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ABSTRACT

Erosion corr osion cause s significa nt problems in va rious indust rial environments t hro ugh a syn ergisti c effec t
whic h resu lt s in m uch greater weigh t loss t ha n t he s um of t he weigh t losses in t h e individua l pr ocesses. T he
eros ion-corros ion beh avior of t hree low-alloy steels was investigated in a sim ulated conc ret e slur ry using t he ro
tat ion me t hod. The key influenc ing factor s and me cha nism of mater ial degrad at ion wer e analyzed. The expe ri
mental r esu lt s indicate t hat t he weight loss inc re ases wi t h t he linear veloci t y a ccord ing to a nearly exponential

rel at ionsh ip ( W = KV" ), whe re 11 is 1. 10 - 2. 11. This weight los s is ma inly caused by eros ion in t he alkaline
slur ry, and steels wi t h hig her t ensile streng t hs s how hig her er osion-co rrosi on resistance. The formation of
ma ny pla tel ets and ring crac ks and their remo val from the sam ple surface during eros ion corr osion in t he slurr y
arc t hought to consti tute t he mechanism responsible for t his weig ht loss. T hese plate lets and ring cracks arc
for m ed by solid part icles st riking t he sam ple sur face . Cr aters arc ini tiall y pro du ced and subsequently disa ppea r
as t hey grow a nd come in co n tact wi t h ea ch o t her. Fewer craters were observed on t he s urfaces o f samples t hat

exhibited hig he r weight loss. T he surface of t he mate rial became work-har dened beca use of t he effec t of t he
par ticles st riking and scra t ching , and a de formed lay er was pro du ced on t he s ur face for ste els of lower
st re ng ths, leading to deeper and mo re abunda nt go uges.

1. Introduction

Eros ion corrosion co m monly occurs in mirung

machinery plants , hyd ro turbines and delivery sys
te ms for liq uid- soli d pa r ti cle s lurries, such as ore,
sa nd , and coal. T his process gives r ise to signi fica n t
problems affec ti ng the perfor manc e , rel iability and
lifet im e of devices and co m po nents. E rosion and cor
rosion involve many mechanica l and chemica l m ech
anisms, and the co m bined action of these m ech a
nisms often res ults in sig n ificant m ut ua l reinforce 
ment . Because of it s synergistic effect , erosion cor
rosion has been shown to generate much grea ter
w eight loss than the s um of t he w eight losses in the
indi vidual pur e erosion an d pure corrosion processes' <' ".

Resea rch er s have qu al it at ivel y s t udied the in terac
t ions bet w een eros ion and corrosion in speci fic en vi
ro n m en ts , rev ea ling that the relative impor ta nce of
erosion , corrosion and erosion-corrosion synergism
dep ends on the specific electrolyte , a lloy , an d serv
ice co nd itions" . Ones described the infl uences of
expe r imen ta l parameters, s uc h as the angle of a t 
tack, s lurry speed , sa nd pa r ti cle siz e and sa nd con 
centration , on slurry erosion in seawater sand s lur-
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r ies[8] . In coal s lurry, the erosion m ech anism was
determin ed to be related to pla telet format ion , si mi 
lar to that obs erv ed in t he gas-solid parti cle s trea m
erosion of du ct ile m etal s' ". In an oil sa nd slurry,
the material loss caused by so lid pa rt icles was do m i
nant, w hereas the co n tri b ution fr om co rrosion was
s ligh t [lO].

In slurry transportation systems fo r flue gas de
s ulp hurizat ion and chemical processing applica tions ,
the m at erial loss t hat is att r ib utab le to corrosion
fac tors has been fo und to increase wi t h acidi ty ,
ch lo ri de co nc en t ra tion and temperature. By co n
tras t, t he pa rticl e s ize is the m os t in fluen tial factor
affec ti ng t he eros ion-corros ion ra te of hi gh-Cr cas t
iro n alloys. Large particles are much m ore effe ct ive
in re moving both the corroded s urface layer and
fr esh m ateri al ' {!".

So lid-liqu id concrete s lurries contain h ig h concen
trat ions of r iver sand and carpo lite , and the particle
siz e is approxi mately 10 - 20 mrn. The devices and
co mponen ts in vo lved in conc rete slurry m ix ing and
del ivery in concret e m ix in g vehi cles and p u m pi ng
lin es have been fo und to s uffe r signi fica n t damag e
fr om erosion corrosion. For example , the 4 mm- th ick
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impell ers ut ilized in concrete m ixing dr ums us ua ll y
degrad e w ithin two years. H owever, few s t udies
hav e inves tiga ted the ero sion-corrosion characte ris 
t ics of s teels in an a lkaline concr ete s lurry.

The erosion-corrosio n behav ior of three low-alloy
s teels in a si m ula ted concrete slurry was inves tiga
ted us in g a m odified rotat ing tester, and the key in
fluen cin g fact ors and m echanism of m at erial degra 
dation were ana lyzed.

Table 1
Compositio ns and mech ani cal properties of tested steels

2. Experimental

2. 1. T est ed mate ria ls

T he co m posi tio ns and m ech anical properties of
the t ested s teels are listed in Table 1. S teel 1 is a
co m mon ca r bo n s teel that is w idely used in conc rete
m ix in g drums. S teel 2 is a type of w ea r- resis ta n t
steel used in concrete mixing vehicl es. Steel 3 is a newly

Composition/wt. %

1 0. 160. 22 1.19

2 0. 11 0. 30 1. 63 O. 05Nb-0. 3Cr-0. I Mo

3 O. 30 1. 50 2. 00 o. 8Al

Tested steel
C Si Mn Oth er

Mechan ical propert ies

C C(j ,~ R po. 2 / MPa R m/ MP a A/% H ardness/HV

0.1 18 152 609 27 181

0.509 63 1 711 21 233

0.510 673 1 250 12 36 5

Not e : C,q ' = C+ Mn/6 + Mo/ 1 + Cr/5+ V/ 11 + Si/21 + Ni/10.

Fig. 1. Schematic diagram of rotating corrosion abras ion tester.

develop ed steel w it h hi gher st re ngth. F lat sa m ples
with dimensions of 5 mm X 20 m m X 65 mm were cut
fr om each steel pl a te.

2.2. E xperim ental m ethods

T he appa ratus used for the erosio n-corrosion tests
consisted of a rotat ing disk with eight samp les moun ted
sym m et ricall y a t the edge ( Fig. 1 ) . The s lurry w as
pre pa re d by addi ng 39 . 5 k g qu artz to 14. 0 k g tap
w ater ( 74 w t . % ) ; the diameter of the qua r tz pa r ti 
cles was appro xi mately 3 mrn. T he p H of the slurry
w as adj us te d to 12. 1 by adding NaO H.

Slurry Specimen

15 , 7. 5 and 5 h, respecti vel y. The weight lo sses of
the samples we re de termi ned b y ca lcu lat ing the
diff eren ce between the ini tia l and fin al w eights m eas 
ured us in g a high-precision ana ly tical bal ance w it h a
sensi ti vit y of O. 1 m g. Becaus e of va ria tio ns in the
sample size, normalized erosi on -corrosion ra tes were
m easured in terms of the w eigh t loss per un it area
(rng Zcm" ) . The temperature of the slurr y a t the end
of the ex periment was ta ken to be the testing te m 
pera ture and was m eas ured us in g a thermocoup le .
The su rface m orphol ogies of the specimens afte r the
ero sion-corro s io n t est w ere o bserved via scan n ing
electron mi cro scop y ( SEM).

Generally , the total weight loss result ing from eros ion
corrosion (W , ) can be divided into the following com
ponents: th e weight loss due to pur e erosion (We), the

weight loss d ue to p ure co r rosion (W,) and the
w eight loss due to the synergis tic erosion-corrosion
effe ct (W,) [IO J. W , can be ca lc ula t ed as follows :

W , =W,-Wc-We (1 )
A ddi tional speci m ens w ere s ta ticall y im m ers ed in

the slurry for the same dura tion as that of the ero
sion-corrosion test , and the difference in their weights
before an d afte r test ing was defined as the we ight
loss due to p ure corrosion. M oreover, a p ure erosion
test was conducted in a slu rry of tap water and 74 wt. %
si lica parti cl es at the sa me ve locity as the erosion
corrosion test ; in th is test, anodic p ro tect ion was
app lied by m eans of a zin c bar m ounted on the disk
to suppress the corrosio n process.

R otational spee ds of 50 , 100 and 150 r/ mi n were
selec ted based on the typical r un ni ng speed of a co n 
crete m ixin g drum ( approximately 2 m / s) and corre
sponded to appro xi mately linear veloc it ies V of 1. 1,
2. 2 and 3. 3 m / s , respect ivel y. The tested dis tan ce
was 60 k m , so the testing t ime was approximately

2.3 . Experi m ental p rocedu re

Two ide ntical speci m ens of each t ype of s teel w ere
used in every test. The surface of each s peci men was
po lis hed and dried after being cleaned with alco ho l ,
and the specimen was then we ig he d before being
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mounted to the disk us ing a screw. After test ing ,
t he specimens w ere cleaned in a 50 wt. % hydrochlo 
ric acid so lution containing Aminoform to remove
the rust from their surfaces. Then, the specimens
w ere cleaned with alcohol, dried and w eighed .

3. Results and Discussion

3. 1. Microstructure

St eel 1 is a common carbon structural st eel with a fer 
rite and pearlite microstructure, as shown in Fig.2(a) .
Steel 2 is a we ar-resistant steel that exhibits a granu
lar bainite microstructure (Fig. 2(b)), whereas s teel

3 was designed to have a higher C-Si-Mn com posi
tion . The results of a m etallographic analysis showed
that steel 3 contains approximately 15 vol. % ferrite
(Fig. 2(c), white) and 6-8 vol. % retained austen
it e; the balance was determined to be martensite
(Fig. 2(c), grey), with a la rge amount of precipita
ted carbides distributed throughout the lath mar
t ensite (Fig. 2 (d)). The martensite endows this st eel
with high strength, and the ferrite provides exce lle n t
ductility. The retained austenite is expe cte d to trans
form into m artensite during cold deformation, there
by re-strengthening the steel. Therefore, stee l 3 ex
hibits excellent wear resistance and workability.

( a) Stcc l L,

Fig. 2.
(b) Stecl2; ( e). (d)Stecl 3.

Mi crost ru ctures of tested s tee ls.

3.2. Effect of velocity

The w eight losses of the specimens due to pure
corrosron , pure erosion and the synergistic erosion
corrosion effe ct are reported in Table 2 and Fig. 3.

Table 2
Weight loss va lues for tested steels

The expe r imen tal results show that the w eight loss
per unit area increased rapidly as the test velocity in 
cr eased (Fig. 3 ) and that the w eight loss caused by
pure corrosion repres ented only a small percentag e
of the total w eight loss, indicating that eros ion was

V/ Ti m e/ W ,/( mg ' em - Z) W , / (mg ' em - 2) W , /(mg ' em - Z) W ,/(mg ' em - 2)

( rn > S - I ) h 2 3 2 3 2 3 2 3

1.1 15. 0 5.13 1. 36 2. 51 O. 52 0.16 O. 18 1.68 3. 70 1. 86 O. 21 0. 20 O. 20

2. 2 7.5 15. 17 13. 11 6.68 O. 22 O. 18 O. 23 10. 31 9. 56 1. 98 1. 92 3. 10 1. 17

3.3 5. 0 51. 70 15 . 22 26. 57 0. 15 O. 10 O. 11 19. 80 13. 31 25. 36 1. 75 1. 81 1. 09
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Fig. 3. Weight loss valu es of test ed s teels det ermined at

differ ent test velo cit ies.

For the co m par ison of the differ en t s tee ls , a co m 
parative erosion-corros ion weight-l oss ratio was de
fin ed as th e erosion-corros ion w eig ht los s of one of
the test ed steels ( 2 or 3) divided by the e ros ion-cor-
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3.3 . E f f ect of com po si tion

rosion weight loss of st eel 1, which was trea ted as
the reference steel. Fig. 4 presents the comparative
w eight- loss rat ios of s te els 2 and 3. The co m pa ra t ive
w eight -l oss ratios of both t ypes of specimens showe d
a s ligh t ten dency to ri se w ith increas ing vel oc it y , al
thou gh tha t of steel 3 ac t ua lly decreased s lig h tly a t
2.2 m/s. The w eight loss ca use d by co rrosion
m arkedl y decreased a t 2. 2 mi s, es pecia lly fo r s teel 3
( T a ble 2 ) ; this beh avior could be rela t ed to t he t est
temperature. In general, the rate o f corros ion tended
to inc reas e as the temperature in cr eased. H owever,
the temperature was lower a t 2. 2 mi s, which caused
the co rrosio n rat e to decr ease. This finding indicat es
that the influence of corrosion s ig ni fican tl y en hanced
the e ro sion-cor ro sion weight loss. Therefore, the ero 
sion-corrosion w eight loss decr eas ed a t low er tem
peratures, as refl ec ted by t he corres ponding s ligh t
decr eas e in the com para t ive weight-l oss ratio.

Fig. 4. Co m par ati ve weight- loss rat ios of test ed s teels 2 and
3 com pared wi th ref erence s tee l 1.

I()()r----- - - - - - --- -------,

The co m pa ra t ive w eight-loss rat io of steel 3 was
small, approxim at el y 43 %- 51 %, indicating t ha t its
ero s ion-corros ion resis ta nce w as nearly twice as
great as that of s teel 1. By con t ras t , the co m pa ra t ive
w eight- los s ratio of steel 2 was 80 %- 87 %, indica
ting that its resis tance to eros ion corrosi on w as s im i
la r to that of s teel 1 , w hi ch is co nsis ten t with expe
ri en ce fr om p rac t ica l applica t ions . The resi stance to
eros ion corros ion exhibite d a nearly lin ear rel ation
sh ip with the tens ile st r en g th , implying that the
steel with a h igher strength is bet ter able to resist ero 
sion cor ro sio n in an alkaline slur ry .

Both erosion and corr osion con tribute to t he weight
loss caused by eros ion cor rosio n' 10] , and in cr easing
resi stance to co r rosio n and wear is an effe ct ive m eans
of im pro ving resistance to erosio n cor ro s ion . T ab le 4
sho ws the percentag e cont r ibu t ions of pure corrosion ,
pure erosion and erosion-corros ion synergy to the tota l
ero s ion-corros ion w eight loss.

The percentage contrib ution of pure corrosion in all
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the primary con t r ibu to r.
The s lurry eros ion phenomen on is not yet fu lly

underst ood because of the com plex synergy that ex
ists between the erosion and corrosion processes. An
earli er s t udy of erosion predi ct ed that the vo lume of
m at erial removed sho uld dep end on the part icl e ve
locit y: vo lume=( veloc it y) " , where the va lue of 11 is
var iable' P". Aso et a l. [ 13] inv es t igat ed the s lur ry ero 
sio n beh avi or of F e-Cr-C-B eute ct ic a lloys and found
that the rat e of ero sion co rrosio n increas ed exponen
ti ally as the flui d veloc ity increas ed :

W =KV" ( 2 )
where, W is th e w eight loss per un it a rea ; K is a
constant; a nd 11 is the valu e o f th e ex po nen t. The
value o f th e ex po nen t 11 va ri ed w ith th e particle ve 
lo city, particle co n ce n tra tion a nd m at eria l proper 
t ie s , a nd for m et als, it w as typ ica lly betw een 2
an d 3 .

The exper imenta l results repor t ed here showed a
similar trend (Tab le 3), with the va lu e of 11 in creas
ing with in cr easing velocity. When the lin ear velocity
cha nged fr om 2.2 to 3. 3 mis, 11 increased from 1. 40 
1. 59 to 2. 05 - 2. 14. Howev er, no clearl y defined
value could be ass igned to the 11 ex po nen t , possibly
becau se o f the differen ce in the m ech anism of a t ta ck
du e to the simultaneous and synergis ti c in terac t io n
between ero sion and cor ros io n,

Tab le 3
Values of eros ion-corro sion velocity exponent II
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Table 4
Components of eros ion-corros ion weight loss

W,/ % W, / % W j %
V/ (m 's- 1 )

2 3 2 3 2 3

1. 1 9. 51 10.50 19. 03 86. 13 81.91 73. 12 1. 36 1.56 7.85

2.2 1. 10 1. 33 3. 50 66.83 72. 79 71. 50 31. 77 25. 88 22. 00

3.3 O. 28 0. 22 0.13 96.33 95.77 95.16 3. 39 1.01 1. 11
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steels decreased rapid ly as the ve loc ity increased be
cause the weight loss induced by erosion increased.
Compared with steels 1 and 2, the co r rosion weight
loss con t rib u ted to a higher percentage of th e total
w eight los s in steel 3 because of its higher carbon
content (Table 1). Carbon present in steel can trans
form into carbide an d act as a cathode because of its
high er potential, t hereby accelerating the corrosion
rate an d lead ing to more erosion-corrosion weight
loss[14J. T herefore, the percentage of weight loss
caused by corrosion in steel 3 was re lat ive ly high.

Two re asons can explain the reduction in th e fr ac
tion of the weight loss caused by pure corrosion as
the velocity increases: Firs t, t h e s triking and micro 
cutting effe ct s of solid particles on t he surface are
stronger at higher ve locities , w hi ch caused the
weight loss ca used by erosion to in crease rapid ly;
Se cond, the corrosion time de creased as the test ve
locit y increased. The com bined impact of these two
effe cts led to the observed variation in the co r rosive
con t rib u t ion .

Pure erosion was responsib le for the larges t fr ac
tion of the total degrad at ion in the slurry erosion
corrosion expe r imen t , as shown in Table 4. Whereas
the corrosion component was only 1. 33 %- 3. 50 %
of t he total weight loss, and the w eight loss res u l
ting from erosion-corrosion synergy was significant,
repres enting 22 . 00 %- 31. 77 % of the total degrada
t ion (2. 2 m/s ) . T his finding is in good agreement
with the results of Watson[7J.

T he synergy between erosion and corrosion plays
an important ro le in the material removal process[15J ,

often significantly increasing material degradation.
The magnified synergistic effe ct may be a ttributed to
surface roughening and the removal of the hard pha
ses by corrosion. In deed , corrosion products can also
cause erosion. Noel an d Ba ll [16J found that the forma
tion of a hardened layer is impeded by corrosion. A l
though th e effect of erosion on corrosion h as been
determined to be re lated to the re covery rate of pas
sive fi lms brok en by scratching, and the thermody
namic stability of s teels is decreased by friction[17J ,
erosion shifts the corrosion potential in t he more ac 
t ive direc tion, and the corrosion current densi ty in 
cr eases by approximately two orders of magnitude!":',

A lthough the weight loss fr action of pure co r ro 
sion of the total weight loss among th e th re e tes ted

steels was th e highest a t 1. 1 m / s , the synergy of
corrosion and erosion was much lower. The corro
sion time clearly in creased as the test velocity de
creased a t the same erosion dis tance, but the corro
sion velocity remained con s ta n t , which explain the
reduction in the fr action of the weight loss caused by
synergy a t 1. 1 m/s. The synergy of corrosion and ero
sion de creased rap id ly as the ro tation ve loci ty in
creased to 3. 3 m/s. T h e rea son for th e decrease in
synergy at 3.3 m/s is the short corrosion time and
t he drastic erosion caused by th e high er test velocity.
The mechanism of th e synergis ti c effect between
corrosion an d erosion is com plica ted , and further in
vestiga tion is n eed ed .

The results presented in T ab le 4 show that the
synergy de creased as th e s teel s trength increased
(2.2 m/s), in dica ting tha t the enhancement of ero
sion by corrosion a lso decreased, le ad ing to im
proved erosion-cor ro sion resistance. A lthough the
corrosion resis tance can be improved by the form a
tion of a protect ive rust layer, this mechanism did
no t occur in the erosion-corrosion en viron men t ex
amined here. Therefore, the corrosion w eight loss of
s teel 3 was higher than that of steels 1 and 2.

3. 4 . Mor ph.olo g y resu l ting from ero sion corrosion

Micrographs of the erosion-corroded surfaces were
obtained via SEM. The surface us ua ll y exh ibite d
large numbers of scratches, gouges and holes or cra 
te rs resu lting from the com bi ned effects of cor rosion
and erosion' J'", Small numbers of crater s were ob
served on the surfaces of steels 1 and 2 (Fig. 5) , which
showed higher weigh t loss , whereas more ab unda nt
craters were observed on the surface of s teel 3. This
was espe ciall y true in the upper regions (Fig. 5(d)) ,
where the erosion cor rosion was less significant . The
crater diameter was approxim ately 50 -150 p.m. The
surfaces subj ected to the high es t t est veloci ty w ere
not as smooth as those tested at 1. 1 m/s (Fig. 6),
showing t he forma tion of additional gouges.

The appearance of the craters on the surfaces de
scribed here suggests tha t craters w ere produced
during t he initial stage and that th e number and di 
ameters of t he craters increased during the t est unti l
they ca m e in to contact w ith one ano th er. Subse
quently, the cr aters disappeared, an d uni form ero
sion corrosion oc curred.
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( a) Steel 1; (b) SteelZ; ( e) Steel 3 ; ( d) U pper region of Steel 3.

Fig. 5. SEM micrographs of eros ion-c orr osi on s urfaces (1. 1 m / s ).

( a) Steel 1 ; ( b ) Steel 3; ( e) SteelZ ; (d ) Steel 3.

Fig. 6. Mic rog raphs sho wing surfaces in detail (1. 1 m / s}.
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4. Conclusions

( a) S teel 2 ; (b) Steel 3 ; (e) Composi tion of spect rum l.
Fig. 7. Micrographs of erosion-corrosion surfaces ( 3.3 m/s ).

Thus, a deformed laye r fo rms on t h e work-hardened
s u rf ac e of a m at er ia l, w h ich te nds to be cr acke d by
s u bs equently strik ing part icl es, lead ing to the a p
pe arance of crat ers and enhancing the removal of
m a terial.

873 <I 5
EnergylkcV

2

(1) T he ero sion-co r ro sion weight loss per unit
a rea increased rapid ly as the test vel ocity in creased ;
the w eight loss and velocity exh ibite d an expon en t ia l
relationship ( W = KV" ) , an d the va lu e of 11 in 
creased as the ve loc ity increased .

( 2) The w eigh t loss ca us ed by ero sion by so lid
pa r ticl es was dominant in the co ncret e a lka line s lur
ry a t 2. 2 mis , w h ereas the co nt r ibution from corro
s ion was s lig h t ; n ev er th el ess , corros ion clearl y en
hanced th e erosio n-co rrosio n w eigh t loss. The syne r 
gist ic e ro sion-corrosion effe ct was sig nifica n t , repre-

V ol c shyn and K osarevych l' f' studi ed the ini ti a l
s tag e of t he ero s ion-corrosion des tr uction of ther
m all y treated steel in alkaline enviro n men ts wi t h pH
va lues of 13. 4 to 13.7 and fo und th at t he ini tia l cra
t ers had d iamet ers of a pproximatel y 10 fLm and were
rando ml y dist r ib ut ed on t he surface. W ith t he s t ri k 
ing of subsequent pa r ticles, t h e cra te r s gradually
grew unti l m any cr aters began to co me in contac t
with each o the r. Sp ecifica lly , sma ll cra te rs ( 10 fLm

in di am e te r ) formed duri ng the first sev era l seconds
and s u bs equen tly inc re ased in s ize to approximately
150 fLm ov er t ime. These resul t s rev ea l w hy m ore
crat ers were no t observe d on the s urfaces of steels 1
and 2 : as th e weigh t loss inc re ased , t he n umber of
cra ters decr eased.

The det a ils of the cra te rs and the ero s ion-corro
sion s urfaces were observe d a t a hi gh m agnification,
and many ring cracks and pl a tel et s that were evide n t
were lat er r emoved ( Fig. 6) . These pla telets were
pres uma b ly removed rel at ivel y eas ily by t he striking
and m icrocutt ing ac tio n of pa r t icl es [20] , w h ich was

cons idered by Noelmar to be t h e m ain m ech an ism of
m aterial removal' P ".

Typically, t h e s train that oc curs during erosion is
very large[3] , and the surface becomes work- harden
ed by the erod ing particles. Because of t he st ri ki ng
of subsequent particles a t sufficient impact veloci 
t ies, ri ng crack s ( Fig. 6 (a, b ) a ppeare d near the
contact a re a. Thes e ring cra ck s propagated deeply
and form ed a fr ustum of co nes. T he number of con
cen t r ic ring cracks in creased as s tri ki ng inc reased.
The vo lume removed b y the im pact ing pa rticles was
assumed to be proport io na l to the vo lume boun ded
by the outermos t ri ng crack an d the dep th of t he in i
t ia l ri ng crack pr io r to cra ter fo r mat io n ( Fig. 6 ( c,
d ) ) , Featur es resem bling st eps could be seen a t the ed 
ges of the new ly formed cr aters.

The erosion-corrosion s urface beca m e in creasingly
ro ugh at hi gher veloci ties (Fig. 7) . The ki neti c en er 
gy of so lid particles inc reases wi th increasing the ve 
loci ty, and go ug ing occ ur re d w he n the par t icles
struc k the s urface. Some pa r t icl es fr actured af ter im 
pact ing th e surface, an d the t ips of t hese particles
dug de eply in th e so ft surfac es of the spec im ens
( Fig. 7( a» . T h is gouging process was more difficult
in steel 3 because of its h igher strength and hard 
ness . As a result, the gouges were s hallower and di d
not form as fr equently.

F ig. 8 pres ents cross-s ec tional im ag es of the sur 
faces of s tee ls 2 and 3. A deformed layer on t he sur 
face ca n be clea rly se en (indica ted by t he a rrow in
F ig. 8 ) in t he s tee l 2 specim en . By con t ra s t , on the
s urface o f th e st eel 3 specim en , plat elets that co uld
be easily removed are presen t, bu t no defor med layer
is o bs erved. Ari bo et a l. [22J r eveal ed tha t under sa n d
im pingem ent , th e sub-surface becomes work-hardened.
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(a) Steel 2 ; ( b) Steel 3.

Fig. 8. C ross-sect iona l im ages of specimens s howing p resence of a defor med layer and pl at ele t s.

sent ing 24 %- 36 % of the total degrad a tion.
(3 ) Steels of high er streng th showed improved ero 

sion-co rrosion resi stance in the alkaline slurry ,
whereas the fo r ma tio n of a protect ive rust layer did
not show a sim ilar effect. The erosion-cor rosion re
sistance of steel 3 was twice that of steel 1 , and that
of steel 2 was 80 %- 87 % that of steel 1 , consistent
with expe rie nce fr om p ractical applicat ions of these
m a te rial s.

( 4) Craters were prod uced du ring the initial stage of
deg rad a tion , and the number an d diam ete rs of the
craters in creased d uri ng the test unti l the craters
came in contact with each othe r. Subsequ ently , the
cra te rs disappeared, and un iform erosion corrosion
occurred. F ewer cra te rs were obs er ved as the w eight
loss in creased .

( 5) The for mation and remov al of pla telets and
ring cracks w as determin ed to be the m ain m ech a 
nism underlyin g erosion-corrosion w eight loss in an
a lka line s lurry. The s urface of the m at erial became
work-hardened, and r in g cracks fo rm ed beca use of
the strik ing of pa r t icl es. Sub sequentl y, uni for m ero
sion corrosion occurred as m ore cr at ers came in con
tact wit h each ot her. The effect of the par ticl es
st rik ing and scratch in g the s urface was enhanced at
hi gher ve loc it ies , and a defo rmed lay er was pro
d uced on the s urface for steels wit h lower strengths,
lead ing to deep e r and m ore ab unda nt go ug es.

References
[ IJ Z. Karl -Heinz, D. V. Doane, Metall. Trans . A 11 (1 980 ) 613

620.
[2J Y. Zheng, Z. Yao , X. Wei, W. Ke, Wear 186-187 (19 95) 555-

561.
[ 3J I. Fi nnie, Wear 186-187 (199 5) 1-1 0.

[1J I. Fi nnie , J . F inn ie, J . Mater. 2 (1 967) 682-7 00.
[ 5J R. Baker, 01. Bcss aih , Proc. Inst, Civ. Eng. Water, Mar it. En

erg. 118 (19 96) 199-203.

[6J D. K. Goy al , H . Singh , H . Kumar, J . Eng. T ribo!. 22 5 (2 011)
1092-11 05.

[7] S. W. Wat son , F.J. Fricder sdorf , B. W. Madsen , S. D. Cr amer,
Wear 181-183 (1 995 ) 176-181.

[8J J. W. M. Mens , A. W. J. de Gee, Tribo!. In t. 19 (1 986) 59-61.
[ 9J A. V. Levy , 01. j ce , P. Yau , Wear 117 (1 987) 115-127.
[ 10 J Y. C. Yang, Y. F. Chen, Wea r 276-277 (2 012) 111-118.

[11 J H . H . T ian , G. R. Addie, R. J . Visintaincr , Wear 267 (2 009)
2039 -2017.

[12 J I. Finn ie, D. H . MeFadden, Wear 18 (1 978) 181-19 0.
[ 13J S. Aso , S. Goto , Y. Kom ats u, J . j pn. In st. Met . 62 (19 98)

771-7 82.
[ 11 J S. Z. Li , X. J iang , Corros. Sci. Protec t . Tcchno l. 7 (1 995 )

122-1 29.

[ I 5J Z. Y. Yue, P. A. Zho u. J . T ribo!. 7 (1 987) 65-72 .
[16 J R. E. J . Noel , A. Ball , Wear 87 (1 983) 35 1-361.
[ 17 J J. Heidcmcyc r , Wear 66 (198 1) 379-387.
[I 8 J M.C. Park , K.N. Kim, G.S. Shin, S. J . Kim, Wea r 271-2 75

(2 0 12) 28-33.
[ 19 J V. A. Voloshyn , R. Y. Kosarevych , Mater. Sci. 19 (2 013) 398-

103.
[2 0 J A. V. Levy, G. Hi ckey , Wear 117 (1 987) 129- 116.
[2 1J 01. P. Abbadc , S. J. Crn kovic, Tribo!. In t . 33 (2 000) 811-8 16.
[22 J S. Aribo , R. Barker , X. H u , A. Neville , Wear 302 (2013)

1602-1 608.




