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bstract

The slurry erosion of two coatings applied by oxy fuel powder (OFP) and wire arc spraying (WAS) processes onto sand-blasted AISI 304 steel
as studied, and the results were compared to those obtained with AISI 431 and ASTM A743 grade CA6NM stainless steels, which are commonly
sed for hydraulic turbines and accessories. The adherence of the coatings to the substrate was measured according to ASTM C 633 standard, while
he microstructure and worn surfaces were characterized by optical and scanning electron microscopy. Slurry erosion tests were carried out in a

odified centrifugal pump, in which the samples were placed conveniently to ensure grazing incidence of the particles. The slurry was composed
f distilled water and quartz sand particles with an average diameter between 212 and 300 �m (AFS 50/70) and the solids content was 10 wt%

n all the tests. The mean impact velocity of the slurry was 5.5 m/s and the erosion resistance was determined from the volume loss results. The
oated surfaces showed higher erosion resistance than the uncoated stainless steels, with the lower volume losses measured for the E-C 29123
eposit. SEM analysis of the worn surfaces revealed intense plastic deformation in both coated and bare stainless steels, with little evidence of
rittle fracture in the microstructure. The measured adhesive strength of the coatings was considered acceptable for the processes employed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Stainless steels are widely used in hydroelectric power plants
ue to their good corrosion properties and acceptable resistance
o solid particle erosion, since many components are in con-
act with aqueous solutions containing hard particles that impact
gainst the surface causing significant material loss (slurry ero-
ion condition). The magnitude of the damage caused is a
onsequence of the amount, type and size of solid particles in
he flow, together with the mechanical properties of the sur-
aces, physical–chemical properties of the water and operating
onditions [1,2].

Slurry erosion problems are particularly important during
ainy seasons due to the increase in the number of solid par-
icles impacting the surfaces, especially in systems where an

xhaustive filtration process is not possible. This is the case of
he Francis turbines installed in a hydroelectric power plant in
orthwestern Colombia, where intense erosive wear has led to

∗ Corresponding author. Tel.: +57 4 425 5339; fax: +57 4 425 5339.
E-mail address: aotoro@unal.edu.co (A. Toro).
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hanges in surface texture and loss of adjustment between the
iners and the spiral case, as can be seen in Fig. 1.

The angle of incidence of the particles is extremely impor-
ant to determine the main wear mechanism acting on the surface
f the components submitted to erosion. It is well known that
icro-cutting prevails for low impact angles whereas for angles

lose to 90◦ the dominant effects are low-cycle fatigue and
ccumulation of plastic deformation up to a critical value that
romotes material detaching [3,4]. In addition, corrosive attack
nd boundary layer effects develop when the particles are carried
y a liquid, configuring a much more intricate situation that is
ffected by the rheological properties of the carrying fluid such
s its density and viscosity [5,6].

A cost-effective way to improve the slurry erosion resis-
ance of the components is the application of thermally sprayed
oatings [7,8]. The term thermal spray describes a family of pro-
esses that use chemical or electrical energy to melt (or soften)
nd accelerate particles of a material which is then deposited on

surface [9]. The coatings may have a good erosion resistance
epending on the chemical and mechanical properties of the
aterial deposited, the surface preparation prior to application

nd the deposition conditions [7–9].

mailto:aotoro@unal.edu.co
dx.doi.org/10.1016/j.wear.2006.12.061
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ig. 1. Liner of a Francis turbine. (a) General aspect of liner’s worn surface an
ocals for erosive wear.

In this work, two thermally sprayed coatings were studied in
aboratory in order to evaluate their potential application in a par-
icular component of a Francis hydraulic turbine. The evaluation
ncluded the analysis of the worn component and comparison
etween coated and uncoated samples submitted to controlled
lurry erosion conditions.

. Experimental procedure

.1. Materials

Two stainless steels commonly used for turbines and
ydraulic accessories were used, namely ASTM A743—grades
A6NM and AISI 431, whose nominal chemical compositions
re shown in Table 1. Also, two commercial powders, E-C 29123
WC/Co in Fe–Cr–Ni matrix) and T 35MXC (Al2O3-reinforced
igh-carbon steel) were deposited onto AISI 304 steel by oxy-
uel powder (OFP) and wire arc spraying (WAS) processes,
espectively. The coatings were deposited by using Terodyn
000 (OFP process) and TAFA 8830 (WAS process) equipments
ccording to the manufacturers recommendations. The surfaces
ere prepared either by sand blasting (OFP coatings) or grind-

ng wheel (WAS coatings). In all cases a nickel-rich bond-pass
as applied before the wear-resistant coating.

.2. Microstructure and chemical characterization

The microstructure characterization was done in a JEOL

910LV SEM and an Olympus PME3 LOM. The porosity of
he coatings was measured by digital image analysis. Vickers
ardness and micro-hardness measurements were performed by
sing a Wolpert hardness tester (HV62.5 kg f) and a Shimadzu

s
m

able 1
ominal chemical composition of the studied stainless steels (wt%)

aterial C Mn Si Cr

ISI 431 0.20 1.00 1.00 15.0–17.0
STM A743—grade CA6NM 0.06 Max. 1 Max. 1 11.5–14
-C 29123 – – – 3–7
5 MXC Stee
detailed view showing wear marks (SEM). Arrows in (a) indicate preferential

icro-hardness tester (HV300 g, 15 s), respectively. Localized
hemical analyses of the specimens were done with an EDS
pectrometer coupled to the SEM. The AISI 431 stainless steel
amples were taken from the liner of a Francis turbine that pre-
ented accelerated wear damage, while the specimens of ASTM
743 grade CA6NM stainless steel and the coatings were pre-
ared in laboratory.

.3. Slurry erosion tests

The slurry erosion tests were carried out in a modified cen-
rifugal pump, in which the specimens were submitted to wear
onditions similar to those of the liners of Francis hydraulic
urbines. Fig. 2 shows the configuration of the testing machine,
hich is composed of a commercial centrifugal pump connected

o an electrical motor, a frequency inverter and an isothermal
ath to control the slurry temperature. The samples were located
t the outlet of the centrifugal pump to ensure grazing incidence
f the particles (see Fig. 2). The slurry was composed of distilled
ater and quartz particles with a mean diameter between 212

nd 300 �m (AFS 50/70) and the solids content was 10 wt%.
he mean impact velocity of the slurry was 5.5 m/s and the ero-
ion resistance was determined from the mass loss results. Mass
osses were measured every 30 min by using a scale with 0.01 mg
esolution. The total duration of each test was 120 min, and after
hat period both the sample and the slurry were replaced.

.4. Analysis of worn surfaces
The worn surfaces were analyzed in stereoscopic and
canning electron microscopes in order to identify the wear
echanisms and relate them to the mass loss results.

Ni P S Mo Others

1.25–2.50 0.04 0.03 – Fe balance
3.5–4.5 Max. 0.04 Max. 0.03 0.4–1.0 Fe balance
15–40 – – – W >60, Co 7–13

l tube filled with Al-rich particles
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ig. 2. Slurry erosion testing machine. (a) General aspect of the device, (b) de
ump.

. Results and discussion

.1. Microstructure

.1.1. AISI 431 stainless steel
The microstructure of this steel is composed of martensite

ith chromium carbides precipitated at the prior austenite grain
oundaries, as can be seen in Fig. 3. The average hardness
easured was 320 HV62.5 kg f. Micro-hardness measurements

eported 422 HV25 g f, 15 s. in the martensitic matrix.

.1.2. ASTM A743 grade CA6NM stainless steel

The material received in the as-cast condition was homoge-

ized at 1050 ◦C for 1 h and then air-cooled to room temperature.
fter that, the specimens were tempered at 650 ◦C for 1 h and

ooled down in air. The microstructure of the steel is composed

ig. 3. Microstructure of AISI 431 stainless steel, Kalling’s 2, 2000×, SEM.
he arrow shows a chromium carbide precipitated at the grain boundary of prior
ustenite.

w
p
(
p

F
L

f sample-holder and (c) detail of positioning of the samples in the centrifugal

f martensite (average hardness 280 HV62.5 kg f) with some
etained austenite and �-ferrite (Fig. 4). Micro-hardness mea-
urements of martensite reported 367 HV25 g f, 15 s.

.1.3. E-C 29123 coating
Fig. 5 shows the microstructure of a typical coating with

thickness of circa 400 �m including the bonding layer of
00 �m. The bonding layer is composed by a soft, nickel-rich
atrix (191 HV average hardness) containing elongated alu-
inum oxide particles (1530 HV25 g f, 15 s), which are marked

s (1) in Fig. 5. The measured average volume fractions of
l2O3 particles and pores were 11% and 7%, respectively. The

ear-resistant E-C 29123 coating is composed of hard, WC/Co
articles (1211 HV average hardness) and softer Ni–Cr regions
639 HV average hardness), together with a number of unmelted
articles and pores. The volume fraction of pores was estimated

ig. 4. Microstructure of ASTM A743 CA6NM stainless steel, Vilella’s, 860×.
OM.
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ig. 5. Microstructure of E-C 29123 coating, 200×, SEM. (1) Aluminum oxide,
2) WC particles, (3) Ni–Fe–Cr particle, (4) porosity and (5) unmelted particle.

o 15% by digital image processing of SEM images. This poros-
ty amount is acceptable for OFP coatings [10]. The ASTM C633
ests reported a mean adhesive strength of 7.9 MPa with total
etachment of the bond pass. This average value is in agreement
ith literature for the OFP process [9,10] and it is an indication
f acceptable quality of the coatings.

.1.4. T 35 MXC coating
The microstructure of T 35 MXC coating can be seen in

ig. 6. The thickness of the coating was circa 270 �m including
he bonding layer of 100 �m. The bonding layer is composed of a
i-rich matrix containing a volume fraction of 10% of elongated

luminum oxides (2100 HV200 g, 15 s) and average porosity of
%. The microstructure of the wear-resistant coating T 35 MXC
238 HV300 g, 15 s) is a distribution of aluminum oxides in a high
arbon steel matrix. The measured volume fraction of aluminum
xides and porosity were 12% and 15%, respectively.

.2. Examination of worn surfaces

The typical aspect of the worn surfaces as seen in stereo-
raphic microscope is shown in Fig. 7. Detailed analysis of the
orn surfaces revealed wear marks typical of erosion at grazing
ncidence, with micro-cutting and micro-ploughing as the main
ear mechanisms observed at the surface of all the stainless

teels tested and the T 35 MXC coating (Fig. 8), being these
arks more evident and evenly distributed in the stainless

a
r
a
H

Fig. 7. Typical worn surfaces after sl
ig. 6. Microstructure of T 35 MXC coating, 300×, SEM. (1) Aluminum oxide
n bond pass and (2) pore in wear-resistant layer.

teel samples. On the other hand, the worn surfaces of the
-C 29123 coatings showed a differential response as a func-

ion of the phases present in the microstructure, as shown
n Fig. 9.

Aluminum oxides in T 35 MXC and WC/Co areas in E-C
9123 coatings contributed to increase the wear resistance due
o their high hardness and Young modulus. As the testing time
ncreased the hard phases were gradually exposed to the erosive
articles and the main wear mechanism changed from micro-
utting of matrix to spalling of hard phases.

Evidences of brittle fracture were observed in the E-C 29123
oating, as can be seen in Fig. 9 (arrow in left upper cor-
er). Nevertheless, the analysis of the coatings before the slurry
rosion tests reveals that similar cracks are formed as a conse-
uence of the thermal spray process employed, due to the high
ooling speeds and the thermal coefficient mismatch between

C/Co particles and Ni–Cr regions (Fig. 10). Unmelted par-
icles and droplets can also be observed before the surface
s submitted to the slurry wear tests, but these features are
emoved during the tests due to their low adherence to the subs-
rate.

A significant increase in micro-hardness was observed in
he stainless steels surfaces after the slurry erosion tests, prob-

bly as a consequence of both martensitic transformation of
etained austenite and work hardening effect. The measured
verage increase was 71 HV25 g f, 15 s in AISI 431 steel and 114
V25 g f, 15 s in ASTM A743 grade CA6NM steel.

urry erosion tests, 10×, LOM.



262 J.F. Santa et al. / Wear 263 (2007) 258–264

Fig. 8. SEM examination of worn surfaces. (a) AISI 431 stainless steel, (b) ASTM A743 CA6NM stainless steel, (c) AISI 304 stainless steel and (d) T 35 MXC
coating.

Fig. 9. SEM examination of the worn surface of E-C 29123 coating. Micro-cutting marks cover the soft areas while the harder phases are smooth.
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ig. 10. Surface of E-C 29123 coating before the slurry erosion tests. Unmelted
articles, droplets and cracks are shown.

.3. Degradation of abrasive particles

The typical morphology of abrasive particles before the tests
nd the change in size distribution as a consequence of the ero-
ive process are presented in Fig. 11. Note that after the tests the
istribution is shifted to smaller grain sizes, which reveals frag-
entation of the particles and subsequent loss of their ability to

rode the surface of the samples.

.4. Volume loss

The volume loss of all the samples in the slurry erosion tests
s shown in Fig. 12. The reported values were calculated from
he measured mass losses and average density values of each
f the materials studied, namely 15.4 g/cm3 for E-C coating,

.35 g/cm3 for T 35 MXC coating, and 7.7 g/cm3 for AISI 431
nd ASTM A743 grade CA6NM steels. The reported values of
olume loss are the average of three tests performed under the
ame conditions.

•

ig. 11. (a) Morphology of quartz sand particles used in the tests and (b) grain s
icrometers).
Fig. 12. Accumulate volume loss after slurry erosion tests.

Generally speaking, the uncoated stainless steels reported
igher volume losses than the thermal sprayed coatings. The
-C 29123 coating showed the best erosion resistance, while

he ASTM A743 grade CA6NM steel reported the highest mass
osses of the tested materials.

It is worth noticing that the two uncoated stainless steels pre-
ented similar volume losses during the first stages of the tests
see error bars in Fig. 12). Nevertheless, after 90 min testing
he AISI 431 samples undoubtedly showed better erosion resis-
ance than ASTM A743 grade CA6NM samples, probably due
o the differences in microstructure such as the presence of hard
hromium carbides precipitated at grain boundaries.

. Conclusions

The E-C 29123 coating applied by OFP process onto AISI
304 stainless steel reported the best slurry erosion resistance
of the studied materials, mainly as a consequence of the com-
bined properties of hard, wear-resistant particles and a ductile
metallic matrix.

The studied coatings showed ability to deform plastically
when submitted to slurry erosion conditions, with little
evidence of mass removal by brittle fracture mechanisms.
Unmelted particles and droplets are easily removed from the

ize distribution before and after the tests (AFS number and opening size in
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sprayed coatings, Wear 258 (2005) 488–496.
[9] D. Crawner, Thermal spray processes, in: Handbook of Thermal Spray
64 J.F. Santa et al. / W

surface, but this does not affect the overall performance of the
coatings in terms of volume loss and main wear mechanisms.
The applied coatings are an interesting alternative to
enhance the wear resistance of components used in hydraulic
machines, in particular under grazing incidence conditions
and moderate-to-low mean impact velocities.
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