 316L S S ,  and 420 SS) 

exhibited dendritic microstructures that are typical for weld materials. The 

microstructures of all the coatings are inhomogeneous due to the non equilibrium 

solidification conditions which occur during welding. Particular features of each 

coating class are noted below. 

IV.A.l. Cobalt-Base/or Containing Coatings 

Figure 19-21 shows photomicrographs of the cobalt-base weld overlay coatings. 

Other work has reported that for Stellited weld overlay coatings (Figure 19), the 

primary dendrites (white phase) are a cobalt-rich face-centered structure while the 

interdendritic eutectic regions (mixed dark and white phase) contain hard M,C3 

carbides [28,33]. The stoichiometric compositions of the carbides were determined by 

the X-ray diffraction technique [28,33]. It has been indicated that these hard phases 

within the eutectic in the Stellite-6 significantly contribute to abrasion resistance [28]. 

The microstructures of the TS-2 and Ultimet weld overlay coatings are shown in 

Figure 20 and 21, respectively. The coating microstructures consists of second phase 

particles (dark features) and metal matrix (white regions). The second phase particles 
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may be carbides and/or intermetallics. Work is required to determine quantitative and 

qualitative information about the phases in the TS-2 and Ultimet weld overlay coatings. 

IV.A.2. Nickel-Base Coatings 

All nickel-base welds had .a dendritic microstructures. Microstructures of Inconel- 

625 and Hastelloy-22 coatings appeared to be somewhat similar (Figures 22 and 23, 

respectively) and possessed fine dendrites that have different shapes and orientations. 

The welding and solidification behavior of Inconel-625 alloy has been studied in detail 

[Sl] and it was found that the interdendritic regions consisted of NbC type carbides and 

Laves phases in the form of Ni3SiNb2 [52]. It also has been established that the weld 

microstructure of the Inconel-625 alloy is controlled by segregation of the niobium, 

carbon, and silicon [Sl]. The matrix of the Inconel-625 consists of the gamma (T) 

phase. The microstructure of Inconel-625 wrought alloy is shown in Figure 22c. The 

wrought alloy was aMeakd by the supplier and the temperature of the annealing is not 

known. The microstructure of this alloy consists of fine austenite grains and annealing 

twins. However, very large grains are also randomly present in the microstructure. 

From Figure 24 it can be seen that the microstructure of the B-60 weld overlay consists 

of a crack that runs at a 45" angle to the coating surface. The cracking does not appear 

to be associated with any particular microstructural feature. 

IV.A.3. Iron-Base Coatings 

The photomicrographs of the iron-base weld overlay coatings are shown in Figures 

25-29. The Iron-Aluminide coating microstructure is significantly different from all 
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other coatings studied, Figure 25 (a,b, and c,). From Figures 25a and 25b (low 

magnification), it can be seen that the grain morphology of the coating consists of large 

columnar grains. Equiaxed grains are also present in the microstructure. Also, second 

phase precipitates within the grains (dark features) can be observed from the 

photomicrographs. A high magnification photomicrograph of these precipitates within 

the grains and at the grain boundaries are shown in Figures 2%. The chemical 

composition of these precipitates was not determined. The microstructure of Iron- 

Aluminide wrought alloy is shown in Figure 25d. From this figure, equiaxed grain 

morphology can be seen. The second phase precipitates are also present in 

microstructure. 

The microstructure of the Armacor-M weld overlay coating is shown in Figure 26 

(a,b, and c). From Figures 26a and 26b it can be seen that the coating microstructure 

possesses a needle-like phase of various sizes (white phase) in a metal matrix. Based 

upon its microstructural appearance and the chemical composition of the alloy powder, 

it is expected that this needle-like phase is a boride. Also, cracks were observed in the 

Armacor-M weld overlay deposit. A photomicrograph of the coating that contains a 

crack is shown in Figure 26c. The observed cracks were perpendicular to the weld 

bead and run through the entire coating. 

Photomicrographs of the High-Chromium Iron are shown in Figure 27 (a and b). 

The microstructure of as-cast high-chromium irons has been investigated by many 

authors [36,53]. It was found that the as-cast microstructure consisted of austenite/or 

ferrite dendrites with an interdendritic mixture of austenite/or ferrite and Cr-rich M7C3 
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carbides [53]. 

The microstructure of the 316L SS (austenitic stainless steel) and 420 SS 

(martensitic stainless steel) weld overlay coatings are shown in Figures 28 and 29, 

respectively. The microstructure of the 316L SS coating possesses dendrites of delta 

ferrite (dark phase) and an austenite matrix (white phase). The microstructure of 

wrought 316L SS alloy is shown in Figure 28c. The microstructure consists of 

equiaxed austenite grains and annealing twins. The microstructure of the 420 SS 

coating contains lath martensite (Figure 29b) and ferrite and/or austenite (white phase). 

Inspection of Figure 29c (high magnification) shows the prior austenite grains in the 

coating microstructure. 

IV.A.4. Microhardness Measurements 

The room temperature microhardness test results are shown in Figure 30 (a-k). 

The tests started at the coating surface and proceeded well into the base metal. It can 

be seen that all the coatings have a higher hardness than the substrate material. It 

should be noted that for B-60 and Armacor-M alloys (Figures 30i and j, respectively) a 

large scatter in hardness was observed. This effect is probably occurred due to the 

non-homogeneous microstructures of these alloys which include large amounts of 

second phase particles that vary in size. The high hardness of these weld overlay 

deposits is probably due to the presence of hard second phase particles, especially 

carbides and borides in the coating matrix. However, at high hardness levels, the 

tensile ductility of the weld overlay coating is reduced [54]. Apparently, this is the 

main reason for crack formation in B-60 and Armacor-M coatings, both of which 
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exhibited very high hardness levels (up to 850 HK) compared with the substrate (175 

HK). During the deposition of hardfacing coatings such as B-60 and Armacor-M, 

stresses due to the expansion mismatch between deposits and substrate is high. These 

coatings have a very high hardness compared with the substrate and, therefore, prevent 

accommodation of the s h r i i g e  strain that occurs during cooling. As a result of this 

effect, cracking of the weld overlay deposits was observed. 

N.A.5. High Temperature Microhardness Measurements 

High temperature microhardness tests were performed on longitudinal sections of 

each weld overlay. Measurements were taken at 25°C and 400°C. The results of 

these tests are summarized in Table 9. 

N.B.  EROSION TESTS 

Erosion tests were performed for all weld overlay coatings at 400°C. The erosion 

test conditions and procedure for determination of the steady state erosion rates for 

each coating were described in section III.E.2. 

IV.B.1. Cobalt-Base/Containing Coatings 

The erosion kinetics of the cobalt-base coatings at 90" and 30" impact angles are 

shown in Figure 31. Also shown on the graphs are the slopes of the best-fit straight 

lines through the data points. The slopes of these lines give the steady state erosion 

rate in milligrams per minute (mglmin). At 90" impact angle, the Ultimet and TS-2 

coatings have nearly identical weight loss erosion rates, 0.072 mg/min and 0.074 

mg/min, respectively. The TS-2 coating exhibited an incubation time of approximately 
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5 minutes. The Stellite-6 weld overlay coating has a higher steady state erosion rate- 

0.101 mg/min. This coating exhibited a significant weight loss after 5 min of erosion 

and then showed a relatively long incubation period of approximately 15 min. Also, 

the Stellite-6 weld overlay coating shows the highest steady state erosion rate (0.104 

mg/min) at 30" impact angle. At 30" impact angle, the Ultimet and TS-2 coatings 

have steady state erosion rates of 0.082 and 0.091 mg/min, respectively. 

IV.B.2. Nickel-Base Weld Overlay Coatings 

The erosion kinetics for the nickel-base coatings at 90" and 30" are shown in 

Figure 32. From Figure 32a it can be seen that Inconel-625 exhibited the lowest 

erosion rate (O.O8lmg/min) and the B-60 coating has the highest erosion rate 0.110 

(mg/min). Also, the Inconel-625 weld overlay coating showed an incubation time of 

approximately 20 min. It was found that at 30" impact angle (Figure 32b) all the 

nickel-base weld overlay coatings showed similar steady state erosion rates (about 

0.081 mg/min). Also, for the Inconel-625 coating, the steady state erosion rates did 

not vary with the impingement angle and an incubation period was not detected at 30" 

impact angle. 

IV.B.3. Iron-Base Weld Overlay Coatings 

The erosion kinetics for the iron-base weld overlay coatings at 90" and 30" impact 

angles are shown in Figures 33 and 34. The Armacor-M coating showed the highest 

weight loss erosion rate (0.162 mg/min) at 90" impact. 316L SS, 420SS, Iron- 

Aluminide, and High Chromium Iron showed steady state erosion rates of 0.078, 

0.073, 0.073, and 0.084 mg/min, respectively at 90" impact angle. The Armacor-M 
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and 420 SS coatings showed the highest steady state erosion rates (0.148 and 0.111 

mg/min, respectively) at 30" impact angle (Figure 33b and 34b respectively). The 

316L SS and Iron-Aluminide weld overlay coatings exhibited the lowest steady state 

erosion rates (0.072 and 0.066 mg/min) at 30" impact angle. The High Chromium 

Iron weld overlay coating showed a moderate steady state erosion rate (0.086 mg/min) 

at 30". 

IV.B.4. Relative Ranking Of The Weld Overlay Coatings 

The relative ranking of the coatings at 400°C based upon their combined average of 

volumetric erosion rates (mm3/min) for 90" and 30" impact angles is shown in Table 

10. The volumetric erosion rates for each weld overlay were obtained by dividing the 

steady state weight loss rate by the density of the undiluted coating. It should be noted 

that due to the dilution, densities of the coating could change. However, it was 

calculated that maximum change in coating densities associated with 10 to 30% dilution 

(typical for PTA process) did not exceed 4%. Therefore, dilution is not expected to 

introduce significant error in the calculation of the volumetric erosion rate. It is 

essential to determine volumetric erosion rates in order to make a comparison of the 

erosion resistance of mater& with different densities. In addition, the life time of the 

component that exposed to erosion is determined by its volume loss. It can be seen 

from Table 10 that considering both impact angles some weld overlays such as Ultimet, 

Inconel-625 and 316L SS exhibited steady state erosion rates which were significantly 

lower than the erosion rate of the remaining coatings. 
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N.B.5. Erosion Tests For Wrought Materials 

In order to determine effect of measured mechanical properties on the erosion 

behavior of wrought materials, erosion tests were performed at 4OO0C and 90' impact 

angle for the following wrought materials: 316L SS, Inconel-625, Stellite-6, Ultimet, 

and C-22. Erosion test conditions were kept the same as for the weld overlays with the 

exception of the erodent (section III.E.2.). The wrought alloys were eroded by the 

alumina particles that had a size range between 300-425 microns, while weld alloys 

were eroded by the alumina with a size range between 300-550 microns. Also, the 

erosion tester screw fitter and acceleration tube were redesigned before the wrought 

material tests. As a result of this, the particle feed rate could be different from the 

feed rate that was used for the erosion tests of the weld overlays. Therefore, due to the 

erodent change and erosion tester modifications , direct comparison between the erosion 

test results for welded and wrought materials might involve an error associated with 

differences in test conditions. 

The erosion kinetics for the tested wrought alloys are shown in Figure 35. In this 

figure weight loss is plotted against the erosion time. The volumetric steady state 

erosion rates are presented in Table 11. It can be seen that Stellite-6 alloy showed the 

highest erosion rate (0.0089 mm3/min) and Inconel-625 alloy showed the lowest 

erosion rate (0.0028 mm3/min). 

N.C.  PLASTIC DEFORMATION iVEASFMlXNTS 

Microhardness tests were performed for all weld overlay coatings and wrought 

alloys after 100 min exposure in the erosion tester at 90" impact angle in order to 
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determine the size of the plastically deformed region beneath the eroded surface. The 

experimental procedure for these measurements was described in section III.F.2. The 

results of are shown in Figure 36 (a-k). It can be seen that for some coatings (Ultimet, 

Inconel-625, 3 16L SS, Hastelloy-22, Iron-Aluminide, and Stellited), hardness 

significantly increases in the vicinity of the eroded surface (Figure 36 a-f). These 

results indicate the formation of the plastically deformed zone due to particle impact. 

During the particle impacts, the coating is plastically deformed and therefore the 

dislocation density increases in the vicinity of the impact, producing an increase in 

hardness at the coating surface. However, for Armacor-M, B-60,420SS, TS-2 and 

High Chromium Iron coatings (Figure 36 g-k), no work hardening zone could be 

detected. It should be noted that the resolution of the microhardness measurements is 

10 to 20 um. Although for these alloys no work hardening zone was detected at a 

distance of 10-20 um or more, it is possible that some plastic deformation could have 

occurred within first 10-20 um fiom the eroded surface. However, it is beyond the 

resolution limit of the microhardness technique to make a hardness measurements 

within this zone. Even if the deformation of these alloys occurred within first 10 to 20 

um fiom the eroded surface, the size of plastic zone is considerably smaller than for the 

remaining coatings. The results of the microhardness tests for the 316L SS, Inconel- 

625, Ultimet, Stellite-6, and C-22 wrought materials are shown in Figure 37 (a-e). It 

can be seen that these alloys also deformed plastically as a result of the particle 

impacts. 
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N.D.  ELEVATED TEMPERATURE TENSILE AND CHARPY IMPACT TESTS 

FOR WROUGHT ALLOYS. 

The engineering and true stress-strain curves for each alloy are shown in Figures 38 

a-e. The equations for the best-fit lines in elastic/transition and plastic regions are 

indicated on these figures. The mechanical properties that were determined from the 

true stress-strain diagram and Charpy impact tests at 4OOOC for all tested materials are 

shown in Table 12. It can be seen that Ultimet alloy has the highest fracture stress of 

1877 MPa, while 316L SS has the lowest fracture stress of 997 MPa. The C-22 alloy 

has the highest tensile toughness of 1117 MJoules per cubic meter (MJ/m3) and Stellite- 

6 alloy has the lowest tensile toughness of 95 MJ/m3. Also, Stellite-6 alloy has the 

lowest impact toughness of 12 Joules, while Ultimet alloy has the highest impact 

toughness of more than 407 Joules. It should be noted, that during the impact tests of 

this material the pendulum was stopped (did not brake the sample) and therefore, it can 

be concluded that impact toughness of this alloy is more than 407 Joules. However, 

the exact value could not be determined. 
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V.A. EROSION RESISTANCE RANKING OF THE WELD OVERLAY 

COATINGS. 

Based upon erosion test results, the relative ranking of the weld overlay coatings 

has been developed (Table 10). It can be seen that at both impact angles some weld 

overlays such as Ultimet, Inconel-625, and 316L SS exhibited steady state erosion rates 

which were significantly lower than the erosion rates of the remaining coatings. In 

addition, weld overlays such as 420 SS, B-60, and Hastelloy-22 also exhibited similar 

low erosion rates but only at one impact angle (90" or 30"). These results are rather 

surprising considering that the coatings have different chemical compositions and 

microstructures. Also, alloys that are commercially used for abrasion protection such 

as Stellite-6, B-60, and Armacor-M showed relatively poor erosion resistance at 90" or 

30" impact angles compared with Inconel-625 and 316L SS coatings that are used 

primarily for corrosion protection. 

These results suggests that the mechanisms of abrasion and erosion wear are 

different. The impact velocity of an erosive particle is about two to three orders of 

magnitude higher than the sliding velocity of abrasive particles [55]. As a result, the 

erosive particle impact produces more localized strain in the material per impact 

compared with sliding abrasive particles. Therefore, the strain to fracture is achieved 

in a shorter period of time under erosive wear conditions. In addition, the high strain 

rate due to erosion may lower the value of the critical strain to fracture [55]. Since the 
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mechanisms involved in abrasion and erosion wear are different, the effect of 

mechanical and physical properties on abrasion and erosion resistance are also expected 

to be different. For example, some brittle materials with a high hardness show 

excellent abrasion resistance because the energy of the abrasive particles is not 

sufficient to cause brittle fracture. In this case, hardness may be a major factor that 

contributes to increased abrasion resistance. On the other hand, during solid particle 

erosion of the same material, it may fracture as a result of high strain rates imposed by 

the particle impacts. Therefore, hardness does not contribute significantly to the 

erosion resistance. Moreover, the fracture toughness of brittle materials may have a 

great affect on its erosion resistance because of its contribution to the materials 

resistance to brittle fracture. It is evident that selection of an erosion resistant weld 

overlay can not be based upon abrasion resistance. 

The present investigation indicates that, in spite of the differences in microstructure 

and composition, some coatings showed similar erosion rates at elevated temperature 

(i.e. Inconel-625 and 420 SS at 90"). The results of the plastic deformation 

measurements (section N.D.) showed that Ultimet, Inconel-625, 3 16L SS, Iron- 

Aluminide, Hastelloy-22, and Stellite-6 coatings appreciably deformed plastically as a 

result of erosion, while 420 SS, B-60, Armacor-M, High Cr Iron, and TS-2 did not. 

This suggests that these two groups of coatings may undergo different erosion 

mechanisms (Le. ductile versus brittle) and, as a result, different mechanical properties 

may control the erosion resistance of these weld overlay groups. Therefore, coatings 

from each group that have similar low erosion rates may attain these similarities by 
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having optimal mechanical properties (different for each group) that contribute to their 

erosion resistance. The critical mechanical properties that are thought to control 

erosion resistance include hardness [2], toughness [7], ductility 1121 and strain 

hardening coefficient [20]. 

V.B. EROSION MECHANISMS AND FACTORS CONTRIBUTING TO 

EROSION RESISTANCE 

V.B.1. BRITTLE MATERLUS 

The volumetric erosion rate of each coating at 90" impact angle is plotted against 

the average microhardness at 4OOOC in Figure 39 (a and b). There is no correlation 

between hardness and steady state erosion rate at 4OO0C for coatings that were 

deformed plastically ("ductile" coatings), figure 39b. However, for weld overlays that 

did not significantly deform plastically at a 90" impact angle ("brittle coatings"), an 

increase in coating hardness lead to an increase in their volumetric erosion rates (420 

SS, TS-2, High Cr Iron, B-60, Armacor-M). The erosion of materials that do not 

appreciably deform plastically may involve brittle fracture (i.e. chipping, cracking) 

after particle impact. For these materials, the ability to resist brittle fracture is a major 

factor that may contribute to erosion resistance. It was documented [7,56] that for 

brittle materials, an increase in hardness leads to a decrease in toughness and as a 

result, the resistance to brittle fracture is decreased. Therefore, for coatings that did. 

not appreciably deform plastically, an increase in hardness may have lead to a decrease 

in their toughness and, as a result, their erosion resistance decreased. 
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In order to explain the effects of hardness and fracture toughness on erosion 

resistance of relatively brittle weld overlays, one should consider two types of possible 

material responses to erosive particle impacts. Type I (Elastic Behavior) is associated 

with particle impacts that cause only elastic deformation. In this case, particle energy 

is not sufficient to cause immediate fracture due to the particle impact. However, 

material may still experience volume loss as a result of the fatigue processes which will 

lead to crack propagation under cyclic loading (multiple particle impact). Therefore, 

materials with a relatively high fracture toughness may offer good resistance to crack 

propagation and may exhibit low erosion rates. Type II (F'racture Behavior) material 

response to particle impact involves material volume loss that occurs by immediate 

crack formation and propagation upon particle impact (high particle impact energy). In 

this case, the volume erosion rate can be expected to be significantly higher than when 

only elastic deformation occurs. However, materials with high fracture toughness will 

still offer better erosion resistance than materials with low fracture toughness. If 

during the erosion experiments, erodent conditions such as velocity, feed rate, and size 

are kept constant (present investigation) the erodent impact energy is expected to be the 

same. In this instance, the mechanical properties of the target material may define a 

transition between Type I and Type II behavior. For most classes of materials an 

increase in hardness is associated with a decrease in toughness [7]. Therefore, the 

observed decrease in erosion resistance with hardness at 400°C for weld overlays that 

did not significantly deform plastically can be attributed to a decrease in their fracture 

toughness. However, this relationship is valid only if coating hardness is high enough 
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to prevent plastic deformation due to erosion. 

Apparently, the combination of high hardness to prevent plastic deformation and 

high toughness to resist brittle fracture provides the best erosion resistance for brittle 

coatings. For example, it is anticipated that 420 SS coating, with a microstructure 

consisting of lath martensite and regions of austenite or ferrite (white phase, Figure 29) 

has a relatively high fracture toughness. It was documented [57] that fracture 

toughness &)of the 403 martensitic stainless steel, which is similar to 420 SS, is 

approximately. 80 MPa ml". However, heat treatment conditions for this steel were not 

reported. In comparison, fracture toughness values (IC,,-) of High Chromium Cast Iron 

(similar to High Cr Iron weld overlay) vary from 10 to 35 MPa mIn [58]. At the same 

time, 420 SS coating has a relatively high hardness at 400°C (-32OHK) that provides a 

good resistance to plastic deformation. As a result, the 420 SS weld overlay showed 

the best erosion resistance at 400°C for 90" impact angle among the coatings that did 

not appreciably deform plastically. One should remember that for a given erosion test 

condition (constant impact energy), depending upon the material fracture toughness and 

hardness, the material may deform elastically (Type I behavior) as a result of particle 

impact or it may fracture (Type 11 behavior). Therefore, when comparing the erosion 

rates of different materials, it is important to determine whether all of the materials are 

in the same erosion regime or not. If the impacting particles have the same sizes and 

shape, their velocity defines the critical impact energy that cause transition from Type I 

to Type 11 behavior for the same material. A schematic diagram that shows the effect 

of erodent velocity on erosion behavior of brittle materials is presented in Figure 40. 
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The comparison of materials erosion resistance in regime I or II is possible, when 

critical velocity (Vc, figure 44) is determined. Clearly, for the same test conditions, 

materials that experienced elastic deformation will have a lower erosion rate compared 

with materials that experienced immediate fracture upon particle impact. However, if 

the impact velocity increases, materials that showed Type I behavior may fracture upon 

impact and Type 11 behavior may be observed. In this case, the relative ranking of the 

materials might change. Nevertheless, for both types of erosion behavior, materials 

with high hardness and fracture toughness may offer good erosion resistance. 

In spite of the inverse proportionality between hardness and fracture toughness, a 

certain level of high hardness is necessary to prevent plastic deformation. If the 

coating hardness is not high enough, it will deform plastically and the mechanism of 

erosion might change from fracture dominated to plastic deformation dominated. In 

materials that exhibit fracture dominated behavior ("brittle"), the particle impact energy 

transforms to the work needed to produce a new crack surface. But for materials that 

shows plastic deformation dominated behavior, particle impact energy transforms to the 

energy required to produce plastic deformation. 

V.B.2. Ductile Materials 

Based upon the results of the microhardness measurements (see section W.C., 

Figure 36), it was established that Ultimet, Inconel-625, 316L SS, Iron-Aluminide, 

Hastelloy-22, and Stellite-6 coatings were deformed plastically during erosion 

("ductile" materials). It was also found that Ultimet, Inconel-625, 316L SS, C-22 and 

Stellite-6 wrought alloys also plastically deformed during erosion. In the following 
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sections, the factors that contribute to the erosion resistance of these materials will be 

discussed. 

V.B.2.a. Determination Of The Area Under The Microhardness Profile Curve 

The ability of a material to dissipate particle impact energy can be estimated by 

calculating the area under the curve of microhardness versus distance from the eroded 

surface curve. The area of this curve can be interpreted as a measure of the amount of 

energy that the material absorbs during particle impact before it reaches the critical 

stress for fracture. The analogy between the true stress-strain diagram and the 

microhardness profile curve after erosion may be appropriate. The area under the 

stress-strain diagram represents the amount of energy per unit volume that the material 

can absorb before fracture. For the microhardness profiles, hardness of the material 

can be correlated to its strength within a reasonable approximation. This relationship 

can be in the form of H=Aay, where H is hardness, ay is yield strength, and A is a 

constant [59]. A schematic illustration of the change in microhardness with depth 

below the eroded surface is shown in Figure 41. The microhardness profde curve 

represents the variation in strength beneath the eroded surface with strain that was 

imposed by particle impacts. The decrease in hardness with distance from the eroded 

surface is caused by a decrease in strain. Therefore, hardness versus distance from the 

eroded surface curve can be qualitatively correlated to the stress versus strain curve 

(see Figure 41). By analogy with the true stress-strain diagram, the area under this 

curve may be interpreted as a measure of the amount of energy that a material can 

absorb during erosion before it will fracture. It should be noted that this analogy 
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between the true stress-strain diagram and the microhardness profile is only qualitative. 

The conventional stress-strain diagram is obtained by static loading at low strain rates. 

The microhardness profiles curves were 

obtained after particles impacts that impose a very high strain rates. Due to the large 

differences in strain rates, the true stress-strain diagram does not represent actual 

variations in stress with strain that may result from particle impacts. 

A typical microhardness profile curve, showing the 316L weld overlay as an 

example, is presented in Figure 42. The data used to determine the average hardness 

of the undeformed material was taken from the region between 120 um and 500 um 

depth (line AF on Figure 42). This region was well below the depth of the plastic 

deformation. The standard deviation of the mean is given by the solid lines. Two lines 

were drawn that encompassed the data in the plastic zone region given by BD and CE 

on the Figure 42. These lines were drawn from the microhardness axis to the average 

hardness line of the material. The minimum and maximum area under the curve was 

found from calculating areas ABD and ACE, respectively (Area,,,=O.SxAEI xAD and 

AreaAc,=0.5xACxAE). From this data, an average area under the curve and a 

standard deviation were calculated. It should be noted that two assumptions were made 

during calculation of the plastic zone size and area under the curve. First, 

microhardness values were extrapolated to the eroded surface, although the first 

indentation was made at a distance 10 um from the eroded surface. Indentations could 

not be made closer to the erosion surface because of a lack of sufficient supporting 

material on one side that would produce larger than actual indentations. Therefore, 
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hardness measurements within first 10 um involve siflicant error. This extrapolation 

is justified, since it is clear that the hardness values are increased toward the eroded 

surface. Even if an error is introduced due to this approximation of the surface 

hardness, it will represent only a small region (10 um) and therefore, the area under the 

curve will not significantly change. The second assumption involves the lines that 

encompassed the plastic zone region (lines BD and CE). These lines were drawn 

straight and the area under the curves was calculated from the right angle triangles. 

The plastic zone region could also be described by curving these lines in a power law 

fit. However, this method would be highly subjective. It is believed that these 

assumptions would not change the relative comparison between plastically deformed 

regions of different materials. 

V.B.2.b. Plastic Deformation In Steady State Erosion Regime 

For all tested materials, the measurements of the plastically deformed region were 

made after 100 min exposure (longest time) in the erosion tester at 90" impact angle. 

The results of these measurements were employed to find a correlation with the 

volumetric steady state erosion rate. Steady state erosion is defined by the linear 

portion of the weight loss versus erosion time graph. It is widely accepted in the 

literature that in this region, the material experiences surface weight (or volume) loss 

and surface strain hardening at the same rates [2]. It is also hypothesized that the size 

of the plastically deformed region is constant in the steady state regime [5]. However, 

no evidence of this in the form of experimental observations were found in the 

literature. Thus, in order to make a valid link between plastic deformation 
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measurements for samples in the steady state regime and erosion rate, it is essential to 

verify that, in this regime, the size of the plastically deformed region does not change 

with time. During the erosion experiments, all materials reached steady state after 5 to 

20 min exposure. The microhardness profiles for 316L SS weld overlay after 20 and 

100 min exposure are shown in Figure 43. This coating reached steady state after 20 

min of erosion. The results of the microhardness tests are summarized in Table 13. It 

can be seen that surface hardness, plastic zone size, and area under the curve values are 

similar for the 20 and 100 minutes samples. This experiment demonstrates that for the 

316L SS weld alloy in the steady state regime, the size of the plastically deformed 

region is constant. 'Therefore, under steady state conditions, each particle impact will 

cause the same pattern of plastic deformation and, as a result, a steady state erosion 

rate is attained. Based upon this experiment, it is apparent that valid correlations can 

be made between erosion rates and measurements of the microhardness profiles, after 

erosion in steady state regime. 

V.B.2.c. Erosion Behavior of Ductile Weld Overlay Coatings 

The present results indicate that coatings with hardness values below 320 HK 

(Knoop hardness number) at 400°C experienced plastic deformation as a result of 

particle impact (Ultimet, Inconel-625, 3 16L SS, Iron-Alumhide, Hastelloy-22, and 

Stellite-6). It is well known that the hardness of a material determines the resistance to 

plastic deformation. For weld alloys with hardness above 320 HK, no appreciable 

plastic deformation was observed. Apparently, under the present erosion conditions 

this hardness level is sufficient to prevent significant plastic deformation due to 
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erosion. However, for plastically deformed weld overlays no correlations were found 

between hardness at 400°C and volume steady state erosion rates (Figure 39b). 

Furthermore, the Stellited weld overlay that exhibited the highest hardness also 

showed the highest erosion rate (0.0119 mm3/min) among the ductile coatings. 

Clearly, the ability of the ductile coatings to plastic deformation did not 

contribute to the erosion resistance. Usually, the erosion of ductile materials is 

accompanied by accommodation of the strain underneath the eroded surface. When a 

critical strain is exceeded in the deformation volume beneath the surface, the material is 

detached from the eroded surface by ductile fracture [5]. In this case, the ability of 

material to absorb impact energy through plastic deformation may play a major role in 

its erosion resistance. 

The results of microhardness tests for weld overlay coatings are summarized in 

Table 14. The volumetric erosion rates for these coatings are plotted against the area 

under the microhardness profile curves in Figure 44. It can be seen that as the area 

under the curve increases the volume erosion rate decreases. The large error involved 

in the area under the curve measurements is a result of scatter in microhardness 

measurements. This scatter is due to the small applied load during the measurements. 

When the smallest applied load is used (log), even small variations in microstructure of 

the weld have a significant effect on microhardness values. However, it is necessary to 

use such a small applied load because it produces a small indentation size and even 

small variations in microhardness with distance from the eroded surface can be 

detected. The "area under the curve" parameter incorporates the increase in surface 
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hardness (or strength) due to the particle impacts (Hsurface-Hbulk) and the distance over 

which this increase occurred (plastic zone size). An increase in surface hardness due to 

erosion represents the material's ability to strain harden, while the plastic zone size 

indicates the distance over which strain hardening occurs. For example, materials with 

a high ability to strain harden (high Hsurfm-Hbul& require a higher applied stress to 

exceed the critical fracture stress than materials with low ability to strain harden (low 

Hsurface-Hbulk). But if this increase in stress to fracture (due to strain kdening) occurs 

over a small volume, it will fracture because defomtion is very localized and stress to 

fracture can be reached afte; only a few impacts. On the other hand, if the material has 

a large plastic zone size but has low ability to strain harden (low Hsurface-Hbulk) it will 

also fracture after only a few impacts. In this case, fracture may occur because only a 

small applied stress is needed to exceed the critical stress to fracture for the material. 

To illustrate that a large plastic zone size is not a sufficient requirement for erosion 

resistance, its effect on erosion rate is shown in Figure 45. In this figure, the volume 

erosion rates is plotted against plastic zone size. No correlation can be seen between 

these two parameters. These measurements demonstrate that a large plastic zone size 

does not necessarily lead to a high erosion resistance. Clearly, the calculated area 

under the curve is a better representation of erosion resistance because it includes both 

strain hardening and plastic zone size. If the energy to fracture increases ("area under 

the curve" increases), erosion resistance also increases. It can be concluded that 

ductile coatings that are able to considerably strain harden (high Hsurfze-HbaJ over a 

large volume (large plastic zone) may have a higher energy to fracture and, therefore, 
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good erosion resistance (Ultimet, Inconel-625, and 316L SS welds). The ability of a 

material to absorb impact energy before fracture is a critical parameter that controls 

erosion resistance. 

V.B.2.d. Erosion Behavior Of Wrought Alloys 

The results of the microhardness profile measurements and volumetric erosion rates 

for Ultimet, Inconel-625, 316L SS, C-22 and Stellite-6 wrought materials at a 90" 

impact angle are summarized in Table 15 and plotted in Figure 46. It can be seen that 

as the area under the curve increases the erosion rate decreases. Again, the calculated 

area under the curve showed a good correlation with erosion resistance, suggesting that 

the ability to absorb impact energy during erosion is a critical parameter that controls 

the erosion behavior of the material. In order to c o n f i i  that this parameter can also 

be used for explaining erosion behavior of others alloy systems, data from the literature 

was used to calculate the area under the microhardness profile curves. Reddy et. a1 

122,601 have studied the erosion behavior Cu and Cu-Zn alloys. They obtained 

microhardness profiles for these materials after erosion (see Figure 47). The following 

erosion test conditions were used in their work: particle velocity 40 d s e c ,  particle 

material-AIS1 4140 steel, particle size 300-450 microns, particle impact angle-90". 

The reported steady state erosion rates, plastic zone sizes, and surface hardness along 

with the calculated areas under the curves are shown in Table 16. According to Reddy 

et. a1 [60] the steady state erosion rate for each tested material was reached when the 

weight loss rate became independent from the total weight of the impacting particles. 

The erosion rate was measured in gradgram, which means materials weight loss per 
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weight of the impacting particles. The values of the area under the microhardness 

profiles curves were calculated based upon this data and also presented in Table 16. 

The reported erosion rates are plotted against calculated area under the curves values in 

Figure 48. It can be seen that an observed increase in area under the curve led to an 

increase in erosion resistance for Cu and Cu-Zn alloys. Similar effects were found for 

tested weld overlays and wrought alloys. This result demonstrate that the "area under 

the curve" parameter, that accounts for energy to fracture during erosion, may be used 

to explain erosion behavior of various alloy systems. 

V.B.3. EFFECT OF MECHANICAL PROPERTIES ON EROSION 

RESISTANCE OF WROUGHT ALLOYS. 

It was shown in sections V.B.2.a-d that the ability of a material to dissipate 

particle impact energy can be estimated by calculating the area under the curve of 

microhardness versus distance from the eroded surface curve. Considering the 

similarities between true stress-strain curves and microhardness profile curves (see 

Figure 41 in section V.B.2.a.), tensile toughness (area under the true stress-strain 

diagram) may contribute to the erosion resistance of ductile materials. Tensile 

toughness represents the amount of energy that a material absorbs before fracture and 

its effect on the erosion resistance of wrought alloys is shown in Figure 49. It can be 

seen that alloys with the lowest tensile toughness (Stellite-6) showed the lowest erosion 

resistance while materials with significantly higher tensile toughness (Ultimet, Inconel- 

625, and C-22) showed much higher erosion resistance. 

60 



Although a trend of increase in erosion resistance with increase in tensile toughness 

was observed, the Inconel-625 alloy that had a lower toughness than Ulthet and C-22 

alloys showed better erosion resistance than these alloys. To consider validity of the 

qualitative analogy between true stress-strain diagram and microhardness profile curve, 

the area under the stress-strain diagram is plotted against the area under the 

microhardness curve in Figure 50. It can be seen, that a reasonable correlation exists 

between an increase in area under the microhardness profde curve and an increase in 

tensile toughness. However, Inconel-625 alloy deviated form this correlation. It 

should be emphasized that tensile toughness was determined from low strain rate tensile 

tests (about s-’), while the erosion process involves strain rates on the order of 103- 

105 s-l [61]. Therefore, if tested materials are strain rate sensitive, the toughness that 

was measured from the tensile tests might be different from the toughness provided by 

the material during solid particle erosion. In addition, Inconel-625 alloy has a higher 

yield strength than Ultimet and C-22 alloy (630, 450, and 320 MPa, respectively). 

Therefore a higher applied stress is needed to cause plastic deformation for this alloy. 

Thus, a combination of high yield strength to prevent plastic deformation and tensile 

toughness to absorb plastic defiomation could be responsible for the excellent erosion 

resistance of Inconel-625 alloy. A hypothetical stress-strain diagram that describes the 

possible effect of strain rate on stress-strain diagram is shown in Figure 51. From this 

figure it is clear, that at high strain rates contribution of the yield strength or elastic 

energy (Are%=) to the total energy the material absorbs before fracture (tensile 

toughness) can be much higher than that (Are%m ) at low strain rate tests. Therefore, 
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yield strength may significantly contribute to the erosion resistance of the material. 

In order to determine the effect of impact toughness of the materials on their 

erosion resistance, Charpy impact tests were performed at 4OO0C for all alloys. The 

impact tests represent high strain rate loading conditions and therefore, a good 

correlation with erosion resistance may be expected. The influence of impact 

toughness on erosion resistance is shown in Figure 52. No correlation is observed 

from this graph. The insensitivity of erosion rate to impact toughness can be 

rationalized if one compares the stress conditions that are present during the impact test 

and erosion. First, impact specimens have a V-notch and therefore, total fracture 

energy does not include energy to initiate the fracture. Second, as a result of repeated 

particle impacts, the erosion process can involve accumulation of plastic deformation in 

the surface region while impact test produces fracture by .the single impact of a 

pendulum. Finally, it is reasonable to assume that, during erosion, the material 

experiences hydrostatic compressive stresses while triaxial stresses are probably present 

during the impact test. 

Based upon the presented results, it is apparent that the ability of ductile materials 

to absorb impact energy through plastic deformation is a critical factor that controls the 

erosion behavior. The impact energy can be absorbed through the increase in surface 

hardness (strain hardening) over a certain volume of the material. The energy to 

fracture due to erosion can be estimated by calculating the area under the curve of 

hardness versus distance from the eroded surface. The best erosion resistance can be 

achieved when a large increase in surface hardness (Hsurface-Hbase) occurs over a large 
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volume of material (plastic zone size). In this case, the calculated area under the curve 

(energy to fracture) is maximized and the erosion rate is low. It is essential to 

determine the exact mechanical property or combination of properties that maximize 

area under the curve. If these properties are identified, intelligent selection of erosion 

resistant materials can be made. One properties, that represents the ability of a 

material to absorb energy is tensile toughness. The trend of increase in erosion 

resistance with tensile toughness was observed for wrought materials. 

The results and discussion presented in sections IV and V describe erosion behavior 

of the commercially available weld overlay and wrought alloys at elevated temperature 

(400°C). The relative ranking of erosion resistance for weld overlay coatings and 

some wrought alloys was developed. Two groups of materials were identified (ductile 

vs. brittle) depending upon their erosion behavior. Although some alloys from each 

group may show similar erosion rates, the factors that contribute to their erosion 

resistance are different. 
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The erosion behavior of eleven commercialiy available weld overlay coatings and 

selected wrought materials were evaluated. The following can be concluded based 

upon the results of this research: 

1. The relative ranking of the erosion resistance of the coatings at elevated 

temperature (400°C) for both 90" and 30" particle impact angles was 

developed. The Ultimet, Inconel-625 and 316L S S  showed the lowest overall 

volumetric steady state erosion rates at both impact angles. 

2. Abrasion resistant coatings such as Stellite-6, B-60, and Armacor-M exhibited 

poor erosion resistance at 400°C compared with corrosion resistant alloys 

(Inconel-625 and 316L SS). Since the mechanisms for abrasion and erosion 

wear are expected to be different, the selection of erosion resistant weld 

overlays can not be based upon abrasion resistance. 

3. 3 16L S S ,  Inconel-625, Ultimet, Iron-Aluminide, Hastelloy-22, and Stellite-6 

weld overlays plastically deformed due to erosion at 90" impact angle, while 

High Chromium Iron, 420 SS;TS-2, B-60, and Armacor-M did not deform 

appreciably. Therefore, the mechanisms that control erosion behavior are 

different for these two groups of coatings. 
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a. BRITTLE COATINGS 

An increase in hardness for coatings that did not deform plastically (Armacor- 

My B-60, High Cr Iron, 420 SS, and TS-2, led to a decrease in their erosion 

resistance. This effect was attributed to the decrease in fracture toughness with 

an increase in hardness. For this group of brittle materials, a combination of 

relatively high hardness to prevent plastic deformation and fracture toughness 

may provide good erosion resistance. 

b. DUCTILE COATINGS 

No correlation was found between hardness at 400°C and volumetric erosion 

rate 90" impact angle for coatings that deformed plastically (Ultimet, 316L SS, 

Inconel-625, Iron-Aluminide, Hastelloy-22, Stellite-6). It was established that 

an increase in calculated area under the curve of hardness versus distance from 

the eroded surface led to an increase in erosion resistance. The increase in 

area under the curve corresponds to an increase in amount of energy that the 

material can absorb before fracture. This indicates that materials with the 

ability to strain harden over a large volume may show good erosion resistance. 

Wrought materials such as Inconel-625, 316L SS, Ultimet, Hastelloy-22, and 

Stellite-6 also showed an increase in erosion resistance with an increase in 

calculated area under the curve. These results suggest that the amount of energy 

a material can absorb through plastic deformation before fracture may be a 

critical parameter that controls erosion resistance for different classes of 
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ductile materials. 

4. In order to determine a mechanical property or combination of properties 

that provide maximum area under the microhardness profile curve, a qualitative 

correlations between the area under the microhardness curve and area under the 

true stress-strain diagram (tensile toughness) was proposed. A trend of 

increase in erosion resistance with tensile toughness was observed for tested 

wrought alloys. Also, increase in area under the microhardness curve 

correlated with an in increase in tensile toughness. The deviation from the 

proposed correlations was attributed to much higher strain rates during erosion 

tests when compared with conventional tensile tests. 

66 



1. 
2. 

3. 
4. 
5 .  
6. 

7. 
8. 

9. 

10. 

11. 
12. 
13. 
14. 
15. 

16. 
17. 
18. 

19. 

20. 
21. 
22. 
23. 

24. 

25. 
26. 

27. 

Lamarre, L., EPRI Journal, October/November, 1990, pp. 31-37. 

MTI Publication No 10, 1983. 
McCabe, L.P., Sargend, G.A., and Conrad, H., Wear, vol. 105, 1985, 257-277. 
Hutchings, I.M. andLevy, A.V., Wear, vol. 131, 1981, pp. 105-121, 1989. 
Sundararajan, G., and Shewmon, P.G., Wear, vol. 84, 1983, pp. 237-258. 
Veerabhadra Rao, P., Young, S.G., and Buckley, D.H., Wear, vo1.85, 1983, pp. 

Hutchings, I.M., Journal @Applied Physics, 25, 1986, pp. A212-A221. 
Atkins, A.G. and Mai, Y-W, Journal WMaterial Science, 21, 1986, pp. 1093- 
1100. 
Hertzberg R.W., 1, 
third edition, 1989, John Wiley and Sons. 
Hutchings, I.M., Corrosion/Erosion of Coal Conversion Systems @roc. Cod.), 
January, 1979, pp.393428. 
Doule, R.A, andBall, A., Wear, Vol. 151, 1991, pp. 87-95. 
Ninham A., Wear @Materials 1987 (Conference Proceeedings), pp. 813-823. 
Hutchings, I.M., andLevy, A., Wear, Vol. 131, 1989, p. 105. 
Richman, R.H. and McNaughton W.P., Wear, Vol 140, 1990, pp. 63-82. 
Levy, A., and Jahamir, Corrosion -Erosion Beha vior Of Mat esials. edited by 
Natesan, K., Metallurgical Society Of AIME, New York, 1980, p. 177. 
Oca, Y. and Hutchings I.M., Corrosion Engineering, 39, 1990, pp.677-687. 
Guo, D.Z., Wang, L.J., and Li, J.Z., Wear, Vol. 161, 1993, pp. 173-178. 
Wert, J.J., and Oppliger., S.J., Materials Science and Technology, Vol. 8, 
September, 1992, pp. 825-835. 
Ruff, A.W., and Wiederhorn, S.M., Treatise on Materials Science and Technology 
(ed. C. Preece), Vo1.16, 1979, pp.69-124, New-YorWLondon, Academic Press. 
Ball, A., Wear, Vol. 91, 1983, pp.201-207. 
de Gee, A.W.J., Wear, Vol. 81, 1981, p. 373. 
Venugopal Reddy, A. and Sundararajan, G., Wear, Vol. 103, 1985, pp. 133-148. 
Srinvas M., Malakondaiah, G., Linda Murty, K., and Rama Rao, P., Scripta 
Metallurgica et Materialia, Vol. 25, 1991, pp.2585-2588. 
Srinvas, M., Malakondaiah, G., and Rama Rao, P., Acta Metallurgica et Materialia, 

Argon, A.S., h, J., and Safoglu, R., Metallurgical Transactions, 6A, 1975, p. 825. 
Lawn, B.R., Evans, A.G., and Marshall, D.D., Journal of American Ceramic 
Society, 63, 1980, p. 574. 
Metals Handbook, Volume 11: "Friction, Lubrication and Wear Technology", 
American Society for Metals, p. 206-207, 757-765, 1992. 

Hutchings, I.M., Umgnpb On The Erosion Of Mated& m, 

223-237. 

Vol. 41, NO. 4, 1993, pp. 1301-1312. 

67 



28. 
29. 

30. 
31. 

32. 

33. 

34. 

35. 

36. 

37. 
38: 

39. 
40. 

41, 

42. 

43. 
44. 
45. 

46. 

47. 
48. 

49. 

50. 

51. 
52. 

53. 

. __ - . 

Misra, A. and Finnie, I., Wear, Vol68, p.33-39, 1981. 
Anand, K., and Conrad, H., Wear of Materials (Proceedings), 1989, ASME, pp. 

Ellis, D. and Squires, R., Metal Construction, p. 388-393, July, 1983. 
Berns, H., Fischer, A. and Theisen, W., Wear of Materials, Vol 2, p. 601-610, 
1989. 
Ninham, A. and Levy A,, Proceedings of International Conference on Wear of 
Materials, American Society of Mechanical Engeeners, p. 325-332, 1983. 
Berns, H., Fischer, A. and Theisen, W., Wear of Materials, Vol. 2, p. 535-542, 
1987. 
Lugscheider, E., Krautward, A., Eschnauer, H. and Wilden, J., Surface Coatings 
Technology, 32, p. 273-284, 1987. 

valua 'ons of Cobalt-Free. Nickel-Based Report, EPRI-NP-4993, I' Laboratoe E 

Metals Handbook, Volume 9: "Metallography and Microstructures", 9th edition, p. 
309. 
Scoll, M., Devanathan, R. and Clayton, P., Wear, 135(2), p. 355-368, 1990. 
Dawson, R., Shewchuk, S. and Pritchard, J., Welding Journal, p.15-23, November, 
1982. 
Scruggs, D., Welding Journal, August, 1991. 
Johnson, M., Mikkola, D.E., Mkch, P.A., and Wright, R.N., Wear, Vol. 140, 

Stoloff, N.S. and Davies, R.G., Letters to the Editor, Acta Metallurgica, Vol. 11, 
October, 1963, pp. 1187-1188. 
Metals Handbook, Vol. 6,7th Ed., Gas Metal Arc Welding, ASM, Metals Park, 
Ohio, 1983. 
DuPont, J.N., Masters Thesis, Lehigh University, 1994. 
Lewnard, J., Air Products and Chemicals, Private Communications. 
Levy, A.V., and Wang, B., &@ace and Coatings Technology, Vol. 33, 1987, pp. 

Termini, M. and Nakagava, T., Journal of JSLE International Edition, 10, 1989, 
p.39. 
Edited by Boyer, H.E., Hardness Tes &, 1987, ASM International. 
ASTM E 384 Standard, Annual Book of ASTM Standards, vol. 03.01, Metals Tests 
Methods and Analitical Procedures, 1988. 
ASTM E 8 Standard, Annual Book of ASTM Standards, vol. 03.01, Metal Tests 
Methods and Analitical Procedures, 1988. 
Hosford, W.F. and Caddel, R.M., Metal F o w p  i M e c h i c s  a d  M-; 
1983, Prentice-Hall, Inc., Englewood Cliffs, N.J., pp. 49-61. 
Ciezlak, M.J., Welding Research Supplements, February 1991, pp. 49-56. 
Bordos, P.I., Gupta, K.P., and Beck, P.A., Transactions ZlW-AIME, vol. 221, 
1961, p. 1087. 
Aptecar, S.S. and Kosel, T.H., Proceedings Wear of Materials Conference, 1985, 

135-142. 

r d f a c l n g v s  for Nuclear -", 1987. . .  

1990, pp. 279-289. 

285-299. 

68 



54. 

55. 
56. 
57. 

58. 

59. 
60. 

61. 

pp. 677-686. 
Sharpless, R.V., and Gooch, T.G., Welding Research Supplements, May 1992, pp. 

Sundararajan, G., Wear, 162-164, 1993, p. 773. 
Lou H.O., and Krizman A., Wear, 134, 1989, p. 253. 
Latzko, D.H., Post-YiglUkXure Mec- ' , 1979, Applied Science Publishers 
LTD, London, pp. 211-253. 
Ikeda, M., Umeda, T., Tong, C. P., Sufllki, T., Niwa, N., andKato, O., ISIJ 
International, vol. 32, n. 11, 1992, pp. 1157-1162. 
Tabor, D., 
Reddy A.V., Sundararajan G., Sivakumar, R., and Rama Rao, P., Acta 
Metallurgica, vol. 32, 1984, pp. 1305-1316. 
I.M. Hutchings, Proc. In?. Conf 0 n Wear ofMa terials, ASME, 1977, p.393. 

195-200. 

Hardness Of M e a ,  Clarendon Press, Oxford, 1951. 

69 



Table 1. Nominal chemical compositions (wt%) of cobalt-base alloys [27] 

L 

ALLOY I B I  c I col cr I F e I  Mn M o l  N i l  si1 w 
te 6 I 1.1 1 B a l  127.7 3.0 1.0 1.0 13.0 1.1 4.5 

Ea1 29.5 3.0 1.0 1.0 3.0 1.4 8.3 -- 
suuibsU -- Bal 32.5 3.0 1.0 
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Table 2. Nominal chemical compositions (wt%) of nickel-basehoride-type hardfacing 
alloys [27]. 

b 

Alloy B C I Co I Cr Fe I Mn I Mo Ni Si W _, 

Pelor0 50  2.4 0.4 -- 11.0 3.0 -0 -0 Ea1 4.0 -- 
Pelor a 60 3.1 0 .6  -0 15.0 4.0 -0 -0 Bal 4.3 -- 
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Table 3. Phases formed in nickel-basehoride-type hardfacing alloys [27]. 

Chromium content 

-. .... -_. ... . . 

Secondary 
phases formed 

Required 
conditions 
for secondary 
phase 
formation 

~~ 

1 3 wt9 S i  

1 2 . 5  wt9 S i  

13.0 wt% Si 

Dominant hard 
phase 

NIsB, complex 
carbides of 

types . 
Ni3B and 
chromium 
boride (usually 
CrB, although 
C q B  and Cr3Q 
may-also be 
present. 
Comlex 
carbides of 

types. 
CrB and Cr5B3. 
Complex 
carbides of 

types. - 

M a c 6  and MTc3 

M a c 6  and M7C3 

.. 

Mac6 and M7C3 
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Table 4. Nominal chemical compositions of nickel-base superalloys 1271. * 

- ............... .o*y 
-c .... .......om 

Cl76 ......... am 
w ........ a u r ~  

umya ............... ai YI 
mu ......  air^ 
m x.7~). ......... om 
N- u) ............ .aiolu 
W 4 I  ................ om 
W H  ................ 0.15 w.... ............. 
U.m ................. .au YI 
w10 ..................om 
-1 ,,............am 
w- ............... Qo1 

... W 
5.0 W 
5.3 W 
5.3 brl 
1.0 brl 
5 9  mu W 
7.0 W 
anmu W ... W ... bI ... w 
1 9  11l w ... w ... hl ... w 

17.0 15.0 
ulu 110 
ulu I S 3  
u 5.0 ... IU 
in lu 213 ... 15.3 
Z O I U  19.3 

11.0 19.0 
I.0 14.0 ... ... 
IU 

1.3 ... ... ... ... 
0.1 1+1 
3 
2l3 
1.1 
2.5 

13 
... 

5.0 
1.0 
J.0 

5.23 
17.0 
1b.O 
a43 ... 

* O  

10.0 
3.3 ... 
12 
Jn ... 
4.l 

... 
I.uLom &. LODL1 
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Table 5. Nominal chemical compositions (wtG/o) of iron-base alloys for hardfacing 

[27,36] 

~ 

AL4LQYS c .  co Cr Fe Mn Mo 

Tristelle-2 2.0 L2.0 35.0 B a l .  1.0 -0 

Delcrome-92 3 . 7 -- 1.5 B a l  . 1.0 10.0 

: 316 0.1 -0 17.0 B a l .  2.0 2.5 
. stainless 
1 steel 
430 0.1 -0 17.0 B a l .  1 .0  -- 
stainless 
steel 

Lo!? alloy I 0.1 1 -- I 0.2 I B a l .  I 1.0 I -- 
steel 
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Table 6.  Nominal chemical compositir;xi. (W%) of the qdected weld overlay coatings. 

WELT) 
OVERLAY 

._--. . - 

STELLITE-6 

TS-2 
(TRISTELLE) 

ULTIMET 

HASTELLOY- 
c22 

[NCONEL-625 

B-60 

WACOR-M 

'RON- 
ILUMINIDE 

iIGH Cr IRON 

116L SS 

.20 ss 

c o  

bal . 

11.2 

bal . 

Ni 

3 

9.5 

9 

bal . 

bal . 

bal . 

-- 

1.5 

10-14 

Fe 

3 

bal . 

3 

2-6 

5 

4.3 

bal . 

bal . 

bal . 

bal. 

bal . 

t- all the single values are the maximum values. 

75 

Cr 

28-32 

35 

26 

22-22.5 

20-23 

14.5 

49 

2.1 

23-28 

16-18 

12-14 

C 

0.9-1.4 

2.2 

0.058 

0.015 

0.01 

0.7 

-- 

0.023 

2.3-3 

0.03 

0.15-0.5 

Other 
- -.-- 
3.5-5.5 w , 
1.5M0, 2Mn 
4.7Si 

2.5-3 .5W, 
12.5-14.5M0 
0.35V 
3.1-4.15 
(TafNb), 

3B, 4.253 
8-1OMo 

3B, 3Si 

14.8A1 

1.5-1 SMn 
.Si, 1.5Mo 

S-2.5Mn 
!-3 Mo, 

Si. 1Mn 



Table 7. Process parameters for deposition of hardfacing weld overlays alloys. Plasma 
transferred arc process. 

Heat input 

J/RUll 

1272 

Hard facing 
Weld Overlay 

STELLITE-6 

Powder feed Interpass 
rate temperature 

cm3/sec C" 

3.0 < 60 

TRISTELLE )I TS-2 

790 

Coating 
thickness 

mm 

3.5 < 60 

3.3 
4.2 

920 

1130 

11 ULTIMET 

4.0 < 60 

3.5 < 60 

3.4 

1.8 

11 B-60 I 4.0 

11 INCONEL I 3.5 11 625 I 
11 ARMACOR I 2.4 

IRON 
ALUMINIDE 

HIGH 
CHROMIUN 
IRON 

316L SS 
STAINLESS 
STEEL 

3.3 

3 -5 

4.3 

420 SS 
STAINLESS 
STEEL 

4.6 

1272 I 3.0 
I I 
I 1 

1 I 

1060 I 3.5 I <60 
1 I 
I 

780 I 4.0 < 60 
1270 1 3.0 I <60 

Plasma Gas Flow Rate-5 SCFH (argon) 
Shielding Gas Flow Rate-30 SCFH (argon) 
Powder Gas Flow Rate-10 SCFH (argon) 
These parameters were kept constant for all materials. 
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Table 8. Reported chemical compositions of the wrought alloys 

ALLOY 

STELLITE-6 

ULTIMET 

316L SS 

HASTELLOY-C22 

INCONEL-625 

COMPOSITION (wt Yo) 

1 .lC-28.0Cr-3.0 max.Ni-3.0 max.Fe-4.5W- Co(bal.) 

0.058C-26.0Cr-9.ONi-3.OFe-2.OW-5.OMo-Co(bal.) 

0.03 max.C-l6.OCr-1O.ONi-2.0Mo-l.5Mn-Fe(bal.) 

0.0 1 5C-22.OCr-3 .O max.Fe-3.0W-13 .OMo-0.35 max.V-Ni(ba1.) 

0.0 1 C-22.OCr-5.0 max. Fe-3.5(Nb+Ta)-9.0Mo-Ni(bal.) 
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Table 9. Results of the high temperature microhardness tests. 

OVERLAY 

STELLITE-6 

TS-2 

ULTIMET 

IN-625 

HASTELLOY-22 

B-60 

ARMACOR-M 

IRON- 

ALUMINIDE 

HIGH Cr IRON 

316L SS 

420 SS 

AVERAGE VICKERS 

HARDNESS AT 25°C 

(500g load) 

22224 

1876  

917~120 

688~72 

194~12 

63 11-26 

14648 

463+.32 

78 

AVERAGE VICKERS 

HARDNESS AT 4OOOC 

(500g load) 

320+15 

33h7 

121k8 

163~6 

12127 

5 8 M 4  

65N32 

146+.12 

403+.12 

10&4 

35h10 



Table 10. Relative ranking of the weld overlay coatings based upon their combined average 
volumetric erosion rates. 

ULTIMET 

INCONEL-625 

316L SS 

HASTELLOY-22 

IRON-ALUMINIDE 

HIGH Cr IRON 

TS-2 

B-60 

420 SS 

STELLITE-6 

ARMACOR-M 

WELD OVERLAY 
COATINGS 

EROSION RATE (mm3/min) x l@ 

90' impact angle 

8.5 

9.4 

10.0 

11.4 

11.0 

11.1 

10.4 

13.5 

9.4 

11.9 

22.2 

79 

30' impact ande 

9.7 

9.5 

9.2 

9.4 

10.0 

11.3 

12.5 

9.9 

14.2 

12.2 

20.3 

Average 

9.1 

9.45 

9.6 

10.4 

10.5 

11.2 

11.45 

11.7 

11.8 

12.05 

21.25 



Table 11 . The volumetric erosion rates at 90' impact angle and 4OO0C temperature for wrought 
alloys. 

ALLOY 

STELLITE-6 

316L SS 

ULTIMET 

c-22 

INCONEL-625 

VOLUMETRIC EROSION RATE 
(mm3/min) xlo3 

8.9 

6.9 

3.6 

3 .O 

2.8 
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Table 12. Mechanical properties of the wrought alloys at 40OOC. 

ALLOY 

ULTIMET 

c-22 

INCONEL- 
625 

316L SS 

STELLITE-6 

FRACTURE 0.2%YIELD FRACTURE TENSILE IMPACT 
STRENGTH STRENGTH STRAIN TOUGHNESS TOUGHNESS 

(Mpa) (%I (MJ~ule~/m~)  (Joules) 
1877 380 74 897 > 407l 
1525 267 113 1117 380 

1528 530 69 752 183 

998 172 108 726 284 

1026 560 13 95 22 

l-stopped the hammer. 
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Table 13. Results of the microhardness profile tests for the 316L SS weld overlay coating after 
20 and 100 min. of exposure in erosion tester at 90" impact angle. 

WELD 
OVERLAY 

316L SS (100 

316L SS (20 
min) 

. BASE SURFACE PLASTIC AREAUNDER 
HARDNESS HARDNESS ZONESIZE THECURVE 
mlo) mKlJ (urn) (kg/m) 

267 f 12 437f7 70f 15 6068 f 1586 

253 f 13 445f5 65 f 15 6277 1602 
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Table 15. Results of the microhardness profile tests &Jr the wroug 
exposure in erosion tester at 90” impact angle. 

ALLOY 

STELLITE-6 

316L SS 

ULTIMET 

e-22 

INCONEL-625 

BASE 
HARDNESS 

~~ 

506f51 

252 f 10 

455 f 15 

315 f20 

360f25 

250f25 

169f4 

228fO 

258 f 12 

265 f 2  

84 

PLASTIC 
ZONE SIZE 

25 f 5  

55 f 5  

45f5 

55 f 5  

55 +5 

t alloys after 100 min. of 

AREA 
UNDER 
THE 
CURVE 
@g/m) 
2950 5 
950 

4645f 
545 

5130k 
570 

7113k 
988 

7288 & 
663 

~~ 

VOLUME 
EROSION 
RATE 
(mm3/min) 
xlo3 

~ ~- 

8.9 

6.9 

3.6 

3 .O 

2.8 



Table 16. Results of the microhardness profde tests for Cu and Cu-Zn alloys [22, 601. The area 
under the curve for each alloy was calculated in present work base upon the reported data. 

ALLOY 

c u  

Cu-10 % Zn 

Cu30%Zn 

SURFACE 
HARDNESS 
Hsurface 

W25) 

90 

103 

127 

39 

50 

64 

PLASTIC 
ZONE SIZE 

240 

220 

250 

AREA 
UNDER 
THE 
CURVE 
( k g m  

4680 

5500 

8000 

4.65 

4.45 

3.25 
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1 2 3 4 

INITIAL IMPACT LIP FORMATION SUBSEQUENT IMPACT FRACTURE 

Figure 1. Schematic diagram of material loss during erosion of ductile materials. 
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J 

StCL-0-O 0-0 

o anmaice 
0 rorr-nammco 
0 Mcrmailv hamcnco 

I 1 I I I I I 1 

800 
3 

200 4 0  600 
. Haraness (VPH - kg/rnrn-I 

Figure 2. Dependence of erosion resistance (l/volume erosion) on Vickers hardness 
for several pure metals and steels, and €or various states of work-hardening and heat 
treatment [2]. 
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4 

3 

2 

i 

300 400 500 600 700 800 
Matrix hardness Hv (Kgf  mm-*) 

Figure 3. Erosion rite as il function of hardness for low chromium cast iron [17]. 
Two different erodent were used (silicon carbide and glass sand). cx is the particle 
impact angle, E, is the erosion rate. 
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c .E, 

M A T E R I A L  .ar 
C R A C T U R E  S T R A I N  E. 

l O R N  MICROWARONESS. 
i U R F A C E  OISLOCATION OENSITY 

OR S T R A I N  - 

M A T E R I A L  E X P E R I E N C I N G  
THE YIELD S T R E S S  

U N O E F O R M E O  B U L K  
M A T E R I A L  

01 STAN C E 

S U R F A C E  
BELOW 

I N T R I N S I C  H A A O N E S S  
\OR O l S L O C A T I O N  O E N S I T Y  

A T  ZERO P L A S T I C  S T R A I N  

Figure 4. Schematic illustration of the deformed surface layer of an abraded or 
eroded material. the curve on the right-hand side indicates the change in 
microhardness, dislocation density or strain with depth below the worn surface [20]. 
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Material A-HIGH STRAIN HARDENING COEFFICIENT 
Material R-LOW STRAIN HARDENING COEFFICIENT 

€4 
F.3 I 

E F ?  I I 

i 
\ 
fracfurt 

I 
E2 E 3  E4 E l  

STRAIN (E) 
CRITICAL STRAIN TO 
FRACTURE 

Figure 5. The hypothetical stress-strain curves for the erosive wear of two materials 
(A and B) having identical yield stresses and strain to fracture. The strains (E) 
produced in each material by erosive particles having stress magnitudes from 0, to 0, 
are indicated [ZO]. 
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Increasing ioad, pa.~cIe size or anguIa@ 

Fracture toughness 

Figure 6. Schematic diagram showing how the abrasive wear resistance depends on 
fracture toughness. The hardness of materials is also indicated, falling as the fracture 
toughness increased [7]. 
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t 
a -  - ). 

A -  

- 8  
* .  

b 
Y - 

Figure 7. Microstructure of plasma-transferred-arc deposited hardfacing cobalt- 
basehrbide-type alloys. a) Stellite-20, b) Stellite-12, c) Stellite-6 [27]. 
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Figure 9. Overall view of the welding laboratory 

Figure 10. A photograph of the plasma arc torch assembly 

94 

-I__- . .- .~ 



Figure 11. A schematic diagram of the plasma arc welding unit. 
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\ Area of Weld Overlay. Ao 

-1 Area of Metted hubstrate. As 

A 

Figure 12. A schematic illustration of the cross-section of the weld overlay describing 
dilution. dilution is defined as the ratio of the melted substrate area (A,). to the total 
melted cross-sectional area (A,,+A,). 
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Particle 
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Acceleration Tube 

Fluid 
Heaters 

Ex1 

Particle 

Specimen 
Chamber 

h -Flow Meter 
Pressure 

/ Regulator 

Filters 

a 
Compressor 

Figure 13. A schematic diagram of the erosion tester. 
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Figure 14. Top view of the typical erosion sample. 1 
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Incubation Period 

Time 

Figure 15. A schemzltic diagram of the erosion kinetics. 
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KNOOP INDENTATION 

direction of tt 
microhardness profile 

Figure 16. A schematic diagram of the microhardness test performed on the weld 
overlay coating cross-section. 
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CROSS-SECTION VIEW 
OF THE ERODED SAMPLE '- 

\ 
'\ 
\ ERODED SURFACE 

\ MICROHARDNESS PROFILE DIRECTION 

plastic zone size (L) 

DISTANCE FROM THE ERODED SURFACE (MICRONS) 

c 

Figure 17. A schematic diagram of the microliardness profile that was taken in order 
to estimate plastic zone size due to erosion. 
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Figure 19. As-welded microstructure of the Stellite-6 weld overlay coating; (a) top of 
the coating; (b) matrix dendrites (white) and interdendritic phase (dark). Etchant- 
Muracami reagent. 
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Figure 
coating 

20. 
; co) 

As-welded microstructure of the TS-2 weld overlay coal 
second phase particles (dark phase). Etchant-Muracami 
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Figure 21. As-welded microstructure of the Ulthnet weld overlay 
the coating; (b) dendritic microstructure in different regions of the 
have various size and shape. Etchant: [16d Cr,O,, 16ml watre, a 
solution. ’ 
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coating; 
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Figure 22. As-welded microstructure of the Inconel-625 weld overlay coating; (a) top 
of the coating; (b) high magnification of the dendritic microstructure. Etchant: 
electrolytic-5V [5g oxalic acid and 85ml HCl] solution. 
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Figure 23. As-welded microstructure of the Hastelloy-22 weld overlay coating (top of 
the coating). Etchant: [16ml Cr203, 16ml water, and 30ml HCl] solution. 
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3 

Figure 24. As-welded microstructure of the B-60 weld overlay coating; (a) top of the 
coating and crack that run from the top; (b) high magnification view of the dendrites. 
Etchant: Glicerigia reagent. 
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Figure 25 
top of the 

. - -~ 

coating; (b) coatinghbstrate interface. Etchant: Marshall reagent. 
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Figure 25c. As-welded microstructure of the Iron-Aluminide weld overlay 
precipitates within the grain and at the grain boundaries. 
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Figure 26. As-welded microstructure of the Armacor-M weld overlay coating; (a) top 
of the coating; (b) high magnification view of the needle-like phase. Etchant: 
Gliceregia reagent. 
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Figure 26c. As-welded microstructure of the Armacor-M weld overlay coating (crack 
that run through the coating). 
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Figure 27. As-welded microstructure of the High Chromium Iron weld overlay 
coating; (a) top of the coating; (b) dendrites in the coating microstructure. Etchant: 
Muracami reagent. 
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Figure 28. As-welded microstructure of the 316L SS weld overlay coating; (a) top of 
the coating; (b) delta ferrite in austenitic matrix. Etchant: electrolytic-5V [60 % HN03 
and 40% water] solution. 
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Figure 29. As-welded microstructure of the 420 SS weld overlay coating; (a) top of 
the coating; (b) dendrites of the lath martensite. Etchant: Viella reagen:. 
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Figure 29c. As-welded microstructure of the 420 S S  weld overlay coating; lath 
martensite within prior austenite grains. 
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316L SS WELD OVERLAY COATING 
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Figure 30 (a-k). Microhardness values across the longitudinal section of the weld. 
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ULTIMET WELD OVERLAY COATING 
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Figure 30 (c and d). Microhardness values across the longitudinal section of the weld. 
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INCONEL-625 WELD OVERLAY COATING 
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Figure 30 (e and 0. Microhardness values across the longitudinal szction of the weld. 
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Figure 30 (g and h). Microhardness values across the longitudinal section of the weld. 
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Figure 30 (i and j). Microhardness values across the longitudinal section of the weld. 
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Figure 30 Q. Microhardness values across the longitudinal section of the weld 
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Figure 32. Weight loss as a function of time for nickel-base weld overlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 
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Figure 33. Weight loss as a function of time for iron-base weldoverlay coatings; (a) 
90" impact angle; (b) 30" impact angle. 
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Figure 36 (e and f). Microhardness profiles for weld overlay coatings after 100 
minutes of exposure in erosion tester at 90" impact angle. 
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Figure 36 (g and h). Microhardness profiles for weld overlay coatings after 100 
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Figure 36 (i and j). Microhardness profiles for weld overlay coatings after 100 
minutes of exposure in erosion tester at 90" impact angle. 
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Figure 37 (a and b). Microhardness profiles for wrought alloys after 100 minutes of' 
exposure in erosion tester at 90" impact angle. 
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Figure 37 (c and d). Microhardness profiles for wrought alloys after 100 minutes of 
exposure in erosion tester at 90" impact angle. 
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Figure 37 (e). Microhardness profiles for wrought alloys after 100 minutes of 
exposure in erosion tester at 90" impact angle. 

135 



c 
3 
5 
E 

- 
b 
E. 
2 
E 

n. z 
2 
E 

uLntmr ALLOY 

7% 

XD 

zy) 

0 

0" 
0 

1m. 0 

7%. 

o a1 01 OJ ~4 OJ a6 0.7 as a9 1 1.1 

r-0.995 

f 
E. 
B 
E 

0 0.1 0 1  0.3 Oh OJ a6 a7 O J  a9 1 1.1 l.2 

smun ( d m )  

Figure 38 (a-e ). Engineering and true stress-strain diagrams for wrought alloys at 
400OC. Eqvations for the best-fit lines are indicated on the graphs. 

136 



2 2 8  -I 
2oi ;:I 
14 

12-1 

-D- 
ARMACOR-M 

-U-+ 
8-60 I 

I tu4 
HIGH Cr IRON 

ALUMINA ERODENT 
104 T S - 2 O  

8- 420 SS 90 DEGREES IMPACT ANGLE 

6 - I I I I I 200 300 400 500 600 700 800 

TEMPERATURE400 C 

AVERAGE VICKERS MICROHARDNESS AT 400 C 
500 g load 

13 
b I 

STELLITE-6 
+U+ 12- 

HASTELLOY-22 
tPc 

'I- IRON ALUMlNlDE ku' 

316L SS 
10- 

IN-625 kP, 

ALUMINA ERODENT 
90 DEGREES IMPACT ANGLE 

9- 

TEMPERATURE -400 C ULTIMET 1 0 4  

8 1 I 1 1 1 
50 100 150 200 250 300 350 

AVERAGE VICKERS MICROHARDNESS AT 400 C 
500 g load 

Figure 39 a and b. Effect of average microhardness at 400°C on volume erosion rates 
at 400" for weld overlay coatings: a) coatings that did not appreciably deform 
plastically and b) coatings that deformed plastically. 

137 



z 
0 
Y 

I 
I 
I 
I 
I 

I 
I 
I 

ELASTIC DEFORMATION I FRACTURE 

I 

I I CRITICAL VELOCITY 

vc 

ERODENT VELOCITY 

Figure 40. A schematic diagram that illustrate the effect of erodent particles veocity on 
erosion behavior of brittle materials 

138 



FRACTURE STRESS 

cn m 
W 

E 

w 
0 
d 

E 
B 

B 

3 

a 
3 cn 

n 

w 
W 

I- 
5 
r 

L 
W 
0 z 

cn_ 
c1 

tYlELD STRESS 

/ 

I 

I 

MICROHARDNESS OF THE 
UNDEFORMED REGION t- 

I 
MICROHARDNESS * 

Figure 41. A schematic diagram of change in microhardness with distance from the 
eroded surface. Correlation between the drown true stress-strain diagram and 
microhardness profile is only qualitative 

139 



.500 

450 ?c 
X 
h 

a  ̂0 400 
0 z 
? c C a  

m.S 350 

z- 
H 300 
4 
X 
0 
H u 250 

- m  

Go" 
n 

9 
200 

DISTANCE FROM THE ERODED SURFACE (MICRONS) 

0 

Figure 42. A typical example of the microhardness profile (316L SS Coating) from 
which area under the curve can be determined. 

140 



316L SS WELD OVERLAY. 100 MIN OF EXPOSURE 

e o  
0 00000 8 0 0 0 O 

Q ~ O  o 8 8 '  
0 ~ ~ ~ ~ 8 0 8 0 0  0 ~ 8 ~ o ~ o ~ 0 o  0 o o o  0 0 

DISTANCE FROM TIE ERODED SURFACE (MICRONS) 

316L SS WELD OVERLAY. 20 MINUTES OF EXPOSURE 

0 0  
0 

0 e O 8OOo0 O 
0 0 0 0 0 8 , ~  '080 0 0 

08gog O O 0 0 0  O 
240 800 0 0  Ei 220 Ooo0 oooo 

0 0 0  
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Figure 47. Microhardness profiles for Cu and Cu-Zn alloys after exposure in erosion 
tester at 90" impact angle. The profiles were obtained by Reddy et.al [60]. 
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Figure 48. Effect of calculated area under the curve of microhardness versus distance 
from the eroded surface on volumetric erosion rates for Cu-Zn alloys. 
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Figure 49. Effect of tensile toughness at 400°C on volumetric erosion rates at 400°C 
for wrought alloys. 

147 



1ZSO-l 

1050 

850 

650 

450 

250 

ULTIMET 

316L SS 

c -22  

I N-625 

UTELLITE-6 

50 1 I I I I I I 1 1 1 I 

2000 3000 4000 5000 6000 7000 8000 

AREA UNDER THE CURVE (kg/m) 
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