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This paper describes the water droplet erosion characteristics of advanced high-velocity oxygen-fuel
(HVOF) coating and the materials used for steam turbine blading. For droplet erosion study, round
samples as per ASTM G73-98 (“Standard Practice for Liquid Impingement Erosion Testing,” Vol 03.02,
Annual Book of ASTM Standards, ASTM, 2004) were selected. The materials commonly used for steam
turbine blading are X20Cr13, X10CrNiMoV122, and Ti6Al4V. During incubation as well as in the long
run, advanced HVOF coating has performed much better than all these materials. This is due to enhanced
particle kinetic energy caused by optimum flow of oxygen and fuel injection by modifying the fuel injector.
Droplet erosion test results of these materials and advanced HVOF coating along with their properties and
damage mechanism are reported and discussed in this paper.
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1. Introduction

Water droplet erosion is a well-known phenomenon occur-
ring on the moving blades operating at the low-pressure end of
steam turbines. This is initiated by “small” primary droplet
condensate in bulk of the supercooled steam in the flow, which
becomes separated on the blade surface and generates second-
ary “large” droplets, causing erosion. Relatively large drops, up
to 800 �m diameter, are consistently produced and accelerated
and strike on the convex side of the moving blades. The water
drops greater than 200 �m and a terminal velocity more than
250 m/s are responsible for quick erosion. Material loss from
the leading edge is the result of commutative damage from the
impact of water droplets. The impact of large droplets 800 �m
at 300 m/s generates high local forces. The damage produced
by one or more of these loading conditions on a material sur-
face exposed to single or multiple water drop impact is respon-
sible for initiating damage and subsequent material removal
(Ref 1-10). The evaluation of damage produced in target ma-
terial caused by the single water drop loading cycle is a com-
plex dynamic process. Recently, high-velocity oxygen-fuel
(HVOF) coatings and laser hardening have proved to be the
best candidate materials for water droplet erosion resistance
(Ref 10). It has been reported that laser hardening is an excel-
lent shield for this application; however, it introduces both
compressive as well as tensile residual stresses in the steel (Ref
11-13). Austenite phase retention resulting in volume decrease
gives rise to the tensile stresses, whereas martensite transfor-
mation causes volume increase and gives rise to compressive
residual stresses. The distribution of these stresses largely de-

pends upon heating and cooling rates of the laser-hardened
layer. The thin edges of the low pressure steam turbine (LPST)
blades undergo convex bending in the longitudinal direction,
causing reduction in tensile stresses. On the other hand, the
blades suffer a considerably smaller deformation or even a
slight concave bending, which causes an increase in tensile
residual stresses. Thus, the residual stresses in laser hardened
layer in the longitudinal direction are compressive and gener-
ally range between 5 and 80 MPa, whereas in the transition
area from the hardened layer to matrix, they change into tensile
residual stresses. In the transverse direction, the residual
stresses are always tensile and range from 50 to 200 MPa. The
tensile stresses on the laser-hardening surface may initiate
cracks that may propagate into the blade material causing fail-
ure. On the other hand, for the HVOF coatings, these stresses
are compressive in nature due to peening action of the high
velocity oxyfuel spray coatings as the particles travel at the rate
of more than 600-700 m/s. For the HVOF processes studied so
far, the depth of peening effects could be as much as 50 �m and
may be much more for heavier tungsten carbide powders as the
intensity of the peening is directly proportional to the mass and
square of the particle velocity (1/2 mv2). These compressive
stresses range from 200 to 400 MPa (Ref 14). These are highly
beneficial to arrest the initiation of the cracks and minimize the
breakage of the LPST blades avoiding unnecessary outages.
Therefore, the process becomes very attractive for steam tur-
bine blading. Advanced coating such as plasma assisted chem-
ical vapor deposition (PACVD), super D-Gun LW45
(WC10Co4Cr), have been studied for corrosive and erosive oil
field gate valve application (Ref 15). Because WC10Co4Cr is
a reasonably good material, it can be deposited by high-
velocity oxyfuel sprayed technique and has recently been studied
for this application (Ref 10). For the current study, the conven-
tional spray gun of HVOF system was upgraded by modifying the
fuel injection and enhancing the fuel atomizing process. The at-
omization process is based upon the multipoint fuel injection con-
cept, which completely burns the carbon in the liquid fuel pro-
ducing extra energy. This helps in further acceleration of
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carbide particles in the HVOF flame producing a dense cohe-
sive and well-bonded layer. The process of fuel atomization to
produce well-bonded and cohesive HVOF coating, along with
droplet erosion resistance of all these materials, is reported in
this paper.

2. Energy Flux

The energy flux of the water droplet is associated with
normal component of the droplet impact velocity w*N (r*,�),
the droplet size defined by r*, and the blade surface element d�
�R1/sin �b1, (�) at � is given by (Ref 3, 4):
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where tw is the rotor blade spacing (m), �M*/�R1 is the total
amount of water entering over length �R1 (kg/s), r* is the
droplet radius (m), w*N(�) is the maximum value of the nor-
mal components of impact velocity (m/s), w*ax is the axial
velocity of the droplet velocity (m/s), R*(�) is the maximum
droplet radius (m), N is the perpendicular distance from the
leading edge, fn is the number distribution, R is the distance of
the blade profile from the axis of the rotor (m), � is a coordi-
nate (m), and �b1 is the blade tangent inclination (degrees).

The water droplet energy flux in the last stage of a moving
steam turbine blade for a particular profile in 200 MW plant is
given in Fig. 1 (Ref 3, 4). These values lie in the range of 4 ×
106 to 15 × 106 J/m2s. The energy flux for four different water
droplet sizes, i.e., 213, 109, 78, and 49 �m, is plotted in Fig. 1.
The figure shows that energy flux in the region of the leading
edge rises exponentially, close to 15 × 106 J/m2s, and this can
be higher for a larger water droplet. The droplet erosion tests
were conducted at 29.9 × 106 J/m2s to obtain results in short
duration tests.

2.1 Corrosion Aspects

Fatigue, along with droplet erosion, is considered to be the
most common single factor of LPST blade failure. Corrosion
alone is not considered a contributing factor. This was also
experienced at a number of sites that have run for more than 15
years. The formation of pits due to droplet erosion at a critical
location on a turbine blade may aggravate cracking of the blade
in two ways: as a stress concentration, causing the blade to
experience high stresses (both static and cyclic), and as a stag-
nant corrosion cell, where the environment at the base of the pit
can change concentration as corrosion proceeds. The latter situ-
ation can lead to a low pH and more acidic environment, which
is known to be deleterious to the corrosion fatigue life of con-
ventional blading alloys. However, the pH values in power
plants are usually maintained within normal limits, so this situ-
ation rarely arises.

Corrosion testing of all the materials generally used for
steam turbine blading, along with advanced HVOF coatings for
durations up to 100 h, was done as per ASTM B-117-73 (Ref
16). The test results are based on the physical observation of
the samples for different times. Corrosion initiation and rust
formation and stain appearance have been used to compare
corrosion results. The corrosion of the HVOF coating is com-
parable to X20Cr13 steel. The corrosion of heat-treated
X10CrNiMoV122 steel is inferior to the nonheat treated steel
because the retained austenite has converted to martensite and
is sensitive to the chlorides in the salt. Silica and/or chloride
deposits, which are common in steam turbines, aggravate stress
corrosion cracking. The initiation of corrosion damage for du-
rations up to 24 h on these materials is shown in Fig. 2. The
trend in damage continued for durations up to 100 h. Figure 2
shows that Ti6Al4V and SS321 are free from any attack. These

Fig. 1 Energy flux of 200 Mw LPST blade (Ref 3)
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two alloys are followed by 17Cr-4NiPH, X10CrNiMoV122
(AS), X10CrNiMoV122 (HT), X20Cr13 (AS), and the HVOF
coating.

2.2 Fracture Toughness

The fracture toughness of the surface coating plays a sig-
nificant role in the droplet erosion resistance. The fracture
toughness (k1c) of the advanced HVOF coating was evaluated
using the surface indentation technique. A load of 30 kg was
applied, and the indent diagonal (a) and crack length (c) were
measured (Ref 17). The advanced HVOF coating produced by
the modified fuel injector did not show any cracking, whereas
the coating processed using the conventional injector was
cracked. Figures 3(a) and (b) show the indents on the HVOF
coating. The conventional k1c value lies in the range of 4-5
MPa√m. The coatings deposited with the modified injector did
not show any cracking so their fracture toughness values could
not be determined. These results suggest that a significant im-
provement in fracture toughness has been achieved and is
caused by the complete combustion of the fuel, as there is
absolutely no sign of residual carbon in the HVOF flame. The
flame using the modified injector is very sharp and concen-
trated, whereas the flame when using the conventional injector
is broad and diffuse.

3. HVOF Coatings

WC powders are widely used to produce dense, high hard-
ness, wear-resistant coatings, especially to combat erosion and

corrosion (Ref 18). WC-Co, using either Ni or Cr, is typically
used with WC-Co-Cr powders preferred when corrosion resis-
tance is needed.

The HVOF coatings are based on liquid as well as gaseous
fuel. The liquid fuel systems are preferred due to ease of op-
eration and safety. These systems have the limitations of com-
plete combustion of the hydrocarbons in the liquid fuel (such as
kerosene and diesel). The complete combustion of hydrocar-
bons in the liquid fuel depends upon the atomization of the fuel
and proper mixing of the fuel and oxygen. Diesel fuel and
aviation kerosene have excessive aromatics requiring smaller
fuel droplets for complete combustion. These depend upon the
numbers of fuel injection points and their spacing and location.
The conventional fuel injector has a limited number of fuel
injection points (i.e., three fuel injection points), leading to
excessive unburned carbon in the HVOF flame. In the current
study, the number of fuel injection points was increased to
eight. The coatings obtained with the modified injector were
evaluated for droplet erosion resistance. Samples 	12.7 × 40
mm in length were coated using the HVOF automatic mode.
Air cooling was used so the temperature of the samples was
maintained below 125 °C. Coating thickness was 250 ± 30 �m
for all samples.

4. Water Droplet Erosion Testing of Different
Coatings

The details of erosion test facility are given in Ref 10. In
short, the test facility consists of a 700 mm diameter chamber
and a round disk on which the test samples are positioned.

Fig. 2 Salt spray test on various materials (damages in ascending order)
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Samples 40 mm in length and 12.7 mm in diameter are affixed
on the periphery of the disk. As such, a relative velocity of
147.6 m/s can be attained. A precision balance (±0.1 mg) was
used for measurement of mass loss after testing. The test du-
ration was selected to achieve steady state impingement. The
accuracy of the test results were confirmed using 321SS as a
reference material. The deviation and accuracy of the mass loss
measurements for the test apparatus lie within the specified
range established from different laboratories (Ref 19). The re-
sults were plotted in the form of a cumulative erosion rate-time
curve. The extent of erosion damage is calculated from the
mass loss divided by the density of the coatings and/or alloy.
Table 1 gives the materials tested for droplet erosion. Test
conditions are given in Table 2.

5. Results and Discussion

5.1 Properties of Materials and Coatings

Tables 3 and 4 give the mechanical properties of all mate-
rials and coatings. As mentioned previously, the property that
correlates well with erosion resistance is the “modified resil-
ience.” This can be seen from Fig. 4 and 5 and Tables 4 and
5. Other properties such as toughness and yield strength do not
appear to correlate as well with erosion behavior. The basic
mechanical properties along with droplet erosion resistance of
conventional HVOF coatings have already been reported
(Ref 10).

5.2 Microhardness

The microhardness and hardness of the coated and uncoated
steels were measured using a load of 10 kg. The hardness
values are given in Table 3. The microhardness of the advanced
HVOF coating has increased significantly (i.e., 1500 Hv in
comparison to 1200 Hv for the conventional injector).

5.3 Droplet Erosion Test

The droplet erosion test results of different stainless steels
and Ti6Al4V along with the advanced HVOF coating are
shown in Fig. 4 and 5. It can be seen that excellent performance
is achieved by the advanced HVOF coating followed by
Ti6Al4V, 17Cr-4Ni PH, and X10CrNiMoV122 steel. It can
also be seen that the HVOF-coated WC10Co4Cr steel per-

Table 1 Various materials used for droplet erosion
testing

Materials Composition, wt.%

SS321 0.048C, 0.58Si, 1.57Mn, 17Cr, 13.5Ni, 2.39Mo,
0.5Ti, Bal. Fe

X20Cr13 0.20C, 0.5Si, 0.5Mn, 13Cr, 0.5Ni,, Bal. Fe
X10CrNiMoV122 0.1C, 0.25Si, 0.7Mn, 12Cr, 2.5Ni, 1.75Mo,

0.3V, Bal. Fe
17Cr-4Ni PH 0.06C, 15.67Cr, 0.27Si, 0.64Mn, 4.25Ni, 3.6Cu,

0.19Nb, Bal. Fe

Table 2 Experimental test conditions

Conditions Test II

Water jet size 3.2 × 10−3 m
Water energy flux 29.88 × 106 J/m2s
Relative water velocity 147.6 m/s
Test sample size 
 12.70 × 40 mm
Water droplet dize 100-300 �m
Number of specimens used 12
Test duration 10.98 × 106 cycles (N)
Jet distance 100 mm
Angle of impingement 0-90°
Impact frequency 78 cycles/s
Experimental accuracy ±17.5%

Fig. 3 Surface indentation of a conventional and advanced HVOF coated X20Cr13 steel: (a) convention HVOF showing deep diagonal cracks and
(b) advanced HVOF showing no cracks
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formed much better, even during the incubation period. Rela-
tive ranking of the coatings and materials are given in Table 5.
The superior performance of the advanced HVOF coating is
caused by its high hardness and excellent toughness (lack of
cracking during indentation testing) compared with the con-
ventional HVOF coating. It is well known that physical prop-
erties of coated materials, such as tensile strength, modified
resilience, binding energy and crystal structure, play a crucial

role in determining the erosion resistance (Ref 10). It has also
been observed that the higher the crystal binding energy of a
material, the longer is the incubation period (Ref 20). However,
the integrity of the coating, together with proper bonding to the
substrate, along with crack resistance, play significant roles in
the erosion resistance. Diffuse coatings can be produced by
chemical vapour deposition and lead to composite structures
(Ref 21). The excellent impingement erosion resistance of ad-

Table 3 Mechanical properties of different coatings and materials

Materials/coatings
materials

YS,
N/mm2

UTS,
N/mm2

Hardness,
HV EL, %

Ultimate
resilience, J/cm3

Strain energy,
J/cm3

Impact
strength,

J

SS321 390 837 135-145 48.4 1.67 328 355
X20Cr13 721 876 300-350 23.2 1.83 164 93
X10CrNiMoV122 (AS) 857 1000 290-300 21.1 2.42 171 >100
17Cr-4Ni PH 863 1224 365-380 13.4 3.58 140 112
Ti6A14V 850 874 330-350 13.0 3.17 96 65
X20Cr13 (Adv. HVOF) … … 1450-1500 … … … …

Note: UTS2/2E, Ultimate resilience; UTS, ultimate tensile strength; E, Young’s modulus; X20Cr13, actual steam turbine blade material in a forged condition;
X10CrNiMoV122 ‘AS’, actual steam turbine blade material in a forged condition; 17Cr-4Ni PH in as-cast condition; Ti6A14V in forged condition and later
heat-treated for 1 h at 950 °C followed by water quench and aged for 6 h at 535 °C, X10CrNiMoV122 ‘HT’, austenized for 1⁄2 h at 1000 °C followed by
oil quench, hardness increased from 290-300 to 420-430 Hv

Table 4 Experimentally determined properties of
different materials

Materials Hardness, HV

Modified
resilience,

HV

Impact
strength,

J

SS321 135-145 0.310 355
X20Cr13 300-350 0.712 93.0
X10CrNiMoV122 (AS) 290-300 0.819 >100
17Cr-4Ni PH 365-380 1.13 112.0
Ti6A14V 330-350 1.29 65
X20Cr13 (Adv. HVOF) 1450-1500 3.54 …

Modified resilience =
UTSsubstrate � Hardnesssubstrate�coating

2E

Table 5 Volume loss and ranking of different
coatings/materials after 10.98 × 106 cycles (N) at 29.88 ×
106 J/m2s

Coating/materials Ranking Volume loss, mm3

SS321 7 42.3(a)
X20Cr13 6 54.8
X10CrNiMoV122 (AS) 5 7.7
17Cr-4Ni PH 4 4.5
Ti6A14V 3 4.5
X10CrNiMoV122 (HT) 2 2.93
X20Cr13 (Adv. HVOF) 1 1.91

(a) Due to excessive wear out, the SS321 steel samples could not be
continued after 6.8625 × 106 cycles (N).

Fig. 4 Volume loss of different materials and coatings at an energy
flux of 29.88 × 106 J/m2s

Fig. 5 Volume loss of different materials and coatings at an energy
flux of 29.88 × 106 J/m2s
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vanced HVOF coatings can be explained on the basis that
microjets formed by dividing bigger jets into smaller jets can-
not penetrate the hard WC particles easily or break the matrix
as it is very tough. The HVOF coating phenomenon is similar
to cold welding. Kuroda et al. (Ref 14) have reported that
compressive stresses ranging from 70 to 420 MPa were gen-
erated during HVOF spraying due to the peening effect of
spraying particles in a semimolten state at high velocity. Com-
pressive stresses on the order of 200 MPa in HVOF coatings
exist to a 50 �m depth inside the substrate (Ref 14). These
compressive stresses are likely to increase with increased ki-
netic energy of the sprayed particles in the case of the advanced
fuel injection system used in this research. These compressive
residual stresses are highly beneficial in reducing stress corro-
sion related fatigue damage and have improved performance.

5.4 Scanning Electron Microscopy

The mode of material removal in 17Cr-4Ni PH steel is
across the grains, whereas in the case of Ti6Al4V, deep cavities

are observed in the longitudinal direction (across the flow). The
micrographs of erosion damage are shown in Fig. 6-9. The
micrographs show that the microstructure of X10CrNiMoV122
is coarser than that of 17Cr-4Ni PH and becomes finer after
heat treatment. Material removal is across the grain and similar
in mode to other steels. The microstructure of the advanced
HVOF coating is free from pores and very fine (Fig. 6). The
microstructure details of the conventional HVOF coating have
already been reported (Ref 10). Droplet eroded samples, tested
according to ASTM G-73-98, are shown in Fig. 10. The
samples have been arranged in decreasing order of the damage.
A cross-sectional view of the test facility, which was designed
and fabricated according to ASTM G-73-98, is shown in
Fig. 11.

5.5 Field Experience

Droplet erosion damage of LPST blades has been experi-
enced at a number of sites. The damage is visible only after
many hours of operation (minimum operation of 15-20 years).
The eroded blade from one of the sites is shown in Fig. 12. It

Fig. 6 SEM of eroded X20Cr13 (Adv. HVOF) showing coating is
free from oxides and pores

Fig. 7 SEM of eroded X10CrNiMoV122 (AS) showing deep erosion
across the grains

Fig. 8 SEM of eroded X10CrNiMoV122 (HT) showing tunnel type
damages

Fig. 9 SEM of eroded 17Cr-4Ni PH showing fine microstructure
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can be seen that corrosion alone does not appear to be a con-
tributing factor. Only a few spots of rusting were observed
(corrosion damage can, however, be easily removed by erosion
damage). The corrosion resistance of advanced HVOF coating
is comparable to that of X20Cr13 steel and may be slightly
less. So, in the long run the HVOF coating is the right choice
for protecting LPST blades against droplet erosion.

6. Conclusions

In droplet erosion, the advanced HVOF coating performed
best from among the materials tested (SS321, X20Cr13, 17Cr-
4Ni PH, X10CrNiMoV122, and Ti6Al4V). This technique, be-
cause of its enhanced kinetic energy, has the advantage of
introducing additional compressive residual stresses within the
coatings as well as in the base material. Therefore, it is an
excellent approach for combating damage arising from water
droplet erosion of LPST blades.

The fracture toughness of the advanced HVOF coating ap-

pears to be much higher than in the conventional HVOF coat-
ings. This may be another reason of its enhanced droplet ero-
sion resistance.

The grain morphology of 17Cr-4Ni PH is the finest of all
the materials tested. This may be one reason for its enhanced
droplet erosion and corrosion resistance compared with
X10CrNiMoV122 and X20Cr13 steels.

The 17Cr-4Ni PH and X10CrNiMoV122 steels have been
shown to perform better than X20Cr13 steel in salt spray tests.
The droplet erosion resistance of these steels is also much
better than X20Cr13 steel. These steels also possess better
mechanical strength than X20Cr13 steel, and so can be used for
LPST blading.
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