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Chapter 1
| ntroducti on

l.1Background

Hi story of cavitation

Cavitation i skmowrheth mecnonmr when the | o
fluid drops below its vapour pressur e,
bubbl es, ter med cavities or cavitatio
subjected to higher pressur e, t hnese ca

release micro jets and shod¢K, TV ess wi

phenomenon is concerne dsuicth hwpamriopwsvedi
engineering, mar i ne engi neervenlgi,cl @i p
engineering, and aerospace engineering

and engineers have been esntsr ubgrgd u gnhgt woi
cavitation, such as noi se, vi bration,
reduction of 3thachineri es

The history of cavitation can be trace:q

ti me t hat t he exi stence of tlc@av iStwatsiso n

mat hemati taad Eebdber, who came up with
machi nes. I n his memoir, Eul er predict
bubbl e and described it -lasi ashomat émat in
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George Stokes raised a problssmrabagptont
the collapse and the duratidhtof whhehai
solution was published by the English
Besant [B] 1859894, the Irish fluid dyn
investigated the I ife of vapgaoaurt ubbwHl lalre
constrfi@etidhs

Then in 1895, the ter nm héc aBvriitta tsiho nebn,g icn
Edmund Froude, firsfGapRpEBl eds Klbly@QHhrkk ¢
English shipbuilder John I saac ThornycHt
Sydney Wal kp8,.B&jonabhfhe first time in hi
Barnaby observed cavitation on the back sides of propeller blades, and

their [wBoJrikn which a significant efficie
operating at high speed due the ¢a&wailt at
i mpetus for the research of cavitation
Lord Ra[yl,elitghhe British engindelfl]Shanl e
Ameri can fluid dyhami anstMaa fd,2Hatchbar s on
Ger man physicist and aco[uls3dt]itch ean S oNeiren
scientistschakKlorhoéei doviL. Suvorfdv, and
15] the fluid dynamicists Maurice Ratt
Al bert T. EI'l'is at the Clal6/f olamjda mamsgt |

ot her researchers have made siogqmnioffi can
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cavitation.

Cavitation er osé&momsriseosti sctaawitt antaitoerr i al s

Accompanied by the extensive studies ¢
(CE) , one of the most wunpleasant outco
attracted attenwidoal mnde aasr bleed. Upon
of a cavitation bubble, an intense micr

When the micro jet and shock waves stri

| ocalised surface stresses areaazc¢scsumul
from the collapse of cavitation bubble
deformation and wultimately result in t
by |l ocal surface fatigue failure. Such

of cavitatiomwnbualspXHEs hirsehgkureont | y occur s

component s oper atviengocwit yh faowi ghncl ud

rudder, impeller [ :B8mp, and pipeline
The i ssues caused by CE draws much atte
cal l of carbon neutralitcyr bAs ©hectbrai

generati on, hydr opolwe¥% ogfe ntehrea tgeldo baabl o uetl
202p24]and oteanlxlee f unctvioma nilgi faen de xstegn s
hydro turbines are required. However,

frequently occurs to the blades of hyd:i
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efficiency, suspension of operation, al
ot her imama&ari ne engineering, CE al so fre
of propell ers and rudder s, causing S
consumption due to the increased drag f
of the Dbl ades. Such extr aantuley afofnescutmy
environment, as the mariti mesigmhipgpicragt
portafongl obal trangdg@drntdatda mint senaerggnsi

amount 20 fNC&O®N M 2560

Therefore, researcherefliace i veemed dardsh
CE since the |l ast century. A proper me
reduce the occurrence of cavitation. F
component s, s haack hsidesa ®f inmpéller blades and the

geometrically changed sites of pipelines, to be exposed to cavitation [27].

Thus, many materials are developed to effectively resist CE in recent

decades. Martensitic stainless steels [28-31] and nickel aluminium

bronzes [32, 33] are the most representative materials with good

cavitation erosion resistance (CER), and they are commonly used for
manufacturing the components in hydropower and marine engineering.
Neverthel ess, It is stildl necessary to
components operate i n a compl ebxaseendvi r o'

cer met coatings depocsit gfdierxygemayyihng a



l ntroducti on

frequently wused to protect the surface

turbine from cavitatifoh4,erds]ion and sil

At present, much effort has been put i
of -IC&si stant material s, and hundreds
materials that have some p o tingmadtcea l I n

martensitic stainless steels, nickel-aluminium-bronzes, and WC-based
cermet coatings are still irreplaceable forresistingCE. Fur t her mor e,

of the studies suggest that mechanical

to CER. Therefore, these studies devot
good mechani cal properties but s omeh
mi crostructucCE&. i lenesj shewgperspective

CEresistant materials are required.

1.2Ai ms and objectives

This research project aiems st eomtseWEl op

materials and investigate their micros
Sspecabfjieccti ves are proposed as foll ows
1. To prepar e-W€e vo®malopsoNitreessat ed by | aser
melting (LSM) at different | aser powe

HVOBprayebhadwd cer met coating in CER.

2. To study whet her t he CE perW®r mance
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composites is dominated bgrmethaoiccaé
3. To seek further enhanc@ cObBER oxsfi tebket
adding other alloyinganrd e@re)n.t s (such
4. To i nvestigate t he mi crostruw€Cur al |
composites (with and without addi t i\
ungdrstand the effect of their microst

in an attempt to develop novel mi cr os

1.3Scope of the thesis

Chaptleaslgiven the general introductior
Chaptemt?2oduces the gener al concepts
extensively r ewileswswitthhe emdteertii ve cav
resi stance. The <chapter al so summari se
good CER and points out the research g:
Chapt emre83ents the materials and demon:
met hods wused in this worKk.

Chaptpredents a study pamytdWle NLoSw ocsa ltde

coatings. The microstructure of the <co
mechani cal properties were measured. T
was evaluated, foll owed ebryo dtelde sereamimrea

subjectédCEto 10
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Chaptpres$ents a study oWCthkhempb8HMIisienst er

mi crostructure of t hear aompoiss ¢ee@s aa
mi crohardness was measur ed. Then, t he
evaluated. Next, the specimens aft diffe

2nd th5 anfth)7 at the same site were exami
behaviour § uofedt me cfreeast ructure and vari.:
to cavitation iimpacts. Finally, numer i
investigate the stress and energy of th
to a cavitation i mpact.
Chaptenvéstigates tchddetfentooftf@eOLSM
N+iWC composites. The mi crostructure (
characterised, and the miThhreomhanddree CE Rw
t hampositeswas eval uated. Next, the speci m
of CE tesf"@a% athfide) 70at t he same site we
investigating the behaviours of differ
cavitation I mpact s. Finally, numer i ca
investigate the stress and energy of
carbide | amell ae subjected to a cavitat
Chaptenvéstigates the effect of Cr add
WC composites. The microstructure of th

foll owed by the evalwuation of the CER
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spci mens at different i'tht®"5 alhd)ofatCE t
the same site demonstrated the behavi ol
response to cavitation i mpacts.

Chaptpro®8ides the overall conclusions ¢

Chaptpro9ides some recommernkdati ons for



Chapter 2
Literature review

211l ntroducti on

This chapter reviews the | iterature th
Firstly, the basics of cavitation and
introduced. Next, the test methods for
demonstrated. S uubss ealulemytd yand acoati ngs

cavitation erosion resistance (CER) ar ¢
strategies for achieving good CER are

gaps to be addressed are identified at

22Cavi tandowgavitation erosi on
221Cavi tati on

As cavitation commonly occurs in  f 1l ui
dynamics is necessary to understand ca\
equation from Bern&gl2lidesmomsitmai glse t
relationship among tfhleow ovceallg)cfiltwyindl prhes
depth of the flow to the liquid level (Q, wherae s the density of
a n dQis the local gravitational acceleration [ 3 ]

n S"o " B EET O GE O Eq21



Literature rev

Assuming the depth of a submerged component exposed to the fluid is
not changed, the term of the hydraulic head (" "Q is constant. Hence, E q .
21can be si mp22.fied as

Fo20 setionio Eq22
When a component, opeclates anprfompeld er s
the vedowoift t he water flow near the sur

is relatively highEQqZhertenhfeorl eo,c g c opfrredsisr

t he water fl ow near the bl ade surface ¢

)
©
o
L |
& e K Sy — - - -
s I :
2 Heating
2 I(boiling)
I
|
|
Pressure drop :
I (cavitation) |
I I
| |
I I
: : Temperature
Isothermic 0 °C Isothermic 100 °C
Fig. 2.1 7 Schematic phase diagram of water.
Then, as the phase Fdiad)gr amowdsd, wadtear
evaporate when the pressur e i sot her ma
pressure curve. This processsiulst yefryom

10
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decrease in pressure, while boiFliigng i s
21) . This phenomenon of t-fhiel if bdImag i dwne o
to the | ocal pressure drop is termed 6
named as Ocavitiesd [0F] Actypitaal or x &dm

cavitation is a trai/l of cavitation bu

as s hoRing.2i n

Fig. 2.27 A trail of cavities behind a spinning ropeller [36].

The | ifetime of a cavitation bublygl.e is
23. Meanwhil e, a plot presenting the f|I
the blade surfFaodel, i whishlowmelims the wund:¢

the behaviour of a cavit &tqi28,n tbhueb bHiegh

(a) (b) (c) (d) (e)

Micro jet
pluul << pvapour ploul < pvlpuur pluul = pvlpuur pluul > pvapnur plucll >> pvanour
Bubble formation Growth Maximum size Compression Implosion

Fig. 2.3 7 Schematic of the lifetime of a cavitation bubble.
11
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velocity mdéarn htehd | mli @@de surface resul-'t
n ) of the fluid dropping) be)l,owvhihch v
|l eads to the formation (near the bl ade
bubblFe £39-b) . While the cavitation bubbl
moving away from the bIFadd, stuhrd afcleaw Asw
from the bl ade surface has a significar
the blade surface. EqhAznt heacchdQug e gi n o
sufficiently smallinE 2.1, and t’"hQtsetimei s still a co
| ocal pressure increases as the flow
cavitation bubble is transported from
the area with high | ocal pressure. Whe
t he areeae whe | ocal pressure equals the

growing and reacheé¢( @83 . mdshiemumhei Tz avi

bubbl e moves further away from the bl ¢

h

2

. Vi<sVa<\:
>, asthe distance increases
~

hait

Distance to the blade surface

Flow velocity

Wz S

Propeller blade

Fig. 2.41 The relationship of the flow velocity and the distance to the
blade surface of a spinning propeller.

12
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exceeds the vapour pr etses uirse ,p-raghsiy etch e( we

Before the <coll apse, the cavitat-i on bu
i nduced micro jet. Fi nalolme,s tah et ocrauvsi ta
di sint eFgrga3e)e.s Meanwhi | e, shockelwawietsy a
micro jet with intense energpy2are3d3d] scl

In addition, according to the generation pathways, cavitation can be sorted
into hydrodynamic cavitation, acoustic cavitation, optical cavitation,
particle cavitation, and steam bubbles cavitation. In hydrodynamic
cavitation (such as the cavitation in a spinning propeller mentioned before)
and acoustic cavitation, the fluctuation of the fluid velocity and pressure
cause a decrease in the local pressure that results in the formation of
cavitation bubbles [2, 38]. The difference is that hydrodynamic cavitation
results from the motion of the component or fluid, while the vibration of a
sonotrode induces acoustic cavitation. Opt i ¢ al cavitation &
cavitation oc¢dui swkeampoaseldi gw an i ntens:
I n optical cavitation, bubbles are forn
by highly i ntensive. linr raarn taité loen wodviph
breakdown of the Iiquid iIis saccamgpl|l osher
types of [ 9.@3¥8mibabblessavitation is caused by the direct
injection of steam into a sub-cooled liquid providing collapse conditions,

which is similar to hydrodynamic cavitation and acoustic cavitation [40].

13
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222Cavi tation erosi on

As mentioned previously, the micro et
upon the i mplosion of a cavitation bubb
reachb5a0®@O0m/ s (hydrodyrdmi dda2a2ddavmayath e® ur
70-0300 m/'s (aco(pdgBi)c 4ddhviilteactiihogn wé t he
waves can be up to 40004 sFnrntcharsmaorce,
temperature of cavitation c84B50d6hiNed&6s
K for acoustic cavitation by 46t Theseni c
the micro jets and shock waves with s
energies can cause damage when i mpact
damage caused bgftbaevimptoenohubbles i
solid surface is knowhCRB)s cavitation el
Despite the debate about whet her CE r
waves or both [f2]rt hmameg iyeame doubt t hati

by the coll apse of cavitahioanbubhbesf

severa MPd41t o4GPhd8lntense i mpact | oad
of a cavitation bubble near a solid sur
transient stresses on the surface. Thei
repeated i mpact | oads t o utrhfea cseu rffaatcieg,u er

Ssubsequeat d soifommeaf 2 Aal siFog8h, isnevere CE

occurred on various compevredirmtcs top & rlautiidr

14
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Fig. 2.5 1 Cavitation erosion on different components. a, The blades
of a mixed flow pump impeller [2]; b, The blades at the discharge of a
Francis turbine [49]; ¢, The blades of the propeller of a personal watercraft
[50]; d, The blades of the propeller of a vessel [51].

Hydrodynamic cavitation can be sorted into five major types based on the
operating conditions and fluid properties (F i @.6). Meanwhile, these
types of cavitation can be further categorised according to the parts of the
propeller or impeller being exposed to the cavitation (F i 8.7). Here briefly
introduces the sheet cavitation and the cloud cavitation that are usually
inevitable and can cause severe erosion. Sheet cavitation (F i g.6a) is a
cluster of cavities staying approximately at a fixed region relative to the
component, and thus sheet cavitation is also known as attached or fixed
cavitation [ 2Hor a propeller, sheet cavitation usually occurs on the back
side of the blade (Fi @.7 and Fi @.8) due to the significant suction

pressures around the leading edge of the blade.

15
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¢ Cloud cavitation

.

Fig. 2.6 T Major types of hydrodynamic cavitation [52].

Waterline,_,_ﬂ‘/

Counter

Developed Tip Vortex

Sheet Cavitation

Back of Blade

Head

. Bubble Cavitation
+=— Cloud Cavitation

Leading Edge Detachrient

Bubble Cavitation

Mid Chord Detachment

Stern Gland - L_‘_ Stert
' e oL BhEEE

'

h A

Boss or Root Vortex Cavitation

Bubble Cavitation

Mid Chord Detachment
Driving Face

Incipient Tip Vortex
Face Cavitation

Fig. 2.7 7 Various types of cavitation déburririg on a propeller [53].
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y L :
Fig. 2.8 T Photos of cavitation on a propeller  [54]. The change in the
region covered by sheet cavitation can be observed from the 2" and 3™
bl ades as the propeller is spinning (6.
be noticed that the extension of the sheet cavitation only occurs at the top
blade because the local pressure near the liquid level is lower than the
pressure at the deep. Cloud (|l abell ed e
bubbles) cavitation is also observed.

The CE can be trivial if the sheet cavitation remains stable. However,
sheet cavitation can always be interfered periodically by the re-entrant
turbulent flow at its end, resulting in vortex shedding and causing cloud
cavitation (Fi g@8andFi @.9)[ 2 ,. Separated by the re-entrant flow,
cloud cavitation can occur at some distance to the blade edge (Fi @.8
and Fi @.9). As cloud cavitation is extremely aggressive due to the
implosion of huge numbers of cavitation bubbles, severe erosion can
happen. As shown in F i @.5, massive erosion is commonly found at the
back side of the blade. Meanwhile, the erosion near the edge is more

significant than the erosion at the edge (F i @.5b-d), and sometimes

17
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erosion can only happen to the inner region of the blade (F i g.5a), which

is in accordance with the region that the cloud cavitation occurs.

| 7. ’ - -:3' h
MG

Fig. 2.97 Photos and schematics of sheet and cloud cavitation on a
hydrofoil. a-f, Photos showing sheet cavitation interfered by turbulent
flows [55]: a, Sheet cavitation on the front part of the hydrofoil (region A-
1); b, Sheet cavitation (A-B) and sheet cavitation interfered by turbulent
flows forming cloud cavitation (C-I); ¢, Cloud cavitation (D-l) staring to
detach (B-C) from sheet cavitation (A); d, Detachment of cloud cavitation
(E-) and restoring of sheet cavitation (A-D); e, Travelling of cloud
cavitation (H-M) and further restoring of sheet cavitation (A-F); f, Fully
restored sheet cavitation (A-l) and annihilation of cloud cavitation as it
travelling to high pressure fluid(K-R). g-h, Schematics demonstrating the
detachment of sheet cavitation due to turbulent flows and the formation of
cloud cavitation [56].

The other types of cavitation showninFi 8.6andF i 8.7 usually do not

cause severe erosion to the component, and the details can be found in

these studies [2, 3, 53, 57]. Meanwhile, more incisive analysis about the

erosion caused by the sheet and the cloud cavitation are reported in the

literature by Bark et al. and Pelz et al. [58, 59].

Al t hough this womk C&nl yi tf ocsuswaerth me

cavitation can exhibit synergistic eff

18
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example, the coalesced effect of CE an

can significantly ¢@dadagelt,heaGmaGaelr]c ahn

compr oriesel nt egrity of the materi al st
erosion, and vice versa. On the other
chemical processes, the corrosion prog
in a corrosive liquid canwhecahccel evuahtne
aggravates CE. Therefore, the synergi s
corrosion is also [e&x20gnsi vely concerne

23Evaluating cavipteatfioo maerces i

231St andard test method for cavitation
apparatus

ASTM G3raGg73 7,2]J]and [GF1a33d4e t he three stan
met hods for eCEalf u antaitnegr i taH e . The most

ASTM G32 due to the |l ow cost and the s
The ideev i's just a simplified version of
can g e nagaudid eavitation (Fi g2.1 0 . Some i mportant
parameters Br@lXJgihventhins methods @aaweit:
induced byrehaeaehcghvibration of the ho
test medium, and the iIimplosion of the I

causes erosion.
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SOUND PROOF ENCLOSURE

/

S
('7‘v 6
o

POWER SUPPLY

TEST SPECIMEN

TRANSDUCER

HORN

P

COOLING BATH

BEAKER
—a

|

Fig. 2.10 i Schematic of ultrasonic vibratory cavitation erosion

apparatus [71].

20 kHz
FREQUENCY

— | IMMERSION 1 —
DEPTH 3=
12 4 ﬁ" :ﬂ
1o |
* N I: | DISTILLED
U |y WATER, 25°C
' !
T TTT— i TEST SURFACE
100 £ 10 PEAK TO PEAK FLAT AND
TIPDIA.- L1 | AMPLITUDE PERPENDICULAR
159 % 0501 | 55 ym 4 5% TO HORN AXIS
0.15 MAX. WITHIN 0.025
&\ RAD OR CHFR | j/
HORN (DIMENSIONS IN mm
CONCENTRIC UMLESS OTHERWISE
WITH BEAKER SPECIFIED)
WITHIN 5%
OF BEAKER DIA.

Fig. 2.1117

Important parameters for ASTM G32

[71].
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worth noticing that the temperature
ort amit@.l Alsows , the pressure drop r ¢
I tation bubble is highly correl atec
l ure to maintain a specified temper
, 74 Fo7b5nmens pteecsit ed in distilled wate
om the standard temperature of 25 AC
rate by1ll-~JZ24%t 76s al so worth menti or
ches a maxi mum when the temperature
fway between freezing and boiting po
entive to perform the water test al
eptionally[T7Tesi 884HaWeéyer CEintroducir
ice to the testing appaplaéexist ican to
t system, and thus the most frequent
ation and using the specimens with
i mum radi pg)l.] s 20 mm

ording to the position of the speci
can be sorted into direcki @lXitatioc
standard test met hod in ASTM G32
roRkic@l @) , as per which the speci men
horn via BicRe. tfiheadsi 0 the dire

itation is actually induced by the
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version of ASTM G32 wusing the alternat
(al so known as the O6stationary speci me
(Fi g1bd) . I n this approach, the speci men
hol der and submerged in the testing m
bet ween thp bApbpdnthe surface of the spec
to ensure that the cavitation bubbles |

can effectively act on the surface of

(a) Direct cavitation (b) Indirect cavitation
——Horn———
Medium
Specimen e ledg
° O Ooo 0O o]
. O ° O D O C
Erosion OO

Fig. 2.12 7 Schematic of direct and indirect vibratory cavitation
erosion tests.

Literature shows that both approaches
summar i $@hb®B nThe erosion rate of the m
the direction cavitation is muc[h78hi ghe
79] The high erosion intensity by the d
test duration but also allow the eval u:
hi gh erosion resistanceappFrooacthhe iitnddarr
much time to reveal the CER of a mater
hours may be required to evaluate the n

22
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Moreover, the horn tip has to be occasi
or tureirng)peafting for dozens of hour
damage the horn tip if the i1indirect a
resonance frequency of the horn wildl l

frequency domain due to thetgldret emreed s

to be replaced. For the direct cavitati
to cavitation, and thus the horn does
unl ess fatigue failures happen to the 't

Table 2.1 7 Comparison of the direct and the indirect cavitation
approaches . Summarised from the literature [71, 78] and the experience
of the author.

Items Direct approach Indirect approach

. ) o ) Long (due to low erosion
Time taken Short (due to high erosion intensity) . .
intensity)

Maintenance Low (but the horn is still at the risk of  High (the surface of the horn

frequency of  failure as the thread hole in the horn tip has to be periodically
horn is subjected to fatigue by vibration) restored due to CE)
Usability in Poor (as the frequency has to be Good (as no adjustment
different adjusted when testing materials with needed except the horn-
materials different dimensions and densities) specimen space)

Frequency change due to inconsistent
Adjusting the space

Main causes fastening torque
between the horn tip and the
of errors Wear at the specimen thread during
specimen
fastening
Brittle Not applicable (due to the difficulty in .
. o Applicable
materials machining threads)
Elastomeric/  Not applicable (as the compliance of
Compliant  the material can reduce the severity of Applicable

materials vibration-induced cavitation)

_ Not applicable (as the oscillations can .
Coatings Applicable
cause the detachment of the overlays)

23
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spite having a good efficiency of t

intenance, the direct approach is not
reening test on a | arge variety of
awbacks. Firstly,t ensedt heo stpheec ihmem , 6 i &

d the horn are considered as a singl
sonance frequency of the sonotrode ¢
fferent di mensions and densities are

sonargaefncy can be out of the requir

st. As most of the commercial vibratec
a specific resonance frequency, eva
fferences in dimensiosasriaemsl dfencusi @l
rns. In addition, the fastening torgu
equency, which brings about extra er:!

ose output parameters of the transd
al | encgoinnfgi gtuor e t he frequency and the
guired domains simultaneously. Hence
aluate many different specimens <can
stly.

condly, the direct apairno arcahn goen | oyf anpaptl
cept for brittle materials, el astomer

1,. 7Brlittle materials are difficuldt
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specimens and thus cannot be fastened

reduce the severi-tryduaxcfedt hceav v ithhteaorn o d

compliance. Hence, the cavitation inte
than that on the other materials even i
and thus the direct method cannot revee
the coatings,peaypedi abbyi npe, sit i s di-
the materi al | os s -iinsd udcueed tdoe ttahceh meinhbtr aotfi
or cavitation i mpacts. Despite the dr a
suitable if the specimenstianeatct heowssam
exposure to cavitation impacts 1is requi
Considering the | imitations of the dir
devel opment and -reevsailsutaatnito nmaotfe rCEal s use
approach. As the s pdchymetnh e oi nbdei reevcatl uaapt
not need a machined thread, brittle m
approach. Meanwhil e, since the cavitat.]
of the speci men, compl i ant material s a
Furthermodentical sonotrodes <can be u
since the propertiesnbfuemee maheriaéqu:
sonotrode. The main problems with the
the separation di st anc eheb estpnweeceinmetnh es uhrof
Firstly, researchers have not reached
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optimised distance ff[o7.1]tAMe& hionudyihr e chte aap
is frequently used, comparing the res

di scouraged as different separation di

chosen. Thi s problem s par triedlelrence
speci mens, which at | east allows the ¢
t he S ame reference materi al . Secondl vy

separation distance between the horn

accurately, and nttheunss itthye ccaanv ivtaartyi dmori e
random errors. To addoass$otrherprokleém, c
the distance can be installed on the

separation distance can narrow tlee err

extended due to the reduced cavitation

232Mean depth of erosion and stages of

After the materi al has been subjected
be weighed to find the ma s s | oss cau
i nappartoeprtio compare the mass | osses of
exampl e, it i's not a good practice to

coating and a cermet coating based on t
|l oss is usually converted iDhE)o ttoh ea |nheoav

the comparison amonfg7,tljdd edemao nEsgart a&tra c
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2.3, where thea : dnadr e the volume | o0s
speci men, mass | oss of the speci men, a
cavitation, and density of the specim
erosion rate in terms of MDE (MDER) carl

change intMRBE damdati on of the cBgrespon

2.4) .
D’O'O(b a Eqg23
5 "D a2
Yb 00
0 O0Y — Eqg24
0 75 q
Il n practice, specimens should be poli sl
i's weighed after each test interval,

necessary to acqui he ftchienult wdoi caree®snbd

erosi on rate versus the exposure ti me

provide the most i mportant quantitati v
a material. As presentediigli at hehecime sntat
preliminary resul't from a CE ntee saurivse .t
Since mass | osses are not meani ngf ul v

di fferent densitiestitctlhhe quast i shpudbd oI

pl ot of t he Cutmuimeat icwe ves o0indry al |l ow
comparison of t he | osses of di fferent
engi nemeeramigngf ul approach t o evaluat e

materials esthe ewmpaure times of reac
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For exampl e, ¢nhe Qni nehet ocotlhler hand, a
used approach in the | aboratory 1is to
exposure time. For example, an exposur e

enough for the ASTM G32 met hod.

AN

(a)

I I .
Maximum P
| | | rate tangent -~
| | | \ -
| | | Terminal . I
rate tangent 22
sl | I I
8 3
= i
g | I |
ol | I 7 I
syf1
- t |
| | |
sl , Maximum
o l “f<— erosion ratel |
I I I
I |
| _Terminal | .
i =~ \“erosion rate ; . Exposure time
-——| <— Nominal incubation time -
; S : | Maximum erosionrate ! (b)
I I I
I I I I
I I I I
ol | | |
-1}
gl g | | !
= | Maximum | | Terminal stage
6|2 Acceleration stage ;
2l R | ratestage | Deceleration stage l
ola
wl 3l I I I
= | | |
I I I I
I I I I
I I I I .
Exposure time
1 1 1 -

Fig. 2.1371 Plots of the cumulative erosion -time curve and the erosion
rate-time curve [71].

However, the i nformation pr etviindee dc ubryv et
is very I|limited, and thus it i's not e
out comes. Henceet itrhe c@eurowe oins riaged t o ¢

behaviour further. As Fih8l38c htehnea tpirco gprleo
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of CE can be divided into various stag

er osi othi meatceur v e.

The initial stage of CE is known as t he
cmpressive residual stress are accumul
exposed t o[ &hlvMetwehtiil cen di sl ocation, |l oc
t he materi al, pl astic def ormati on (i

devel opment of mi crocracks can al so he
temporary hardness ithmordeasegbyffbet wdi
repeatmpdédcts of cavitation, anidndsuocneed c a
phase transfor ma[t8.00]M hatr eff loir €, sragear ch
advantage of the accumul ation of t he
peening) to Iimprove the [f88t4i] glure ad dietnigc
i fhe original poplifkcaed, i smakl | pits can
profil p@&]r yi nt er f[e8r9%, me OO¥ scanning el
mi crogqgado/py 80] WWi,cM® can help the studi

pitting|[B®HDg-98&nsd t he cavit atdi7on 8 8mp adc?t]

Since materi al removal barely occurs a
zero or negligible. Hence, the boundary
the foll owadnacdelgeer a s not <cl ear, resu
estimation of the incubation ti me. On

exposure time when the erosion rat e |
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threshold value is not standbaallesethe T
intersection of the maximum rate tange
cumul at i vtei meg omliomtn as t he OonFoinglmal i ncu
but there could be some materi al | osse
l ength of the incubafiv.thNdveret hesl sg3, |a
the estimation of the incubation ti me
the early stage of CE, it nisnghotthe QK 1

resistant materials from the perspecti\

| on@grm durability is far more critical
When the materi al near the surface re
exposur e itoon ciampiatcaats cannot harden it a
fracture and erosion to t he surface.

acceleration stage since the erosion |
increased erosion rate may be attaibut e
the surface whi chk airdemreayv iboju slhye waorvk t a
| eaving the wuntreated materi al bel ow
Meanwhil e, the flow condition on a r ou:¢
a polished surf aseée mi laarida ridderuld n g he f f ec
cavitation i s absent. Eventuall vy, t he
Then, it can exit from the maxi mum i n

maxi mum for some time depending on the
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t hi se sitagknown as the [maXi mum rate stag
After reaching the maxi mam pabgresageo
decel eration stage, i n which the erosic

surface properties are rebalanced beca

the newly expo&8¢orsuexXamel e, the cavity
affected by the surface roughness, and
be dampedebegentrapped gas and | iquid i
formed by cav]j 9.aj0mme itmpeacagui | i bri um i

the surface properties of the materi al
restrict the change of the flow dynamioc
becomes stable, and tHhies mtnade sitaglenowr

For the evaluatiostateCERpstbe stéeadygh:

Accor diFngR.lt3o it i's the erosi omnt argaet.e a
Neverthel ess, it can take an extremely
reach the terminal stage, which is impr
rate i s also acceptable since the eros

stage for some ,titrhe. sMgamrwhiiloem of t he
Fi @g13nighly depends on the materi al pr o
may not exhibit alpl @&,het hset at¢giecome i dooIr v &txes
some materials may not have the decel er

at the maximum rate stage for a conside
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the erosion rat e may never be stabl e
el astoneaadlt 9.]gksence, extra caution about
Sshwl d be taken when different materi al ¢
worth mentioning that Rihgl 3Jpaftdrertnhe fs ai
materi al tested by different met hods ¢
the terminal erosion rate of some mater

a nloinnear function of the erosion ti me.

24Cavi t®trioesmesi stant all oys

I n the early twentieth century, the con
in fluids, such as propellers, rudder s
from copper alloys or cast i1irons. Then
gradually t ook t haiprp | ipd aatcieecnofroirm s it sheen
environments and were found in a wide

ranging from pipe and -ypé¢eoee pomponmpelb

Mar t e stainlessisieel ( MSS) 13 Cr 4 Ni i's a typical
resi st alneEc eantdko has broad application ar
pumps, and compressors. Il n corrosive e
copper all oys s+i#clmnas akad nimi ik meimz e

(NAB) are widely wused. Meanwhi bet has CI

mechani cal properties of t he materi al
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modul us, ul ti mat e tensil e strengt h, L

strephgdm] ot her all oys with good mechani

great potenti al for resigtiregi €&s The
performance and the failure mechani sms
addition, some other alloys with good

241St ainl ess steel s

Ma r t e istainlessisteels (MSSs)

MSSs exhibit acenstedt eddibpgdtyaBICC3t r uc
(martensite) and they can be hardened &
heat trp8B8BMBIBEEs are widely applied fo
components of hydro turbi mpeusl,arandoore
among the MSS¢&iig843413@E1 468i kbown as the C

turbine steel

b 13Cr4Ni (after 8-h cavitation erosion)
; S ol ~ < Eroded sites
N “’.‘. AW
) R

2

P

Fig. 2.141 Microstructure and cavitation erosion of 13Cr4Ni stainless
steel. a, The etched surface showing martensitic matrix (black laths) and
U-ferrite (white particles) [99]; b, The surface after 8 h of cavitation [100].
Only very minor erosion was found on the eroded surface, suggesting the
good CER of 13Cr4Ni MSS. In addition, the erosion was less likely to
occur in the martensite laths.
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MS S 13Cr 4Ni exhibits out standing we |l
corrosion resisfadce 2194 nMbE8 . CERr 4 Ni

extensively applied for theséedddr-o hiugl
velocity fl ows, such as guide {2afes, r
30] Meanwhi | BISSall 3@r 4hNais g o oedv ewno rikna ba | li a&n
scal 28]J]and its mechanical properties ¢
simple heaf{ l104eattw@hah further expands
Apart from 1®8€CheNi MESS, such as 13Cro0.
13Cr5Ni, 16Cr5Ni, and 18Cr8Ni, are als
engi ne[ex3Bildg addamea orngsesarchers suggest
CER of MSSs can be partial lfyauwlttt re marn g

(SFE30,. 103]

AU s t esminless steels (ASSs)

ASSs have a primary cr ysetnalrleidn ec usbti rcu c(t
austenite at room tempetheuléebewhl chdd:i
N, Mn , Mitheandusteni tfi9Bi|MESel 8e&Nt(sAST
S30400) and 316L (similar tosA&THMsSB8HE
references for evalwuating the CER of 0
rates are close to MSS 410 (ASTM S4100

hydrodynamic [eln@4d ] Meamiwihg) e, 304 ASS ¢
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str-eaduced phase transformation from a
CEF{(g1%®% , which results in a portion of
being consumed by phase transfor mat.
def or mMa&0ioo3n, -1DFJ whil e ASS[BO6L 1O8rd md 8]
addition,atthbhae ©b©66rmhe hard martensite
generation an[dl ®9.,0paYGtriedror e, ASS 304
CER than 316L ASS. However, it is wort
suggest t hat the pitting potenti al and
negatively correlated[tdalti hélo2ddri thgn &ihte
corrosion resistance and CER of ASS 3C
ASS 304 is exposed to CE in corrosive I
s b ASS 304 (eroded region) e Martensite peak

 (110) € (002)
304 304

45min

30min

lniensity

,\ﬂmhﬂl M
|

=

15min

M‘. ",
wethed smin M
Y] omin et

316L 316L

45min

30min

%;::W, 15m.in i vl
M 5min

M omin

44,0 45,0 46.5 47 3
Scattering angle (20) [deg.]

Fig. 2 157 SEM |mages and XRD patterns of 304 and 316L austenitic
stainless steels aft er cavitation erosion [80, 103]. a&c, SEM images at
the edge of the eroded region; b, Eroded surface of 304 stainless steel
showing the erosion at a protruding slip or twin boundary; d, Eroded
surface of 316L ASS showing ductile rupture; e, XRD patterns of the ASSs
before and after cavitation erosion for 5-45 min showing the 304 ASS
exhibited martensitic transformation but 316L ASS did not.

Intensity
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Dupl ex stai(nDSeSsss) steel s

DSSs are a family of SSs which consi st
in approxi matel yFiegilu@| 9.8 I @epnoerrta lolnys, (ap a
Fe, the composition i28 %t 8% DI$iS, i Mc | wg e

5%, 500..050% N, and up to 0.05% C (in wt

contain Si, P, S[98n, 188Hc€ubDS8adpWsses
N i content but gopeéer tmeecsh,anspaki fpirc S
corrosion resistance, researchers have

be ceofsftect i ve Ssubstitutes for MS S s an

engineering.

a Microstructure : * b Pitting at austenite c Pitting at phase boundary

Austenite

o P ) WY )’N e )

Fig. 2.16 17 Microstructure and cavitation erosion behaviour of duplex
stainless steel [114]. a, Light micrograph showing ferrite and austenite;
b, Initial exposure to cavitation impacts (a few min) causing pits and cross
slips in the austenite phase; c, Initial exposure to cavitation impacts
causing a pit in the austenite at the phase boundary; d-e, Preferential
damage in the austenite at the early stage of cavitation erosion; f,
Detachment of ferrite after further exposure to cavitation impacts.

According t o t he l iterature, DSS Cr Mr
promising outcomes. DB tChavn Nt hea sMPR t 1

due to théeahidegmiwmgr kebi l ity of DSS Cr Mn
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in CrMNN DSSs is extremely | ow, whi ch
[ 115,. 13 6ger DSSs such as ASTM S32750
outstanding resistance to pitting corr
[ 76,, 1d47dd they have similar CHR43s 1A38S
119] Meanwhil e, super DSSs also show exc
erosdorrofs7r,.®jhand t hus t hey ar e potent
corrosive environments.

The materi al |l osses of the DSSs subj e
i nitiate atfetrhra tau sptheansiFet gbloGueh d aminels t h e
failure is mainly attributefrita(Bi g he br
216 11146,-12D§g Therefore, it I s generally

CER of the DSISy der melgated et o i ncreasin

On the other hand, since a certain fer
t her mal cracks for welding, DSSs can b
fluid machinery, but extra éckwde tirlreat

e X c e efdredcontent [121, 122].

242Ni c lad lu mi rirwmsz e
Copper gored cadpd oys are known for good
workability, t her mal and electrical cCo

which are beneficial to a vast range o
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alloys, -BFfomezei pmovi des a tcoméd martii oal
properties and corrosion resi stance a
marine, offshore, and shi pboa[r3d2,c o3n8pjon
Then, the devel opméntonafe twhae aladdail ryiswemd
War |11, ahdmhbcemke ( NAB), as a more d
of al umrohmms which outperform many SSs
gradually taken thédrpokdeci omow,f MNMABSN ani
most extensively usedf fdepudsir all oys in

NABs are compols3®id uplfg 7% each obFe and Ni (in

wt.%) and some minor alloying elements such as Si and Mn [124]. These

alloying elements have different influences on the properties of NABs

[123]. Al can improve strength and hardness but at the cost of reduced

ductility. Ni further enhances the corrosion resistance and mechanical

strength, improving the CER in high-velocity flows. The content of Fe is

usually lower than Ni, and Fe can provide a refined microstructure and

good toughness.

zoin Ki a Kiv Ki Kin ﬂ

Fig. 2.17 i SEM image and schematic of nickel -aluminium -bronze
[123, 125].
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As shown in Fi @.1 7 the phase composition of NAB includes FCC

copper-r i ¢ h U phase, mar t-enehtibc pBhGaC e ¢ 0|
intermetallic 9 phases [ 0822 YR bi opuhsa smo r
appears at high temperature and has relatively high hardness. Similar to
guench-hardening steels, NAB can undergo a martensitic phase
transformation via rapid cooling, resulting in high strength and hardness

but low ductility. Therefore, heat treatment can be employed to transform

b phase t o Ulnwrove ductidity. Sometichestthere are a few

b phases remained after the heat treat
sufficiently sl ow, and these b phases
phase. Meanwhile, the secondaryeab preci
treatment, which also enhances the strength of NAB via precipitation
hardening. Furthermor e, 9 phases can b
to morphol ogy, | o c atphases havaarosettd forst r i b ut
and are mainly composed of Fe or FesAl. ai phases are also rosette-like

or spheroidal NiAl-FeAl precipitates at the grain boundaries (mostly at the

U/ b phase b aphasdsanre iarmefiay, whose composition varies

from Ni Al v phasesFageAfihe needle-like precipitates formed

wit hin the U grains, andAlt.helyn aarded iatlisoon &k

phases also exhibit different crystal structures [63, 126, 127]. am phase

has a BCC-based B2st ructur e, while the rest of
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DOs structure. The complex composition in NABs by these phases with

different chemical and crystallographic properties grants good corrosion

resistance and causes selective phase corrosion [62-64, 130-134].

L e P
Fig. 2.18 1 Cauvitation erosion behaviour of nickel  -aluminium -bronze
[64, 135]. a-b, SEM images of the surface and the cross-section of NAB
after cavitation erosion; c-f, TEM images of the cross-section away from
(about 200 nm) and near (about 50 nm) the surface after 3 h of cavitation
erosion.

NABs have excellent CER compared to many SSs and other copper alloys

[136], whi ch can be attributed to the str:
a n dphases. During cavitation erosion, microcracks can frequently form

attheU phase adj pceci pivbates instfemad of i
U phaspghasesr(Fi g.1 &), and these microcracks often propagate

along the Us phase 06264 d30,r181] and parallelly to the

surface (F i g.1 8), which is attributed to both chemical (if in a corrosive

medi um) and physical attacks. Firstly,
higher electronegativitythantheU phase, | ocalised gal val
occur to the U pphhaassee abto utntdmephdde isvher e

coupled with t he[63c64,t1300181]. Secandlyptheamve
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SFE of the FCC U phase can improve the work-hardening ability [137,

138]. Meanwhile, since the FCC U phase also has low strain rate

sensitivity and good ductility, dislocation and slip are more likely to occur

(Fi g18f). As the © phases have high hard
crystal defects in the U phase is blocked by the U4 phase boundart
resulting in plastic deformation and material rupture in the U phase at the

Usd phase DbFoiugldafy[3s5].(

Further exposure to cavitation impacts can result in the growth of
microcracks and subsequent material losses, which mainly happen to the

U phase, and tbephabBeseszpaséedto detach
[62-64, 130, 131, 135]. Meanwhi |l e, the detachment
phases can leave large craters and very rough surface, which not only

aggravates the CE but also leaves a large area of the metal matrix for

corrosion attack [139]. On the other hand, since there are numerous small

but hwvaphades embeddedintheU phase, crack propageé
inhibited by these aiv phases [135]. Meanwhile, the strength of the material

beneath the surface can be greatly enhanced via the formationof dens e

di slocations and deformation twins due
which is benHE35. ciH®we t,0 dCtElRRer st udi es ar
a hardening effect i n the subsurface c:

the reduced fraéBuréda3ttopughness
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25Cavi t®trios4# e 8i sctoaantti ng s

Il n practice, CE i domott htehéhyamloddyon@ame er
The materials can face silt erosion, coc
depending on the working conditions an:i
approaches are necessary troe sipdti amts ea lal
reewwed previously for dealingeWwitehtthes
and extensively wused approach is appl
section reviews the commonly wused <coa’

mai nly focuses on their iOnEg specrafnorbrea nccel

into organic and inorganic types. At pr
on €Esistant coatings focus on inorgan
introduces some <coating techniques, fc

i norganic coatings

251Coating techniques

Generallyrembsta@E coatings are deposit
Ther mal spraying refers to various tech
materials onto a substrate surface. D
t her mal fExrhanyiqrugeg st can be classified

at mospheric pl asma -astpmoasypihneg ,e cpd natsrnoal | se

vacuum plasma spraying,-gancsppagiyngg, h

4 2
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vel ocityfuexyg(ethVOF) swe lagyad iHtgye | ahii(rgdV A F )

spryi ng, cold spraying, and some other
The detailed information about these tt
found in thidgdO0]lint eardadtiutrieo n, some rel ev,
briefly reviewed as foll ows.

Hi ewlrel oci ty uexyddewvOF) spraying

HVOF spraying is a feasible technique
coat i[nlgdsO ] Mo st ofreshet ahBBEseWC coati ngs
fabricatedOFhspu@B4 HyYy3A5]schematic of a
Sspraying gunFii@sl 9s hDouwni nign t he HVOF spr ay
fuel i S i njecbed wbabelraend aciormbusti on C
accompani ed by oxyagxygerm hminxt drhe if ueilgn
combustion xéhradustelsagraee i nitiated, - rel ea

temperature (up to 3000 K) supersoni c

powder is fed into the jet, and the par
mel ted are propelled througdht hpamtoizazll e
can eventually hit and adhere[ 19401 he s
air is used instead of oxywyelndot la@lrspr a

( HVAF) sPpragenghe inflight ti me of t he
source is very short due to the accel

particles exhibit |l ow oxi disati on. Hen

4 3
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tends to haveomt dmwotw, odkd pdeen d itndgu eoln rt ahtei o
[ 140l n addition, the high particle vel
steel particl edgnsad sqgolglrligivg des a

: Workpiece
Combustion chamber

Spray powder supply

Powder injection

Particles Melting and Acceleration

. S

&
2 7 ignition &
Oxygen  Cooling water

Particles/Substrate Impact /.
Coating
Kerosene

Fig. 2.19 7 Schematic of an HVOF spraying gun  [142].

Cold spraying

Cold spraying is very similar to HVOF
t her mal energy and higher kinetic ener
gun i s demomis@.2 @GDuerdi nign t he col d sprayi
stream-hoefatmprde (up t@r 666 uKe MPHRgVgearsa |

(nitrogen or helium) flows to the nozzl
the compressed gas f | ow 0i0s Kf)urbtyh etrh eh ehae
el ement to achieve a higher flow veloc
accelerated by the compressed gas fl ow
exiting from the nozzl e, some particl

energy (Opmfte) l2Which guarantees the p

4 4
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critical velocity and all ows plastic d
occur upon i mpact. These particles fin

Ssubstrate to[fldOiIn a coating

Workpiece
Heated High-Pressure Chamber

Heating
element

Power & Powder

Supply Powder Powder Particles

injection Acceleration l

R SRR

Pre-Heated High-Pressure Particles/Substrate Impact
atomize Gas
Coating

Fig. 2.20 7 Schematic of a cold spraying gun  [143].
Compared to HVOF spraayi mq,bjtelca ema rttoi aru

heat but achieve much higher velocity
Thereforesptagedotadati ng exhibits mini

| ow po[rlodsdi|t y

Laser surface melting (LSM)

Sur faceéi fmcation is commonly applied
mat erial since cavitation i mpacts only
conventional techniques, | aser sur fac

flexible in enhanci nfdl 4t5HTeh ec oiant piuntg |par soepr
can be controlled to heat or melt the ¢
treat Mesntsshown RPfhader eumbac¢ fication ¢

further sorted depending on t he spec
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transformation hardening and | aser surf
the chemical composition of the mater:i
techni dcu@gl inl | introduce new materials
A Composition 8
ix Heataffected zone 100% 50% 100%
Laser X
Transformation _—
Hardening
Y
= C iti B
Heataffectedzoneix Melting zone 10‘;% °";§$'"°“ -
X
Laser
N
Surface Melting
Y
A+B ; 0‘:% Corr;lp;:iﬁon 102%
Laser .
Surface Alloying —_—

Composition B
50% 100%

Laser
Cladding

Composition B

50% 100%
)

Laser ;
Dispersion

Fig. 2.21 1 Schematic of various laser surface  modification
techniques [145].

Among these | aser uhhageemodiLfSiMc atsi orf
interest in this work because the LSM i
significant i mprovements in the CER of

reported a 1350% increasel lda6]fhrerg CER @l
al so realised CER and corrosion resi stz
LSM 147]Tang et al . i mprowvedon hee CERt am

manganmeisceckletmi-bi omze p¥48SMIOEIN]ler mater i
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such aasflhopiely 14ASl19and 4pa5RMpvere al so

found to have enbthainrte dprCERe asdkrby L SM.

Laser moving
direction More homogeneous

structure

Carbide Metal

6------

Remelted

Pre-deposited region

layer

Fig. 2.227 Schematic of laser surface melting process.

A schematic of the LSM pi@22s®POPuirs nge mdon
LSM process, the material surface is m
density. Meanwhi | e, the materi al bel ow
and can be regardeduds ianghdat rxipik, coo

tof%AG/s) and solidificlal14®DMentet ha mef

surface mi crostructure i s achieved, a
homogeni sed. For exampl e, coarse carb
converted i nt[ol4f5]ne carbides

Vacuumrheodsi ng sintering (VHS)

Sintering iIs a heat treat ment process
powder or a mixture of powders) is hea
mel t ed and t hen cool ed t o acquire a
properties. A more densidd ebdy maheroaduc

pressure during the sintering process.
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process i s  kpnroewsnsi ang . hoatf the oxidisatd.i
product i's rest-pressdngvacaoumr hog (VHS
met hod whepessheghios condut5@lni addact uad
since both high temperature and high p
capabl e of processing carbide powder s.
be able to-rerceéenstarmatCE i als, VHS i s an
for making a composite with a desired

treatment. A schematic &fi 823VHS device

Load
Punch
Heating |
coils
Chamber—
| Graphite
mold
Thermalcouple () ‘1 Powder
| Tovacuum
[ pump

Fig. 2.23 17 Schematic of a vacuum hot -pressing sintering device

2521l norganic coatings based on commerci
Cavi Tec

Cavi Tec +4dbsmsad &astenitic alloy for rep
due to its good resistlaht4,.tdbhBEE wanh d

overl ays of Cavi Tec outperform many all

4 8
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i CER 18& 8] The -HWrOFy ed CaviaTeo® iectxshtighonagd
CER but is not as good as the weld ove
and the removal of the splat prior to

due t o weak aedhpdsaito nb odhtn giakfi debs9 |(

Oxides

/¥ T R e
Fig. 2.24 7 The weld overlay of CaviTec and the HVOF -sprayed
CaviTec coating subjected to cavitation erosion [157, 159]. a, Light
micrograph of CaviTec weld overlay; b, SEM image of CaviTec weld
overlay after CE test for 10 h, where the triangular structures indicate the
existence of phase transformation; c&e, SEM images of the surface and
cross-section of the CaviTec coating; d&f, The CaviTec coating after 2-h
CE test, where phase transformation was not observed.

Stellite
Stellite shased alrleoyCso wi th fi wbhichrbid
were originally developed as the mater

and were founcdsticthhamtw@dd QilTdhel 3Udseque

studies suggest Stellite series also e:
the |l ow SFE and the energyndalsear ppthiaosne
transfofmdbBi3gar the Stellite coatings,
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based on6.SteHd-sh¥@Fed Stellite 6 coati:H
CER and good silt [d56&3Thhen wredlsaiys doafe cteh e
Stellite 6 has much better resistance t
sprayed wversion and outperfor ms MSS 1
hydraulic components, and thus many r e:
overl ay of Stell iotre reepabsriampgp | woabl ey

componfehds® 6]

a Stellite 6B (original) S8l b Cracks in a large carbide @8 c Erosion in a large carbide

Crack at phase.~"
boundary - [

Inter-carbide
cracks

6 (origina ' o f Further eroded carbides-*
$7 S y A
F ' <Ak 2 i [ ~

Fig. 2.25 7 The weld overlays of two Stellite alloys subjected to
cavitation erosion [164, 165]. a, Microstructure of Stellite 6B weld
overlay with large carbides; b, Cracks in a large carbide after CE; c, A
eroded large carbide after CE; d, Microstructure of Stellite 6 weld overlay
with small carbides; e-f, After 5-h and 10-h CE tests.

According to the SEM i mages of the dame
Fi @25, it seems the caobidepangfaBhdagvhe | ar g
mor e effective resatsitraqic e witthlant hehe f icr
mi crostructudenadfiltt, Ipfodslesri bl y attri bu
cracking -dentdhetinteutectic carbides dt

resulting in the eutectic carbides bei
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peferenti al erosi on al somaftrreigxu eantt |tyh eo cp
boundaries and to the interface betwee
Ssubsequently causes t he det achment of
exposure tq¢ 1l64dVAiptaatti ofnr om overl ay wel di
can also deposit the Stellite 6 coatincg
and si |t erosion is as[p®od HGBHAhHe , 6 wel
some studies successfully improve the
optimising the |[cl6d&iddi ntgheprmiceesd use of
Stellite[ pmrO,duldinsjaddi ti on, it I's wortl
study on the CE performance of the St e
suggests the coating heas ta epacteenrttrii &lu gaa]

pumps of a [fla7ls2t] reactor

Inconel
|l nconel S erpeersf coarrmedbrdmegdNisuper al l oys wi
mechanical properties, corrosion resist

which are commonly esespacenjutd&atri adel
Studies have shown that some I nconel a
attributed-itnod utcheed gtwriensnd ng ef flel&dt and
177For t he wel d overl ays and t he spr

tremendous studies evidencing the goo
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effective resistance to wearcorerossionn,
[ 17418 2] Nevertheless, only a few studies
[ 18B85] Two studies deposited | hsbnaeteco
by cold spraying, but the results sho
coating cannot r[ek83,t BEblehkeecstudlyyexrg
feasibility of wusing the sel ectciosd | as
alterhati vhe pipes that transport cryo
and the results show that the selective
good [ECE&5]The | ack of the studies on th
outstandi ng properties of t he hlenrconel

research on the CER of the I nconel coat

253WC-based cermet coatings

As mentbiedmpettydr aul i c components can f ac
i ssues other than only CE. For hydro tu
concern if the site -riischl orciavteerd asmhia hs

severe erosion and performaep2e, d&d84gr ada]j

WC-basle cement coatings, especially thos
spraying techniques, can provide excel
erosi on, and thus they are the most e .

protection of {RBd,hpgHyoGedBe@rkhildiegS§o t he W
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and t h@QoGNWC coatings are the meptagedmonr
WCbhbased cermet coatings for resisting
Co and Lh€&€rWCoatings hlalvoel 4o we \ earr, CtERe
CoCr coatings are preferred for oper a
because ChecWLti emgeacsahybdamaged by th
Co matrix phase€oCwhicloatti mgsWC€an exhibi
of protective | $8404fFaocre tohxei deppl i cati on
environment , nboitohfeorulcirnigt iiccala concern. [
very few studiHfeuul ongt hbi labndtsie dofc etrhnee t !
coatings, a recent fiel dsprtayeidastepdor t e
cermet coatings exhibited much better |
with tphleassmparay edd-TiaAdcoati ng (a typical
coating for hydraulic actuaftlox2]pi ston 1
The outstanding -€SgpRayédd We€d HVeOrFmet coa

can be attributed to the combination of

metallic binder phapdasel dealelcyt,| yt hree sh asrt
i mpact, and the ductile phase dissipat
di sl ocations, slips, t wins, and the m

(similar to DFSiS@larad & N@BY Neverthel ess,
i ntser at boundaries and telexi ddfiang@t PogeC

t he HYPrayebdad&€d cer met coatings can b
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failure modes.

Due to the weak adpmleast omowndahiees hteavi
can cause the removal of the splat bef
sl iapnsd, twins, in the ductile metal matr
in thespHVOFelladMd coatings can be susce

i mpact

(7]

and hence a typi cagr afyae-d uwWe@
based cermet coatingsders phaserfosli loamwead
mi crocrack propagation along with the
subsequent brittle det akihge@[t 12D 1§ he WC
On the other hand, as the adhesion str
be quite weak for the sprayled ec areotdien g ss
the sudden detachment of the WC partic
phases beneath unprotected, which caus
t o tnpretected met al |l i c binder phasedsilgei ng
226)[ 193, 1.97FKurlt9Bgdr mor e, the cavitation
or t he pores on t he coating sur face
mi crocrack, and further i mpacts can ca
crack propagation can be hindered by
mcrocrack may grow -aploatg bvo u ihd & rhiee si na re
the WC particles due t o tshpel ame alkko vanddhaersi

or the selective corrosion at the ph
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medi ums) , resul ting i n wrefveae rBatgercihare

22 ef)[ 191 191693

erosion [193, 194, 202]. a-b, Cross-section of the coating in high and low
magnifications; ¢, Mildly eroded surface; d, Severely eroded surface after
20-h CE test; e, Cross-section of the eroded coating; f, Debris from the
eroded coating.

|t i's well acknowl edged that mi crohar
porosity are the most crucial fa<tors
Ssprayebdasv&€d coatings. Hegh fndctatesta
adhesion strength at the interfsptas, s
boundari es, and thus the sprayed coat.i
can effectively absorb the cavitation
formation amadnprodpada 1Milc r o02Drlald KB S

porosity of the coatings should be mi
considered the potenti al sites for <cr a
damaged dyrli9nig AR 6, AS7foRO®Wjcrohardne
not be a reliable criterion when comp

metallic bi nd2elrl] B vaeswer , many studi e
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mi crohardness into consideration and f
CER of thmhepry@laswd coatings because i
content of the def eicntgss itno tshpeth8sOperxailySetdt
19698, -2D0®17

Therefore, i mproving-sphey CERWOd doerremeHV
coatings is usually from the perspectiyv
studies have gi ven positive resul ts
treatment canabeghther#iepdspbbedn approa
example, Du et al. reported that heat
the porosity and iIimprove thespnaged ace
WC12Co coating, and tthree &tEe d ad ecatoifngdg hwea
hal ved compasedatyedt/[lRkedPaFHonsgt t i ng i s al s
effectidveepopodsti on approach for i mprovi
sprayed coatings. As mentioned before,
propagate -apl atheb o unn dgaorsinteelst,i nwhicdan redu
i nisprl at boundaries and disrupt the int
the ther mal sprayed coatings. Meanwhi |
i mprovedFag2We201]Ther ef-melet,i mpsits consi

a feasible appr oad®hoff ot & reshphrimaeyeenda hceo aCtEi n
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'
TR '_
o
W I

atlng b

Fig. 2.27 '|' HVOF sprayed and post -melted WC CON|Cr coatlngs
subjected to cavitation erosion  [201]. a, The sprayed coating; b, The
sprayed coating after post melting; 1, Cross-sections; 2, Eroded surfaces.

Optimising spraying par appkcableap pr saa hc h:
to Iimproving thespquyletitaypv€Caf cldyY e t Coa
[ 202]Kanno et al . f osupnrda yte RCaot@/Ctchoeat HYM Q F
exhibited a dense microstructure and s
pressure was 0.8 MPaOodiBreicrkegrdegosilti ore
the oxfxwgeéenratio could greatl-ypradyedct
WC-2 0 @2-7 Ni c q 2t1i0fbgi ng esteaeld. tbaggasing |
could prowipdeayHMIORMCr coatings with | o
and better CER comphRir@23[wli%Xdh]lamae s sif miell &
resul t ssowegroeunadl by Lamana -€pr ayedd WO m t
coatifir@s|Wang et al . r-epontiye-dO0 @Gt HVAI

coating was |l ess | ukelspatti onumader gaddé oa
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hi gher hardness, higher fracture toughr
HVOBE pr aye-d 0 @uCr c o[aZt O Hars et al. evaluated the
compressive residual stress of the HVOF- and the HVAF-sprayed WC-
10Co-4Cr coatings and suggested that the higher compressive residual

stress of the HVAF-sprayed coating might contribute to better CER [211].

Vid
Splat boundaries
Pt

o

] R P o
Fig. 2.2817 WC-CoCr coatings deposited by HVOF spraying using gas
and liquid fuels subjected to cavitation erosion [194]. a, The coating
prepared by using gas fuel; b, The coating prepared by using liquid fuel;
1, Cross-sections; 2, Surfaces at the beginning of CE test; 3, Eroded
surfaces after 2-h CE test.

Apart from spraying parameters, many s
properties of the feedstock powder can
CER of t hseprt\y @R a SM€d cer met coatings.
deposited-spm aM¢OF soagi mgam@wart ruct ur ed
10ChCr powder and suggested t hat t he
hardness, and high fracture toughness
good resistance t¢70prn@s8ilcen and Q@HEep
HVOBEprayedlO®MCr coatings from a convent

and a--mamron bi modal powder, finding th
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|l ower porosity, hi gher hardness, and |
[ 196]Di ng et al . have performed -a ser.i

sprayeldasw«d cermet coatings with WC par

'Nano-sized WC &%

-ized W y

4

Fig. 2.29 7 HVOF-sprayed WC -CoCr coatings with different WC size
distributions subjected to cavitation erosion [203]. a, The
conventional HVOF-sprayed WC-CoCr coating; b, The coating with WC
particles whose size ranges from nano to micron; 1, Cross-sections; 2,
Eroded surfaces.

The preliminary studies | nwegtaiygeat eMdC t |
12Co usWeg2Cbhepowders with different W
CER was <correlated to the size of the
sized WC particles had |l ess effective
smadilzed ansdi znedkx eWlC [p2alr2,i. cAReX]ent st udi e
Dingl etparepar ed -svparrd yoadI50 WMCOF coat i ngs Us
a nanostructuredni gowderb,i modaanpowder,
submi-mrononsanaulled powder, respectively

coating wcahetuWCi particles atthi bbuteed
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to its | owest porosity amnidg2W gbdst 20Bac

205]

Fig. 2.30 17 HVOF-sprayed WC -CoCr and WC -Ni coatings subjected to
cavitation erosion [200].a, HVOFr ay e@do QIC c dbat H¥EQF

spyad -WC co &t iOrgoescst i2o0nBr,oded sulr fGE e af
test (l ow m&gnEfbdatdi csru)rhf aCE téster (B
magni fication) .

Altering the ratio and the chemical o
phase is al so ame dptei ocnE Rt oesfp mahyes-dH WMLF
based cermet coatings. Lamana et- al . i
12Co and -1t7hCe0 W at i ngs sprayed by HVOF
increased content of Co could provide
CER206LIi ma et al ..sprayaaesd&EdHVcOoFat i ngs
an equally blendé@Cpowaddr2RATThWC result
showed that theoNERrotoahengCwas-better

12Co cdati bhg the i mproved fracture t ouc

<
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former was greatlymehhiamgedLiahtet pbst
t he HYyOrFayedOMC coating exhibited highe
better CER 40 &HCt heoRVCEINWP 2(00whi | e Hong
et al. found that -stpheay@RIR &7 Nt he| HYOF |
out perfor medNit hejpo2ViC4 |ng

The above two studies also suggested tI
modul us (E) rat3 Br aatnido ah ali gphosH t i ve ef
plasticity and el astic |[&dr.gyKafcmo\pte:t
al. studied the CE pepfayedh@eCrofantdhe
t he -2MCE@02-7 Ni coatings in the alkaglescen
t hat t-B 6 GOMICN | coating had better CER
i mproved hardness and plas21%] hyaddithe
the materials for modification are not
exampl e, Thakur et adpr d&yad dADECtrWG he |
coating modi f-waldl &é¢ ¢hebonl bhanotubes in
could effectively increase the fractur
resi sgfabheél

Apart from ¢speprcawni ques, | aser process
applicable tdbatedricoaten9g€ with good C
prepared | aser surface aiNli o yaenddCa8WE&G L A

powdgRg&7]The results show that the CER ¢
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316L sASwsas i mproved, and the best resi s
sampl e all oyeQo wiotwd etrh,e pdCG si bl 'y attrib
and the presence of martenrsiidh cmdtrrainxs.f
et al. extended the prevaloluosy isngud3yl & yAS
coafXdadnjd [f21W] powders. The signRficant
was achieved due to the | aser surface
mi cr ostr uct urdendtiocarpidesamdie wotfect-dendnt &r c
c ar botFdeeC/r Ni W, which <coul d effectively
However, the | arge WCepantioled wnthhe
WC powder could be subjected2li8dHesrve,r e
t heesh CER was achieved by the sampl e
powder, which was 30 ¢triemed vieidg[2dlr® JtAIS&EN
Ot her studies have also reported the el
t hat were | aser surface-cahlsoyweaddwimah eV
[ 22@® 3] Besi des | aser processiensgt,i ng her
techniques t h&atasfealbrciecated WOati ngs wit

such as chemical [2&gnpdi rmidcerpoovea 18 oen]l addi

254Febased amor phous/ ncaonaotcirnygsst al | i ne
Al t hough t-bpr dyhédMCana ¢ d cer met coatings

extensively used to protect hydrodynam

6 2
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seeking alternativeg8.5{fTuleesrtpuaaltyheah dtaedy h ¢ ¢
amor phous/ nanocrystallhingh (wWweéar) @amdtd arg
resi stance and fe22@8wNi|lvalepel papeost al so
t he effects of variou226s,paBa@e8ad | ogc hrt
el emdr2t26 ,0 2bvglsed A/ N coatings, which n
t he design and dbeavseeldo pAMieNn tc ooaft i Fneg s . Des
reporting that -bhtahsee dCEAR No fc otahtei nFges coul d
the -BMCsed cer met coati qd9L5j,n 2t8dnemacl a s
sprayebdaskead A/ N coatings are stildl pro

geneelrl y usbhiansge dWQ& er met coati ngs.

half-melte
i particle s

e

amorphous o

N ase\ b bqrrdea :
' ?"’

,\l

> NANAC ryf,t_allmp
& 'grains

Fig. 231 1 HVOF sprayed Fe -based A/N coatlng subjected to

cavitation erosion [232]. a, SEM image of the cross-section in low
magnification; b-d, SEM images of the cross-section in high magnification
showing the microstructures in the coating; e, Eroded surface; f, Erosion
at the interface between amorphous matrix and a partially melted particle.

Wu et al . pr-epraayaead HVOECr Si BNn @8/JN coat
and the CER of the coating outperfor mec
medi w3 2]Wang et al . fabricated FeCr Ni B

18Cr 9Ni c oat-v emlgsc ibtyy hargch sprayi ng, and
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t hat botdél obkcrigpyr ay eldaskeed A/ N coatings
muchetter CER than thea33F0@r9Niwoc pateilng
studies also suggested t hatto tihrei tciaavti @ aa
edges of the pores and [th3I2.,i nZKe3Injf &c e 2 |
al so reported similar resultsspmayédund
Febased A/ N <coating was negat[iv3ed]ly co
Meanwhi | e, the interfaces formeacddby t|
particles were [s2B24e]ptible to CE

Hong et al. and Qi ao et al. have condu
of t he-s piiVO¥eldlaskeaed A/ N [@&at i2n3g5s, Thao6]
preliminary study rsproaywedskdaA/ Nheo &V
had | ower CER but higher corroasliwthi ogres.|
compared to-sphay cHdv ® Ve d cer meftl9cddat i n
suggesting the pot ebnatsieadl Aad pNp Icioaatiingrs df
environments. Then, Hong et al .i ngtudi e
parameters on the microstr wcptruaryeesd aFred
based A/ N coatings and found the most
t hat provided minimised porosity, hi gh
[ 235]Qi ao et al . conducted a further st
the HWsOQFH ayebdaskeed A/ N coati ng2 3etx|posiedle 2 o

the results similar|[] 2834 e¢ hpr sviuadys floiut

6 4
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a part of t he amorsputbglect pdhaded wanocrt
transformation first and then [r2e3nbojv ed
Furthermore, the study poi nyt eadnd ud malhla
grain size were beneficial -sprampdo¥ienc

based A/ N coating.

2550t her ceramic/ cermet coatings

Ast he cW€i soh bhitreBieg@ghchers have been
CEresi seamet «daatlioong $3Crbaed cer met coat
have corrosion, slit erosion, and CE r
based cer mdgtl 9clqg at2ll®dg b &2Md/ sCHbuass eGlr c er met
coatings can beoatpesabsbl e-hhsawdl ocet met
coatings ®Bébmesredt MdMN coatings. Ihe good
based cermet coatings is attributed to
the brittle phases, and their -hasédre n
cermet dd&tliin®s37, 242]

The CE behavisotuarbidfi sgdt rziia codhiasedVYSZ)
coatings I's also investigated by some
under go t-mmdmagloinmilc martensitic phase
CEf 243 Nevertheless, theSKZKL&ERedfcohei M§Z

di sappointing c o nspparraeydeltacsV&@dh ec eHVneH c o a
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[ 224 6plossi bly due to f[R2ée7phdhesive fail.u
TheOAbhased coatings attract researchers
among whi2hTieheatAing i s the most promis
good mechani cal properties [aZnd®d 1sjo me é
Al t hough many studies f 020:Td 2@t rhce @toloar C
AiOs-based coatings due [t20oR25 Hhlea ploew atdicei
achieved accept afOblra LCER wdattihneg sAl such
spray®gd4 0A%Ti O2/ Ni Mo Al2 5 @ dRaot e qnjigesty O¢ A |

50 %T2 ©oati[nys8] and -sHVIOCeFy e@s-4 QA%Y SZ4 Zr O
coat|[ BA§9]

Laser surfacing with engineering cer ami
from WCs&ndClCang et al. evaluated the (
| asseurr f-macccei fi ed witkkaBdeOefZ6C]f i nding th
the addi teionprofve@r Bhe CER of the ASS
times. The ASS S31603 | aser surface mod

ceramics rexXOg@lpsofprovi ded [€6l0gnced CER

261 mpvyiong cavitation erosion
In pre®ubsec2.i®n3 he approaches to i mpro
WCbased coatings have been revioewed. Th

studies where the change of microstruc:
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rol ehenenhancemesmtt hoifs GEhRsi s i s partic
the microstructural behavioums aumfde theenr
materials which can potentially i mprove

reviewed.

Cheng et al .-t raepaptlmeendt hteoata austenitic |
20800 AC, and their study pointed out

enabl e the coexistence of superelastic
tensile elongation before bDgjl preyi dcan

exception long incubationFip@&E3r2f@d14dnd r

## . c After erosion (heat-treated)

ol

b After erosion (original)
" k. L i _;' Te

B2 — Heat-treated NiTi

B19’ [jeB1Y B2 N
|

" i TR o B

B2— Original NiTi
B2| &

L B ; i

30 40 S0 60 70 SOL s ‘

Scattering angle (20) [deg.] 4 ! i, ﬂ
Fig. 2.32 7 Microstructure and cavitation erosion behaviour of NiTi
alloys with and without heat -treatment [261]. a, XRD results showing
that the heat-treated NiTi alloy exhibits both austenite (B2) and martensite
(B196) while the original b-&NThEsurfamwd | oy i ¢
of the NiTi alloys after CE test.

Intensity

As revi Swbdechidv$n2 he phases in NABs ¢
cavitati-oonreosesioonresi stance. Therefor e
mircostructure of the NAB via <certain
resistance. Qin et al . fowrnrdodgih@an nteaxei <
of the cast NAB can be improved by heat
and querec@i383p1839]The quenched aagled he (

NABs do not h asvphases,nywhHiaclhgeef fectively
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selective phé&sae3@pr rTtheingpenni sed efhinded
mi crostructure after theagaiemghahigows
uni form corrosion on the surface, and
protective film is i n good condi ti on
homogeneous di shtarfhddjudan d nt md & hphases ca
the resistance to cavitation i mpacts.
phases with supersaturated Ni and Al also result in the formation of a
unformpassive film. Wu et al. alsoheaport
treat eld2@NABn addition, the microstructu
for enhancing caoerntasi om wveeaDisk omoteon

proces$ PP ]

Na¥
Acicular £

Grain boundary

i
bie

Nano-scaled X phase

Fig. 2.33 1 Microstructure and cavitation erosion behaviour of nickel -
aluminium -bronzes post -treated by different method [139]. a, As-cast
NAB; b, Normalized NAB; ¢, Quenched NAB; 1, Light micrographs of the
cross-sections; 2, SEM images of the cross-sections; 3, SEM images of
the eroded cross-section.
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Fig. 2.34 1 Microstructur al evolution of pure copper and aluminium -
bronze exposed to cavitation for different durations [267]. a, Pure
copper; b, Aluminium-bronze.

As mentioned previously, the material w
Zhang et al . relphask taHdnmdmEesst udy t h
effects of ISFEI mor eCaEsR ng t he[ 2a6lTdprei ni um
studied f®SbEBvast meetgati vely ¢ drorreltalted
materi al s wi t h -shliigph iSsF Ef r ecqgruoesnst | y for
e X posucraev ittdag adinng to the wavy €liigp mod
234 )Thulighly Il ocalised plktagdgthiec efalrdw &
whicdustense f orgmatwnitchro al eosfc é rhaee mi(Eirg.cr ac k
2.3 4 2 resulting in dheilgbhbw e®8BEiIi oanr anh
formati on-sloifp cviosas preventing t he rec

di st oo@alsOBé¢ngcckei fferent from the | arge ¢
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mat erkFia®g84), pl anar slip is the dominat
mo dien | ow SFE wmiahdges roisalosnn i & i g8 dbyThe | d
studies on other alloys also indicate

l ow HSRBRE8,. FP69examplcentawork by Szal a ¢
that nitrogen ion implantation can r eme
i sostlayt ipoelssed Stellite 6 alloy becaus
converts the HCPpéabkedpophasel beset he FC
|l ow SFE, whi c h-badddwmattrhiex Cof fecti vely
cavitation | rpadtesnilmy wés-ercducaendd phase
transf o[rana8]i on

For thbaWWw&€d coparhgsyrom what have been

Subsec2i®®n3 he addition of Cr to the <co

N

effect €CERn Atshan all oying el ement, Cr i
corrosion resistance and hi gmphawvenehe,
corrosion and oxidati[o2n7 &le]s2Betdrasuoét
found t h@rt rdtei Nican aff gc2t7 2t|9¢e0 r@QER o f
fabricatcéddldadMCNicCGrati ngs exhi bited goo
resisfamd@8¢Tam et al . reporteec| addedt he
Ni CFW& was muchanrmitgheetr[ @0br ass

Apart from Cr, adding rare earth el en

coatings may also i mprove ahewlC&ER. bé&i b
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all oyed with metal s, rare earth el emenit
the melting point of the alloy system
[ 274 ]For -hWahredFeandatbecbDBtings deposite
claddi ng, the addition of Ce and La ca
and thus enhances wear [ 2/™& ]Jc oOrireo soi tohne rr e
hand, the addition of rare earth el emei
on the OCER ONAB, andpthgeHyV@®®ECr coating

[ 228 0]

27Summamnof t heerraewireew

271St rategies for achieving good cavita

fal)

The foll owings are the strategies for
the studieseoinst aet CEnorgani c materi al ¢
1. LoBFE

The material wirtehv d mtw tSHeE rceamo mbi nat

di sl ocations, resulting in the 1inhi
slip, and fatigue crack is | ess 1|ik
hardening ability is benefited fror
stackingrdgywulduainley i ndicates good ¢

2. Stresngdduced phase transformati on

Some materials exposed to cav-itatio
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i nduced phase transformation by <co

i mpact energy. As a resul t, t he de
reded, and the severity of CE i s mi
3. Combination of ductile and hard pha

The high strength of the hard britt
cavitation i mpact s, while the ducti
energy by forming dsi,s laoncda ttihoen smo vselme
these crystal defect s. Therefore, C
combining ductile and hard phases.

4. Mi ni mi sation of defect s

Defect s, s-eixihs taisngprpeores and cracks
correlated to CER, Sincteac®E dedmrecps
Hence, anot her frequently adopted

CER of the materials is minimising

272Research gaps

I n reviewing the | iteratur e -raebsoiustt atnite
material s, the work prnesnprntsed oi Mmatklei
towards the following aspects:

1. EnhancemeiCtERfn tthdeea IMCd coat i ngs

The HY¥PFayethadW&€d cer met coatings a
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successful ones in protecting hydro
CE and have been oerx tneonws. i vHeolwe wesre d tfh
based cer met coatings|[ 3ay]jeTheuietf ®r e,
researchers have-chsénssbeskinbgtlesw s
based A/ N coatings and other <cer met
cerami cse appl itchmti on of these <coat
realised yet. On the other hand, a
choice is enhancinpbasée C&ERtiofhgs heo
the service |ife. Nevertheless, mos

mi nor inmmemrtesvda n the -K&ERedfcoOhEei WES .

.Rel ationship betweeOEpmr f nosmmaneget ur e

Apart from what W& 8 b smeecnti. idainte al i n
mechani cal properties of the coati:
and fracture toughness, are also cotl
domi nate the CER. This is becawdge t
the coatings are dependent wupon the
the defects of the ccositderablggnsmberNe v er t
ofstudi es on the dreevseil sotpametntc ocoaft i hEg s
t he accompli shment of excelltent m

unintentionally neglected the effec
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perf ormance. Il n addition, although
behaviours of di fferent mi crostruct
anal yses were bmacrtdemnex dmi paiton, |

mi crostructur al evolution during CE

273Sel ection of pmadcecesnEltrdgoarsd

Thi s research proj ectr eai mbtanttoa mudetveerlioa
i nvesttihgateef frmeicctrso sd b ntcht€Er ebe havitchuer s of
mat erAsaltshoembi naft i dacti | e anndayhaprrdovp ldees
good CER, the target matedeucphbesaseasndp,|
hard pW&seées. selected as WBbabaddcehmsete

coatings exhiTbi mi gomd s€EERari pbhsese, of hel

materi al shoul,d abned nornoaCd.,oyand Ni ar
chos.Be i s sel ectfeod itrnwot hriesa swonrsk. Firstl
str uct urma yewhhiicbhi t | ow SHE.r eSEpdoinadil /e d

met hadi ng spolagtiongpe po s4WMC cNimp o swit tels

mi ni mi s e[d2 8dlxji daed,divMda oupmebB8i ng sinterin
i al sesedprteopMiWE€Ecomposites
Asconvenhedirelattmeahnicaunmest significant|
the microstrhadaed mp odi tWCs-t, r & ehtemepnots twi t |

high energy i ndedanwhsi |ree-j utehaee heomgt t hat
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introduce oxides or ot herasdg mphue inma teesr ii &
and withiowue atpparesitt p posedc otnop abTehedr ef or e,
| aser surface mel taignlge (cSsMy)tbneesnats s ke t h e d
rapsadl i diducaenhgohSM can provide altere

mi ni mo xied e

75



Chapter 3
Materials and experim

3.1Mat eri al s

Il n this workmel asag fsuBSMacevas ii-ntrodu
sprayd®€d Nomposite coating and tWCe si nt e

NiWC-Ce & and-WOGli ChThespagoalyled coating was

onto 316L austenitic stainless steel (
al so aussetdhe reference material for eval
perfor mance. Detailed informatTabnl eon t
3.1.
Table 3.1 1 Feedstocks for cold spraying and sintering.
Material Use Supplier Note
. _ _ Purity: 99.7%;
Ni powder Cold spraying Centerline, Canada _
Size:~5em
WC _ Purity: 99.7%;
Cold spraying Sulzer Metco, USA _
powder Size:~20e m
, , , Changsha Tianjiu Purity: 99.5%;
Ni powder Sintering ) ] ]
Metallics, China Size:~5¢e m
wC o Changsha Tianjiu Purity: 99.5%;
Sintering . . .
powder Metallics, China Size:~3e m
CeO2 _ _ Changsha Tianjiu Purity: 99.5%;
Sintering ] ] ]
powder Metallics, China Size:~3em
. Changsha Tianjiu Purity: 99.5%;
Cr powder Sintering _ _ _
Metallics, China Size:~3em
_ Xinghua Guojin As substrate
ASS 316L Cold spraying _ .
Metallics, China and reference
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32Col d spraying

Lowressurgascodydnami c( SSpr asyeirnige s P, Cen

Canada) was uséaMC tcoadedapnogssi tonNio t he top

ASS substrates. The substrate was a sol

and 10 mm in thickness. Prior to-cold s

bl ast dg rbiyt al umi-Inn.a0 wMRah cOonmdpressed air

(Manus Abrasive Systems, Canada) and

increase the adhesion between the coat

parameters BhaBzmyiven in
Table 3.2 1 Spraying parameters for depositing Ni  -WC coating.

Length of nozzle [mm] 120

Entrance diameter of nozzle [mm] 4.46

Exit diameter of nozzle [mm] 6.40

Pressure of compressed Air [KPa] 634

Temperature of compressed air [C] 550

Carrier gas Argon

Pressure of carrier gas [kPa] 483

Volumetric flow rate of carrier gas [I/min] 7

Stand-off distance [mm] 5

Transverse velocity [mm/min] 300
A robot ( Me2t0g maYa stHRA wa El ectric, USA)
automatic control, to whichWEChpowodearz| e
bl end, which was composed of mechanical
and WC powder (BRamdgpaoa)t,edwawsi a a volu
feeder (5MPE, Sul zer Metco, USA) to th
content of theEpW yead ddeet iansyowa®% @dBO6UT
wt . %) which was mucWC | mowedert hlalne ntdh ed uNa
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relatieel ylepowition efficiency of t he

powder .

33Vacubhmpr es ssiinngt e(rM H)

The sinWEr emet HI matri x cwempesiakesi ¢ MME«
vacuunprheostsi ng sintering (VHS). The fee
mechanically blended powders. The volur
in the feedstock®%WCwhMCd: 3occenCedé Nh t
NiwWC-Ce ®MMCs wasl.®.,9,and 2.7 wt. %, respe
content was 25 vol. %, and the content g
respectively, f or t hWC NMMCs . A i st of the col

sintered MMCs TiabhB8®abul ated in

Table 3.3 1 Chemical composition of the sintered MMCs.

Set Composition (vol.%) Composition (wt.%)

Ni WC CeO2 Cr Ni WC CeO2 Cr
1 75.0 25.0 - - 63.1 36.7 - -
2 740 247 1.3 - 62.6 36.5 0.9 -
3 73.0 244 2.6 - 62.0 36.2 1.8 -
4 721 24.0 3.9 - 61.4 35.9 2.7 -
5 650 250 - 10.0 556 375 - 6.9
6 55.0 250 - 200 479 38.1 - 14.0
7 450 25.0 - 300 399 388 - 21.3

The blended feedstock was fed i-h& o t he
20Y, Shanghai Chenhua Science Technol o
was vacuumed to below 5 Pa at room ten

heating, and the temper aftiuftle Wasecoher
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temperature reached 800 AC, a | oad up
powder mixture at a rate of 2 NMPa&/ min,

furnace was cooled to room temperature.

12504 = = == = == = == = === = = = —

i 1 1
(&) 1 1
e, I 1
E 1 1
= | I
R == mmmmEs o T I I
o 1 1 I 1
o 1 1 1 1
= [ | |
IE 1o I I
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
25 — : :

0 160 190 300 375 540

Time [min]
Fig. 3.1 7 Temperature control of the furnace for the sintered Ni -WC(-
CeOy).

34Laser surface melting

T h as-sintered MMCs were cut into bars with a square cross-section of

10 x 10 mm via wire electrical discharge machining (MV2004S, Mitsubishi

Electric, Japan). Theass pr ayed coati-sgst aneddt MRIC alsa
wer e gr ou2ddgetds amydpaper-gourmecedassampl es w
cleaned in ethanol and dried in hot ;
processed by L SM. The LSM process wa
controlled platform (Laser manufacturi:

an ytterbium | a2&€00 BGstPehmot ¢ ¥LSs, USA
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processing parameters ofTalhISd) aarned par e s

schematic demonstRiag2 on i s shown in

Table 3.4 1 Processing parameters of laser remelting.

Focus position On the surface
Laser wavelength [nm] 1075
Spot size in diameter [mm] 0.5
Trace spacing [mm] 0.25
Power [W] 300, 400, and 500
Transverse speed [mm/min] 200
Shielding gas Nitrogen
Shielding gas flow rate [L/min] 15

———— Path of laser  --=-= - Laser progressive direction

Fig. 3.2 7 Schematic showing the laser surface melting process in
this work.

I n addition, a margin of 1 mm out of th
sqguare fosptagedosampl e) wass ckaemmte df or
region.omMmphetndrproces#4ddarmdwWw B@dDs er s,
some-WNi sampl es were al-saondt rée0alt &se rbsy. 2
However, W Heas200 could not melt -Whe co:
|l aser caused serious damage. Thus, the

300 400andW 50a0sers are presented.
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35Characteramsdatt eqntss

351Sampl e preparation

The reesmel ted sintered MMC bars were cut
the subsequent processing.rdmel tLt&dM calrc
sprayed cylindrircermelstaenp | isntaemrde d@scubi c
grounded- oBd,00300120@andg20®0 C paper and
pol i shedemwichh 2n &sm) .d2m mond suspensions
surface finishing was acoOo@pl cohdeéadi el
silica sulshpeeapss aned armd ntleeedssampl es
subjected todthg @aate pgfiBhe ng Pamrless
with polished surf-nagsdwéfeacatsiedn f XRD
el ectron microscopy (SEM), and CE test:
The otmemebhsed samples were cut al ong
direcrtiig@n. (Somwmprayed-samd eae®d samples w
sliced. ddheticomssesf these samples was gr
per the same procedure$heasemosamphésd w
poli shedectriosrss wer e used for SEM, el
di ffraction (EBSD), and micrselkeatdoasseft
the splayed samples ampday-W€ HBSMpctebdwas
al so examinedabyonaneshnhde®ome thin fil

cut fr om-stelca i omososf -speray®i Niamgl es by
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focused ion beam (Auriga, Zeiss, Ger ma
kV and 2 nA for transmission electron
Il n addi t iacsne meslotnesdp rag/ledd sampl es wer e

etched for SEM. The etchant was a mixt
(10 g) and 35 wt. % hydrogen peroxide s
(30 ml) , supplied by Shanghai hAlnaad.di n
The -noated surface of the speci men was

the partially sealed specimen was subm

completely remove the Ni and fully expc¢

352Xray diffraction (XRD)

XRD (D8 AdvanceGeBmaky) ivdesntudegd tthe p
composition of the samples before and a
acquired by the contidmwdwes oXRDD Amopde r a tm
specimen spinning at 60 r pm. The coppe

mo n orcohmat or was set at 40 kV and 40 mA.

353Scanning electron )microscopy (SEM

SEM can produce an image by acquiring e
the interaction of a focused beam of el
There are various i maginngehmecdhes i ge@éndi

8 2
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and the two most frequently used signa
and backscattered electron (BSE). Gene

surface topography since SEs can only e

sampdwe to their very |l ow energy and |
matter. BSEs are reflected from the sat
intensity of the BSE signal is strongl
Therefore, the contrastcadfe BRE iconanpe®s i
di stribution of the sampl e. However, tl
than SE i mages because BSEs are from deé

I n this -eamrksi dneB&EMeMFrBSEMI grma,s 800,
Ger manwas usheadr atcd eri se the sampl es. U
SEM characterisation was performed at
topography of the samples subjected to
Il n addition, the SE detector indthis |
portion of the BSE signal, allowing the

information when the surface of t he sar

354El ectron backscattered diffraction (

EBSD is a techniqueryostralmicgoasphiuvctouahar
based on SEM. In this woeFka8tdedtee cEtBoSIE,
Bruker, Germany) on the FESEM was wused
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preferred crystal orientation in the L
the grain size of the wierneed tlkeyd (drao/cees sw
EBSD dUantlae.ss specified, the EBSD charac:

performed at etiDsk¥pand 0.5

3556Transmission electron microscopy (TE

TEM is a microscopy techniqgue that al
si gnfarlosm t he interaction of the el ectroc
but the beam of electrons is transmitt
i mage. TEM i mages have a significantly

crystallographic data.|l ayert hofs twhoe KL SM
sprayed sampl e tW elagd alr bwasa c4h0alr act er i

(Talos F200x, Ther mo )FiasthelrOOSckivent i fi c,

356Mi crohardness and nanoindentation te
Vickers microhardness test (Wil son VH:
conded on t he psoelcitsihoends corfostshe sampl es.
|l oad of 0.2 kgf with a dwell time of 1
test site wasen edencetaetdh atthe-6t0op sur f ace
and thepouattef the.melat pbel hoiri zont a

half melt pool (since the overlapping

8 4
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Fi 83 The depth ofatt htehd emitd &slid eofwatshe r
for the LSM samples whose thickness of
thanem20t he horizontal space of each ac
200m ef or -gphreayaesd asdnt éaeedaTIhamel ever e 1C
Si trecsented for each sample to obtain ¢t

deviation was al so calcul at ed.

Fig. 3.37 The indentation sites for the hardness and the
nanoindentation tests

Nanoi ndentNMdrilond etnd s2tr (G2 0)0 ,w awT Sp, e rfFScAr me d
t he pol i ssheecdt icorno seghr @ heed asneé méeheeadascol c
sprayed samples. The selection of the
the microhardness test, and there were
A Berkovich diamond indenter was used,
into the tesmh atitae svasai2am/rsat eT hoef | ®m.al
di spl acement pl ot , hnmdeahdti adehtaatnens

(Exr were calculated usesag thg. software
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