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a  b  s  t  r  a  c  t

The  cavitation  erosion  resistance  of  four  alloys  used  to repair  worn  turbines  by welding  was  tested  in
laboratory.  AWS  E309  alloy  (3 layers)  and a High-Cobalt  stainless  steel  (2  and  3 layers)  were  applied
by  manual  process  (SMAW)  onto  ASTM  A743  grade  CA6NM  stainless  steel  (commonly  known  as  13-4
steel)  and their  cavitation  resistance  was  compared  to  that  of conventional  alloys  E410NiMo  (applied
by  SMAW)  and  a ER410NiMo  (applied  by  semiautomatic  process  GMAW).  The microstructure  of the
weld deposits  was  studied  by  Light  Optical  Microscopy  (LOM),  Scanning  Electron  Microscopy  (SEM)  and
X-Ray  Diffraction  (XRD),  while  the chemical  composition  was  analyzed  by  Optical  Emission  (OES)  and
Energy  Dispersive  X-Ray  Spectrometry  (EDXS).  Cavitation  erosion  tests  were  performed  in an  ultrasonic
tester  according  to ASTM  G32  standard  and  the  worn  surfaces  were  analyzed  by  SEM  and  XRD.  The  best
tainless steels
icrostructure
ear mechanisms

cavitation  erosion  resistance  of  all the  materials  tested  was  shown  by  the  High-Cobalt  stainless  steel
coating  applied  in  3 layers,  while  the AWS  E309  presented  the  highest  value  of  maximum  erosion  rate.
Conventional  E410NiMo  and  ER410NiMo  alloys  showed  an  intermediate  behavior.  Incubation  periods
were  10.9  h and  21.5  h  for High-Cobalt  stainless  steel  in  2 and  3  layers,  respectively,  and  1.4  h  for  the  13-4
steel.  In  High-Cobalt  stainless  steel  samples,  occurrence  of austenite-to-martensite  phase  transformation

 twin
and  profuse  formation  of

. Introduction

Cavitation erosion is the mechanical degradation of a surface as
 consequence of continuous collapse of cavities or bubbles in a sur-
ounding liquid, which seriously affects the operation of hydraulic
quipment such as hydroelectric turbines, valves, fittings, pumps,
hip propellers, among others. When cavitation occurs, erosion is
aused by extremely concentrated mechanical loads that lead to
lastic deformation at the solid surfaces.

In the case of hydro-turbines, cavitation erosion promotes for-
ation of cavities or pits at the surface and modifies the hydraulic

rofile of the components, as can be seen in Fig. 1. Given that the
fficiency of a turbine is highly dependent on its hydraulic profile,
ny change in the geometry associated with cavitation leads to sig-
ificant mass losses of the component. Regarding Pelton turbines
pecifically, three regions of the buckets are very sensitive to cav-
tation erosion: the splitter (Fig. 1c), the tip (Fig. 1d) and the inner
egion marked as II in Fig. 1a. When wear exceeds certain limits in

hose areas the turbine must be repaired in order to maintain the
fficiency of power generation within acceptable values.

∗ Corresponding author.
E-mail address: jfsanta@gmail.com (J.F. Santa).

043-1648/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.wear.2010.12.081
s  and  slip  lines  at the  worn  surfaces  were  observed.
© 2011 Elsevier B.V. All rights reserved.

Traditionally, field repairs have been carried out by welding with
martensitic stainless steel fillers with the same chemical compo-
sition of the base metals. However, those alloys do not improve
significantly the cavitation erosion resistance of the turbine and
therefore the build-up procedures must be carried out frequently.
This situation leads to high maintenance costs and reduces the prof-
its of hydroelectric power plants since their operation is strongly
based on the availability of the power units. Moreover, the welding
reparations are time-consuming and require experienced opera-
tors to carry out the grinding procedures given that the hydraulic
profile is the most important aspect of the turbine [1].

Some well-known cavitation resistant materials such as Co-
based alloys Stellite 6 and Stellite 21 [2] usually exhibit relatively
high hardness and corrosion resistance, and. However, these alloys
are crack sensitive, difficult to grind and very expensive [3,4]. On
the other hand, High-Cobalt stainless steels have been recognized
for their high cavitation erosion resistance and they are considered
as an alternative to Co-based alloys [3].  Furthermore, High-Cobalt
stainless steels exhibit a strain-induced austenite-to-�-martensite
transformation which has been associated with their high cavita-
tion erosion resistance [2].

Commercial High-Cobalt stainless steels were developed by the

end of the 1980s [3] and since then they are available in the market
in the form of welding wires and sticks. Although those base alloys
have been developed and modified by diverse manufacturers over
the years, their performance in terms of cavitation erosion resis-

dx.doi.org/10.1016/j.wear.2010.12.081
http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:jfsanta@gmail.com
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Fig. 1. (a–d) Typical cavitation

ance has not been fully understood yet. Most articles in literature
ite High-Cobalt alloys only as reference materials [5–7] but no pro-
ound discussion of their wear mechanisms is regularly found. In
ddition to that, in many cases the comparison with other materi-
ls is done based only in terms of erosion rate obtained from the
avitation erosion curve [5,6]. The incubation period and the pre-
ise correlations between wear mechanisms and microstructure, as
ell as the know-how of the welding procedures are still uncertain

o some extent, and usually a great deal of technical support from
he companies is required by the average user.

In this work, the microstructure and cavitation resistance of
 number of welded coatings with potential application to repair
orn turbine components were studied in laboratory. The results
ere compared to those obtained with two stainless steels com-
only used for manufacturing hydraulic turbines.

. Experimental procedure
.1. Materials and welding procedure

Welded coatings obtained with four different commercial filler
etals used to repair hydraulic turbines were studied, namely

able 1
hemical composition of the studied materials (wt%). Measurements carried out by OES u

Material C Si Mn S P 

13-4 Steela 0.05 0.80 0.69 0.002 0.010 

13-1  Steela 0.037 0.436 0.706 0.009 0.018 

E410  NiMob 0.032 0.464 0.660 0.002 0.020 

ER410 NiMob 0.033 0.489 0.726 0.004 0.021 

AWS  E 309 0.048 0.531 1.258 0.011 0.029 

HCo-2 layersc – 2.1 7.6 – – 

HCo-3 layersc – 2.3 9.5 – – 

a Base metals.
b E 410 NiMo and ER 410 NiMo have similar chemical compositions but the former is int
c Measurements carried out by EDXS-SEM.

Fig. 2. Coatings deposition setu
ion marks in a Pelton turbine.

martensitic AWS  E410NiMo (SMAW Process) and AWS  ER410NiMo
alloys (GMAW Process), austenitic AWS  E309 stainless steel and
High-Cobalt stainless steel (HCo from now on). Two  martensitic
stainless steels commonly used for manufacturing Pelton turbines,
i.e. ASTM A743 grade CA6NM (from now on, 13-4 steel) and ASTM
A743 grade CA15 (from now on, 13-1 steel) were used as com-
parison materials. The chemical composition obtained by Optical
Emission Spectrometry (OES) and Energy dispersive X-Ray spec-
trometry (EDXS-SEM) of the tested materials is shown in Table 1.
All the measurements were performed at the surfaces intended to
be exposed to cavitation during the tests described in Section 2.3.

The welded coatings of E410NiMo, AWS  E 309 and HCo were
applied onto 13-4 steel coupons (Fig. 2) by SMAW process following
different welding procedures whose details are shown in Table 2,
although in all cases the test samples were preheated at 100 ◦C.
Two and three weld layers were applied onto the same welding
coupons, which were then properly cut as shown in Fig. 2 in order to
extract the samples for cavitation erosion tests and microstructure

evaluation taking care of discarding the ends to avoid discontinu-
ities associated with starts and stops of passes, such as pores and
slag entrapment. The samples were machined with adequate con-
trol of the depth of cut in order to obtain flat testing surfaces with

nless otherwise specified.

Ni Cr Mo  Cu V Co

3.78 12.73 0.52 0.45 0.02 0.01
1.801 12.51 – – 0.030 –
4.556 13.05 0.286 0.027 0.046 –
4.490 12.55 0.558 0.084 0.034 –

11.796 22.042 0.045 0.22 0.087 –
0.9 16.4 – – – 7.2
0.4 16.5 – – – 8.2

ended to be applied by SMAW process while the latter is applied by GMAW process.

p and sampling scheme.
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Table  2
Processing parameters used during deposition of coatings by welding.

Coating Process Diameter/mm Current/A Voltage/V Welding speed/×10−3 m s−1 (ipma)

AWS  E 309 SMAW 3.2 90 – 3.8 (9)
HCo  alloy SMAW 3.2 130 25–30 3.8 (9)
E410NiMo SMAW 3.2 100 – 3.8 (9)
ER410NiMo GMAW 1.1 250 34 5.9 (14)

SMAW:  shielded metal arc welding; GMAW:  gas metal arc welding.
a Inches per minute.
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3.1. Microstructure

The microstructure of the welded coatings and stainless steels
is shown in Fig. 4. 13-1 steel (Fig. 4a) is composed of tem-

Table 3
Testing parameters in cavitation erosion tests.

Frequency 20 ± 0.2 kHz
Amplitude 50 ± 2.5 �m
Fig. 3. (a–d) Cavitation vibratory

imilar thickness reductions. The thicknesses of the two  and three-
ayer coatings were 3.5 mm and 5 mm,  respectively. On the other
and, ER410NiMo cavitation test samples were extracted from a
elded coupon used to perform a filler metal qualification proce-
ure according to ASME IX, 2007 [8].

Regarding the comparison materials, the test samples of 13-1
teel were extracted from a bucket of a worn Pelton turbine, while
3-4 steel test samples were taken from cast bars manufactured by
illares metals, São Paulo, Brazil, homogenized at 1050 ◦C for 1 h,
ir-cooled to room temperature and then tempered at 620 ◦C for

 h and cooled down in air.

.2. Microstructure and chemical characterization

The microstructure characterization of the studied materials
as done in a Nikon PME3 Light Optical Microscope (LOM) and in a

EOL 5910LV Scanning Electron Microscope (SEM). Microanalyses
f the specimens were carried out in an Energy Dispersive X-Ray
pectrometer (EDXS) coupled to the SEM. Vickers hardness and
icro-hardness measurements were performed by using a Wolpert

ardness tester (HV62.5 kgf) and a Shimadzu micro-hardness tester
HV500 g, 15 s), respectively. The samples were ground with emery
apers, polished using 1 �m diamond paste and then electrolyti-
ally etched in 10% oxalic acid at 5 V for 45 s.

.3. Cavitation erosion tests

The cavitation erosion resistance of the studied materials was
valuated by ultrasonic vibratory tests according to ASTM G32 stan-
ard (Fig. 3) using a tip of stainless steel submerged in distilled
ater under the testing conditions presented in Table 3. The tests

ere of indirect-type, where the sample is not attached to the tip

f the vibrating horn but fixed in front of it, at a distance of 500 �m.
The initial roughness of the samples was fixed to around

a = 0.08 �m and Rq = 0.11 �m and the surface changes were moni-
atus operating in indirect mode.

tored every hour during the tests by using a Mitutoyo SJ-210 stylus
profilometer operating with a cut-off length of 0.8 mm and a total
evaluation length of 4.8 mm.  The mass losses were also registered
every hour by using a scale with a resolving power of 0.01 mg  and
hardness measurements with different loads (at least five on each
sample) were carried out at the beginning and at the end of the
tests. Each test lasted for at least 6 h and at least two  replicas of
each material were analyzed.

After the tests, the eroded surfaces were observed by SEM and,
in some cases, X-Ray Diffraction analyses were also performed in
order to investigate the microstructure changes near to the worn
surface. An X’Pert Pro diffractometer with Cu K� radiation and 2-
D PixCEL detector was used and the results were analyzed using
X’Pert High Score Plus software with PDF2-2006 database.

Following ASTM G32 standard, the incubation time was  cal-
culated as the intercept on the testing time axis of a straight
line extension of the maximum-slope portion of the cumulative
erosion-time curve. Accordingly, the slope of such straight line
(once the first stable maximum rate was  observed) was reported
as the maximum erosion rate during the tests.

3. Results and discussion
Fluid Distilled water
Temperature 22 ± 1 ◦C
Mass loss measurements Cleaning, drying and weighing every hour
Total testing time At least 6 h
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Fig. 4. (a–f) Microstructure of 

ered martensite (ferrite and carbides) with average hardness of
27 ± 2 HV, while 13-4 steel (Fig. 4d) has an average hardness of
84 ± 6 HV and a microstructure composed of martensite, delta fer-
ite and retained austenite. E410NiMo (Fig. 4b) and ER410NiMo
Fig. 4c) coatings are also martensitic and have similar chemical
ompositions (Table 1), but their average hardness are different
409 ± 13 HV and 364 ± 22 HV, respectively) due to disparities in
eat exchange rates during cooling for SMAW and GMAW pro-
esses. The microstructure of both 2-layer and 3-layer HCo coatings
Fig. 4e and f, respectively) is composed of austenite (278 ± 4 HV)
nd no other phases such as carbides or ferrite were identified.
he microstructure of AWS  E309 samples is composed of austenite
nd delta ferrite (Fig. 4g) as a result of its solidification sequence
ccording to Schaffer diagram and its average hardness is 160 HV. In
ummary, the main differences among the studied stainless steels
nd welded coatings are the hardness of the martensitic phase and
he presence or not of austenite and delta ferrite phases.

Some additional features of the microstructure of the coatings
n relation with the fusion line are relevant having in mind that
hese alloys can be used to repair worn turbines. When a coating
ith a Face-Centered-Cubic (FCC) crystal structure (AWS E309 or

Co) is applied onto 13-4 steel which has a Body-Centered-Cubic

BCC) crystal structure at high temperature epitaxial growth does
ot take place at the interphase. Therefore, new grains must nucle-
te along the fusion line forming type II boundaries and making
d coatings and stainless steels.

the material more vulnerable to failure by cracking under cyclic
stresses, which is sometimes termed disbonding [9]. Moreover, in
some cases a hard layer of martensite forms as a consequence of
high cooling rates and diffusion of Carbon from the filler metal. In
this work, type II grain boundaries were observed in HCo coatings as
can be seen in Fig. 4h. EDXS measurements (Fig. 5) revealed abrupt
variations of concentration of elements such as Mn,  Ni, Co, Cr and
Si over a distance of 50 �m from the fusion line. These variations
in chemical composition are responsible for changes in the solidifi-
cation behavior and could lead to the formation of martensite near
the fusion line.

3.2. Cavitation erosion resistance

Fig. 6 shows the variation of cumulative mass loss as a func-
tion of testing time for all the studied samples (left) and a close-up
view of the first 6 h of testing (right). It can be seen that austenitic
HCo-3 layers samples showed the best behavior of all the mate-
rials tested. For instance, after a reference testing time of 6 h, the
cumulative mass loss of HCo-3 layers samples was around 16 and 9
times lower than that of reference materials 13-4 and 13-1 steels,

respectively. On the other hand, although austenitic AWS  E309
exhibited the highest cumulative mass loss of all the tested mate-
rials, it can still be considered a good alternative to conventional
filler metals in order to avoid excessive dilution on base metals
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Fig. 5. Variation of alloy elements near the fusion line.
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Fig. 6. Variation of cumula

nd may  be used as a butter layer [9] because of its high contents
f Ni and Cr. Regarding the coatings with martensitic microstruc-

ure, E410NiMo showed slightly better cavitation resistance than
R410NiMo, being the mass losses of both materials comparable to
hat of 13-4 steel and lower than that of 13-1 steel. These results
re in agreement with those found by Pereira [10].

Fig. 7. Incubation period and maximum e
ass loss with testing time.

With respect to the incubation stage (Fig. 7) the longest incuba-
tion period was found in HCo-3 layers (21.5 h) followed by HCo-2

layers (10.9 h), while the AWS  E309 exhibited the shortest one
(1.8 h). The martensitic coatings with 13 wt% Cr and 4 wt% Ni (13-
4 steels, E410NiMo and ER410NiMo) showed similar incubation
periods, in the order of 4–4.5 h.

rosion rate reported during the test.
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Fig. 8. Comparison of values of incubation period.

It is worth noticing at this point that the values of incubation
ime can strongly vary depending on the method employed to
ompute them. When the incubation time is calculated following
STM G32 standard as the intercept on the testing time axis of a
traight line extension of the maximum-slope portion of the cumu-
ative erosion–time curve, the values tend to be greater than those
xpected from the direct observation of the curves of cumulative
ass loss in Fig. 6. On the other hand, if according to a stricter cri-

erion, only the portion of the test in which no mass loss occurs is
onsidered, the obtained values are generally very low and in some
ases could not be regarded as representative of the real response
f the material. In this work, both approaches were contemplated
nd the mean values obtained for each material are shown in Fig. 7.
o determine the incubation period following the “zero mass-loss”
riterion an arbitrary offset was established, according to which any
ass loss smaller than 10% of the maximum mass loss measured

or each material during the test was considered negligible (Fig. 8).
Fig. 7 also shows the maximum erosion rate reported during the

ests for all the samples, calculated from the time–variation cumu-
ative mass curves presented in Fig. 6b. The highest values obtained
or austenitic AWS  E309 coating and reference material 13-1 steel
re consistent with the significant surface damage observed in
hese samples, as will be discussed in detail in Section 3.4. On the
ther hand, HCo-2 and 3 layers showed a lower erosion rate which
an be mainly associated to differences in chemical composition
f the exposed surface (Table 1) as a result of dilution of the filler
etal during the deposition process. A higher concentration of ele-
ents such Mn,  Si and Co can reduce the stacking fault energy of

he austenite [11] and consequently lead to longer incubation times
3,12,13] and lower erosion rates since the detachment of particles
s delayed by energy dissipation.

Regarding the E410 NiMo and ER 410 NiMo martensitic coatings,
he results showed that mass losses were higher than 13-4 stain-
ess steel. It is noteworthy that the coatings were not heat treated,

hich is a common practice in the case of minor repairs in Pelton
urbines. That fact led to higher hardness of the coatings (the initial
alues are reported in Fig. 9) compared with 13-4 steel, which, how-
ver, did not result in higher cavitation erosion resistance. This is
mportant since it means that repairing worn components with the
tudied martensitic coatings will decrease the cavitation erosion
esistance, i.e. a Pelton turbine would have to be repaired sooner
hen the coatings are applied and no heat treatment is performed

fterwards.

.3. Hardening effects
Fig. 9 shows that all the samples experienced an increase in
ardness as a result of the cavitation experiments. This can be
ttributed mainly to strain hardening effects due to accumulation of
lastic deformation beneath the surface, although the metastable
Fig. 9. Hardness of tested materials before and after the cavitation tests.

austenite-to-martensite phase transformation is also expected to
play an important role.

Fig. 10 shows the XRD patterns of austenitic HCo-3 layers and
AWS E309 samples before and after the cavitation tests. Clear evi-
dences of martensite formation in HCo-3 layers can be observed,
which are consistent with the higher increments in hardness mea-
sured in this material. On the other hand, the XRD patterns for
AWS  E309 show no significant formation of martensite but a tex-
ture accommodation of austenite, represented in variations of the
relative intensities of (1 1 1) and (2 0 0) peaks. The higher stability
of austenite in AWS  E309 could be attributed in part to the com-
bined effects of the alloying elements on the thermodynamics and
kinetics of martensitic transformation, since in this material the
(Nieq/Creq) ratio is (13.97/22.88 = 0.61), which is 32% greater than
in HCo-3 layers (9.25/19.95 = 0.46).

With respect to the martensitic coatings, E410NiMo and
ER410NiMo showed higher increases in hardness than 13-1 and 13-
4 stainless steels, which are chemically comparable. This behavior
could be related to the fact that the coatings are expected to have
higher volume fractions of retained austenite as a consequence of
the higher cooling rates generated during the welding processes
[12]. However, the XRD patterns obtained were not conclusive since
the detection of austenite in these steels requires the use of spe-
cialized techniques that were not utilized in this work [14].

3.4. Wear mechanisms and examination of worn surfaces

Fig. 11 illustrates the variation of roughness of the samples over
a testing period of 6 h. HCo-2 and -3 layers showed no significant
changes in Rq, which is consistent with the fact that these alloys
presented incubation periods much longer than 6 h, so the expected
deformation at their surface is still very small. The AWS  E309 coat-
ing, on the other hand, had roughness variations comparable to
those of reference 13-1 and 13-4 steels. The roughness changes in
martensitic E410NiMo and ER410NiMo coatings were smaller than
in reference 13-4 and 13-1 steels, but still significant with respect
to the HCo samples.

Fig. 12 shows the aspect of the worn surfaces of tested coat-
ings and stainless steels, as observed in stereomicroscope. The
wear marks are surrounded by a slightly shaded ring, which is
typically observed in samples submitted to stationary cavitation
tests. According to García-Atance Fatjó [15] the ring is caused by
differences in fluid movement around the horn due to periodical
differences in kinematic energy on the radial direction of the tip.
The differences between the worn surfaces of conventional tur-
bine materials and HCo steels are evident: the surfaces of 13-1 and
13-4 steels showed deep erosion marks while HCo steels presented
only slightly shaded areas after the same testing time, and even
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WS  E309 samples before and after the cavitation tests.
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Fig. 10. (a–d) XRD patterns of HCo-3 layers and A

fter longer exposures the surface of HCo-3 layers was  still in better
ondition, as can be seen in Fig. 12g  for a sample tested for 40 h. The
xamination of the surfaces also showed that plastic deformation
as more significant in AWS  E 309 than in 13-1 and 13-4 steels.

Fig. 13 shows the aspect of the worn surfaces as observed in
EM. The surfaces of the martensitic samples presented striations,
hich are typical of fatigue processes and accumulation of plastic
eformation. The main mass removal mechanism was  detaching of
ear particles as a consequence of the coalescence of cracks that

nitiated in highly deformed regions.
In HCo steels, two processes of energy dissipation are expected

o occur during cavitation tests [13]: in the first stage new stack-
ng faults are formed and evidences of twinning and multiple slip
an be seen (see the arrows in Fig. 13c); afterwards, formation of
-martensite changes the wear mechanism due to the develop-
ent of triangular structures that cause the detachment of plates
y brittle fracture. This sequence leads to a distinctive microstruc-
ure composed by thin layers of fresh �-martensite surrounded by
ough austenite grains, which helps absorb the impact energy of
he elastic waves in a very efficient way [13]. These processes of
 Fig. 11. Variation of roughness parameter Rq during cavitation tests.



1452 J.F. Santa et al. / Wear 271 (2011) 1445– 1453

 teste

e
p
m
e

t
h
s
w
T
t
w

Fig. 12. (a–g) Worn surfaces of

nergy dissipation led to higher incubation periods since the fatigue
rocess and the beginning of detachment of small particles by accu-
ulation of plastic deformation are delayed by the absorption of

lastic waves through the creation of new lattice defects.
In martensitic coatings (ER 410 NiMo and E 410 NiMo), besides

he expected high volumetric fraction of austenite, the elevated
ardness causes the failure mechanism to be mostly fragile. The
mall islands in Fig. 13b  showed evidences of microcracking, which
as also observed in 13-4 and 13-1 steels albeit to a lesser degree.
his brittle behavior is related to the fact that no post-weld heat
reating (PWHT) was carried out after deposition of the coatings,
hich is frequently the case when hydraulic turbines are repaired

Fig. 13. (a–f) Worn surfaces of tested coatings
d coatings and stainless steels.

in the field. Additionally, martensitic structures have more lattice
defects and they do not dissipate energy as efficiently as austenitic
structures do.

The high mass losses observed in AWS  E309 samples can be
related to the characteristics of the phases in the microstructure.
Ferrite is the weakest phase of this material and is preferentially
attacked, together the ferrite/austenite interphase. According to
Stachoviak [16], the resistance to cavitation of ferrite is inferior to
that of austenite while martensite has the best behavior. The high

volume fraction of delta ferrite is not beneficial in cavitation ero-
sion in spite of its advantages from the metallurgical point of view
during the solidification of the alloy [17,18].

 and stainless steel as observed in SEM.
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. Conclusions

The cavitation erosion resistance of two martensitic coatings
E410NiMo, ER410NiMo) and two austenitic coatings (AWS E309,
nd HCo) was tested in laboratory in order to evaluate the suit-
bility of these materials for welding repairs of worn hydraulic
urbines. Conventional 13-1 and 13-4 stainless steels were also
ested for comparison purposes. The main conclusions are as
ollows:

HCo steels coatings showed the best cavitation erosion resis-
tance of all the materials tested, being the incubation period the
parameter more significantly improved with respect to uncoated
stainless steels. The lowest wear resistance was  observed in AWS
E 309 coating and conventional 13-1stainless steel.
E410NiMo and ER410NiMo martensitic coatings applied by
welding did not exhibit significantly better cavitation erosion
resistance when compared to conventional 13-4 steel.
The main wear mechanisms observed in martensitic alloys were
plastic deformation, fatigue and coalescence of cracks.
In HCo alloys a particular damage sequence was observed,
consisting of twinning followed by austenite-to-martensite
transformation and subsequent mass removal form triangular
structures, which were formed according to the crystallographic
features of the phase transformation once the austenite trans-
formed to martensite.
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em Aç os Inoxidáveis Martensíticos com Metal de Adiç ão Similar sem TTP,
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